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ABBREVIATIONS

ACP — amorphous calcium phosphate

AIM — Atoms In Molecules calculations

CaP — calcium phosphate

CaHAp — calcium hydroxyapatite

D,0 — heavy water
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DSC — differential scanning calorimetry
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Nd:YAG — neodymium-doped yttrium aluminum garnet
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PCA — principal component analysis

SANS - small-angle neutron scattering

SAXS - small-angle X-ray scattering

TA — tartaric acid

SEM - scanning electron microscopy

Xrzo mass — Water mass fraction in the mixtures with ionic liquid
Xp20_moL— water molar fraction in the mixtures with ionic liquid
XRD - X-ray diffraction

2DCOS - two-dimensional correlation spectroscopy
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1. INTRODUCTION

Innovative functional materials are generally characterized as the group of
materials which possess the particular native properties, unique structure and
functions of their own. Preservation of physical and chemical properties,
structure and functions of prepared materials are the most important tasks for
researchers in the field of applied sciences. Furthermore, the necessity of
rapid, reliable, handy tool to characterize functional materials and their
properties is essential for the materials industry.

Currently, different functional materials with many physico-chemical
behavior features and compositions are known. lonic liquids (ILs), as well as
calcium phosphates (CaPs), are very well known for their application in
medicine and pharmaceuticals [1-3]. While ILs are widely used for drug
delivery, synthesis and biomedical analytics [3-6], the CaP‘s applications are
more based on human treatment: diseases and injuries [7], CaP pastes,
coatings and artificial bone implants [8-14]. Moreover, the opportunity for
structure tuning increases the scope of applications for both mentioned
materials. Recently, different routes for CaP materials synthesis were tried to
increase the osteoinductivity — the ability to absorb guest implants, which
depends on the organization of pores, cavities and surfaces [15-17]. The
surface area is a comparable parameter for different types of CaP complexes
analysis. CaP prepared with clustered amorphous calcium phosphate phase
(ACP) will have a smaller surface area than CaP with nano- or mesophases.
On the other hand, ionic liquids give the almost infinite number of functional
materials with specific properties determined by various combinations of
anions and cations [18,19]. Wide liquid range, high ionic conductivity,
negligible vapor pressure, high electrochemical and thermal stability and
significant ability to solubilize organic, inorganic or polymeric materials are
mainly caused by dipolar, electron pair donor-acceptor, Coulombic
interactions and hydrogen bond formation in ILs [20,21]. Highly attracted
properties empowered possibilities to use ionic liquids as functional materials
and engaged researchers for both experimental and theoretical studies [22—
25].

Finally, the applicability of CaPs and ILs depends on the contaminants and
their impact on the structure and properties. Water — one of the natural
impurities, found in both: ILs and CaPs. It could be absorbed from the
atmosphere or left after chemical synthesis [19]. It was found that a small
amount of water can dramatically change the diffusion coefficients [26],
polarity [27], viscosity [28] and surface tension [29] of ILs. Several studies
employed the new strategy, emerged of mixing ILs with compounds, which
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previously used to be impurities. Depending on the purpose ILs are mixed
with organic compounds, other ILs, and water [30,31]. It was noted that a
better understanding of interactions among ILs and water molecules is needed,
as well as the structure, of various mixtures at different concentrations of
constituents. The increase of the ion diffusion coefficient was observed due to
viscosity decrease and arose from the suppression of the electrostatic
interactions between ions, when water was incorporated into ILs [31]. Several
thorough studies of different structures formed in water and ILs mixtures
reported the dependency of anion, cation combination and water concentration
[32-36]. The research of self aggregation, conformational and dynamic
processes in neat ILs and their mixtures with water were directly connected
with changes in physical and chemical properties. The states of water
molecules formed in CaPs are useful for the analysis of different chemical
synthesis routes used to increase osteoinductivity [37]. However, despite the
use of ionic liquids and calcium phosphates for different applications, there
have not been enough investigations to allow a complete understanding of
their behavior and structures in mixtures with water.

Various methods are available in scope to study the structure of CaP’s, ILs
and ILs—water mixtures [22,38-44]. Frequently, comprehensive functional
materials analysis is performed using small-angle X-ray scattering (SAXS),
small-angle neutron scattering (SANS), differential scanning calorimetry
(DSC), nuclear magnetic resonance (NMR) and vibrational spectroscopy
techniques [45-49]. Nevertheless, vibrational spectroscopy is the method of
choice to get rapid, reliable and handy information on chemical composition,
mollecular structure and intermolecular interactions. Raman and Fourier
Transform Infrared spectroscopy (FTIR) as complementary methods are
already used together with NMR, SANS and SAXS techniques to provide a
remarkably detailed picture of investigated functional materials [33,41,50,51].
The main attention in thesis is pointed to the analysis of specific functional
materials and according processes which were never been investigated
utilizing vibrational spectroscopy.
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1.1. Goal and tasks of the work

In the view of problems discussed above, the main goal of thesis was to
study the states of water in both, aqueous ionic liquids mixtures and newly
synthesized calcium hydroxyapatites, as well as analyze the dynamic
processes and conformational equilibrium in these functional materials using
the vibrational spectroscopy.

The work was focused to the investigation of spectral parameters eligible
for the structural changes or phase transitions identification in the functional
materials mixtures with water or heavy water. To achieve this goal, the
following tasks were formulated:

Analyze the formation of meso-phases in  1-decyl-3-
methylimidazolium bromide and 1-decyl-3-methylimidazolium
chloride aqueous mixtures using Raman spectroscopy.

Investigate the states of water in newly synthesized calcium
hydroxyapatites using vibrational spectroscopy techniques.

Analyze the states of water formation in short chain ionic liquids and
apply vibrational spectroscopy techniques for comprehensive analysis
of water influence to the structural changes in aqueous mixtures of
ionic liquids.

Investigate the properties of ionic liquids, which influence the
hydrogen-deuterium exchange in ionic liquids mixtures with D,O
utilizing Raman spectroscopy.
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1.2. Statements of the doctoral thesis

1. Vibrational spectroscopy is a reliable and handy tool to rapidly
determine the differences of IL meso-phases between liquid and liquid
crystalline (LC) ionogel phase states. Complex exploitation of obtained
Raman data together with NMR data provides new valuable information about
processes of LC ionogel phase formation and role of different states of water
molecules in these systems.

2. Vibrational spectroscopy very well discriminates the differences in
surface and bulk species of H,O states in the sol-gel derived nano-structured
complex CaHAps.

3. Vibrational spectroscopy can be used to determine the different states of
water in ionic liquid and water mixtures. Spectral evidence was found to

determine specific water structures called “water pockets “.

4. The conformational dynamics and H/D exchage in different IL—water
mixtures can be monitored using vibrational spectroscopy methods.

12



1.3. Scientific novelty

1. For the first time, boundaries of Liquid Crystalline ionogel phase and
confined water formation in ionic liquid—water mixtures, were revealed by
discontinuous changes of Raman spectral parameters.

2. The degree of molecular freedom due to the order—disorder effects was
noticed as a crucial effect to the H/D exchange reaction for short ([Csmim])
and long chain ([Ciomim]) ionic liquids. The results of Raman spectroscopy
showed that degree of heterogeneity in ionic liquid—water mixtures is not
influenced by the anion type.

3. For the first time, in the nano-structured CaHAps derived using sol-gel
method with various complexing agents, the different organisation of
structural hydroxyl groups was shown.

4. The results obtained by Raman spectroscopy showed that
conformational changes and H/D exchange processes in both, long chain and
short chain imidazolium-based ILs are not simultaneous phenomena.

5. DFT calculations of vibrational spectra of [Csmim]NOz; and
[Csmim]OTTf using wide range of basis sets were performed for the first time
and the vibrational bands of these compounds were assigned.

6. The precise assignment of Raman stretching OH and OD bands of IL—
water mixtures at different H,O/D,0O content was made using low temperature
and polarized Raman measurements.
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2. OVERVIEW

2.1. Various states of water in functional materials

Water appears to be a small and apparently simple molecule, which could
be found everywhere around. We live on the blue planet which has about 70%
of the surface covered with water and about 60% of human body consists of
water too. Despite many studies water still presents the tremendous scientific
challenges which are investigated in each of its phases [52]. The reason for
interest arises from unusual properties of water, which could be also called
anomalous [53].

Most liquids show the linear increase of the density with decreasing the
temperature, while water has the maximum of density at 277 K. High heat
capacity (4.18 I-K*-g™) gives the possibility to transfer enormous amount of
energy [54]. High-temperature boiling and melting points exclude water from
similar compounds such H:Se, H,Te, H,Po, CHs, SiHi, GeHs. Moreover,
higher surface tension value is one more unusual property of water comparing
to other mentioned liquids. All these properties could be explained by
hydrogen bonding, classical electrostatic interactions between water
molecules. Rearrangements of water molecules into chains and rings could
strengthen the hydrogen bonding, thus the cooperativity is created. If the water
molecules structures are formed from an odd number of water molecules than
we have anti cooperativity [54].

H-bond is strong enough to give the structure, but weak enough to give
flexibility. Lots of techniques which could be used to investigate how water
molecules are arranged, was applied as a tool to investigate the mixtures with
water [55]. As the water alone makes so many attractions, in the compound
with functional materials it gives both: enormous possibilities to apply new
compounds and capabilities to use already known water phenomena to
investigate newly synthesized materials.

2.1.1. lonic liquids

lonic liquids (ILs) could be considered being one of the most successful
breakthroughs creating “smart” materials and multifunctional compositions.
ILs possess many attractive features important for the applications in high
technologies, including various artificial sensors for new generation
electrochemistry, membranes, fuel cells and batteries [56-58].

As ionic liquids are solely composed of ions rather than neutral molecules,
varying different combinations of anionic and cationic subsystems, the
physical and chemical properties can be tuned. Since the number of such
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combinations is practically uncountable, the possibility to control various
molecular processes in IL media makes these systems very attractive for
fundamental and technological research. Wide liquid-phase temperature range
(200 to 730 K), high ionic conductivity over these temperatures, negligible
vapor pressure, high electrochemical and thermal stability and significant
ability to solubilize organic, inorganic or polymeric materials are mainly
caused by dipolar, electron pair donor-acceptor, Coulombic interactions and
hydrogen bond formation. These properties empower possibilities to use ionic
liquids as functionalized materials which engage researchers for theoretical
and experimental studies [22-25].

lonic liquids and numerous mixtures containing ILs, especially with water
as one of the components, fall into the class of the systems earlier called
“complex fluids” [57], which nowadays are so-called “functional materials”
[59]. The most important properties of ILs are defined by the presence of a
mesoscopic length scale structures (H-bond networks, micelle-like, and bi-
continuous morphologies) [20,26]. Furthermore, numerous works on the IL
systems revealed the presence of nanoscale organization effects and the
appearance of micro-heterogeneous phases [31,56,60]. Vibrational and other
spectroscopies are usually used to identify the differences between
miscellaneous ionic liquid phases. Transitions between various phases formed
in long chain ionic liquid and water mixtures were not yet deeply investigated
under the light of vibrational spectroscopy. Summarizing, ionic liquids could
be called structured solvents, from supramolecular to mesoscopic length
scales.

Hydrogen bonding with cooperativity and anti cooperativity effects plays
a crucial role in miscellaneous phases formation [61]. Many different types of
H-bond may limit cooperative effects which are maximized when the H-bonds
are all of the same type [62]. Strong and directional H-bonds formed between
cations and anions destroy the charge symmetry and thus can fluidize ionic
liquids. Asymmetric H-bonds introduce “defects” into the Coulomb network
of ILs and intensifies the dynamics of the cations and anions, resulting a
significant decrease in melting points and viscosity [63]. Hence, some
important macroscopic properties of ILs can be tuned by adjusting the ratio
between Coulomb- and the H-bond contributions, even the latter being
energetically less significant. Vibrational spectroscopy experiments revealed
the possibility to capture the variation of strong, localized, and directional
hydrogen bonds in ionic liquids [63,64].
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Figure 2.1.1. Imidazolium cation and possible association sites for the anion
(black circles marked “X”). Different types of H-bond are color coded,
numbered, and named in the picture. Primary H-Bond (1), (2), (3a), (3b).
Secondary H-bond (4) and terminal-methyl H-bond (5a), (5b). Adapted from
Ref. [62]. Different types of H-bond were depicted in Figure 2.1.1. and listed
in Table 2.1.1.

Table 2.1.1. Different types of possible H-bond association sites with cation

H-bond

in figure | H-bond type Description

2.1.1.

(1) Primary with C(2)-H of the ring (black)

@) with C(4)-H and C(5)-H at the rear of
Primary the ring (red)

(3a) Primary with first methylene (3a) or with first

methyl (3b) with the C(7)-H or C(6)-H

(3b) Primary groups on the alkyl chains (dark blue)

@) with the later CH; groups on the alky!l
Secondary chain (green)

(5a) Terminal-methyl with the terminal methyl groups on the

- alkyl chains C(6)-H (5a) or C(10)-H (5b)
(5b) Terminal-methyl (light blue)

Some of ILs can be conceptualized as ionic pair systems A™---H*B created
by very “deep” proton transfer from the acid (A) to the defined base (B). These
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ionic pairs are kind of “inverted” in respect of the traditional ones that appear
in numerous H-bond systems with proton transfer. Such ILs structures can be
thought as the “ground state” that can be disturbed by various external stimuli
(temperature, media effects, etc.) reversing the proton migration toward the
anion and maybe even culminating with the return of the system to the neutral
H bond A"H---B. If this succeeded, the novel sort of phase transitions could
be expected that would create the hybrid state of matter with the properties
that occupy an intermediate place between ionic and nonionic liquids. IL ion-
pairs, which can take on a wide range of structures and energy, can be
observed by the research of conformational equilibrium [65-67]. Imidazolium
ring based ILs exhibit “top” and “bottom” conformers where the anion sits
above or below the imidazolium ring or C(2)—H bond. Smaller anions tend to
position above or below the C(2)-H bond, while larger anions position
exceptionally over the cations ring [62]. The possibility of forming hydrogen
bonds can divide the imidazolium-based cations into hydrophilic
(imidazolium “head” group) and hydrophobic (alkyl chain) segments Figures
2.1.1. and 2.1.2. For cations with intermediate alkyl chain length (typically
butyl chain), alkyl-alkyl interactions play more dominant role. Differently for
cations with long alkyl chains (typically decyl or longer), the n—r stacking of
the cation “head” groups is facilitated due to inter-digitation and becomes
relevant for liquid crystals formation [68]. The equilibrium of conformations
is as stable as the lowest energy of H-bond structures and thus are very
important for ILs description. The stability of conformers are also increased
by the H-bonding between anion and the alkyl chains [68]. However, the
dynamics of conformational equilibrium indicates the alterations of local
environment in neat ionic liquids and their mixtures with water. As
conformational space was not fully explored for our investigated ILs, the
advantage was taken to perform deeper H-bonded network analysis in neat ILs
and their aqueous mixtures.

As mentioned earlier, all processes which taking place in ILs on a
molecular level are not completely understood. The variety of interactions
between anions and cations constitute one of the main challenges in
fundamental research [18,19]. Contamination in ionic liquids destroys their
valuable properties and the purity of functional materials becomes significant
research of “pure” ILs. The presence of water in ILs strongly affects their
physical and chemical properties, aggregation, phase behavior and structural
changes [69-72]. Even small amount of water can dramatically change the
diffusion coefficients [26], polarity [27], viscosity [28] and surface tension
[29]. The water can be added deliberately by mixing with ILs or it can present

as contaminant from air [19,73]. Depending on the purpose, the number of
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studies employed the new strategy emerged mixing ILs with compounds
previously used to be impurities [30,31]: e.g. organic compounds [27,28],
other ILs [74] and water [31,32].

Cations Anions
F
. o O F
Fz\ 1,3-dialkyl- TSI f F),'DQ
R]’NS)N\RZ imidazolium F3C_E—N—3—CF3 F 'F\F
o} (0] S
=
N Bis(trifluoromethyl] |  Fexaluoro
]@J N-alkyl- sulfonyl)imide & P pi
N pyridinium TESI = PFs
R ) o
; F TS
RkﬁRz Tetraalkyl- O F F3C—O—|':}—O
R/ “R ammonium | . 0
4 3 Trifluoromethane
Tetrafluoroborate
- = sulfonate
Rk‘ig',Rz Tetraalkyl- BF; g: T
#IN phosphonium i’
Ay Fa Cl-Chloride |2
R, o NO; Nitrate
Hy® N-alkyl- Br~ Bromide
pyrrolidinium F lodide CH3CO;  Acetate

Figure 2.1.2. Examples of cations and anions used in the formation of ILs,
together with changes in hydrophilic-hydrophobic properties associated with
anion type. Adapted from Ref. [75].

However, better perception of ILs and water interactions, as well as the
structure of mixtures at different concentrations of constituents is needed to
devise methods for broader ILs application in combination with water.

Both, intramolecular and intermolecular H-bond formation are strongly
dependent on the anion hydrophobicity. In Figure 2.1.2. various examples of
different cations and anions used to form ILs are depicted, together with
changes in hydrophilic and hydrophobic properties associated to anion type.
In many of ILs the anions are the conjugate bases of various acids, in certain
cases, strong and very strong, as for example, halogenides (CI-, Br),
trifluoroacetate (CF3COQ"), triflate (CF3SO3") and others. With water
incorporation into ionic liquids, the increase of ions diffusion coefficient was
observed. At the same time the decrease in the mixture viscosity was reported
and explained by the electrostatic interactions which arose from ion
suppression [31]. The variety of different structures of water and ILs mixtures
were reported to be dependent on anion and cation combination and the water
concentration too [32-36].
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Structure of ILs can be tailored for specific applications. During the
experiments with ILs—water mixtures variety well known phenomena in phase
behavior and aggregation (micellization) processes were encountered. In
mixtures with water some of imidazolium-based room temperature ionic
liquids with long alkyl chains (typically octyl or longer [Comim]X (n=8-18,
X-anion) can form various liquid crystalline (LC) ionogel phases [71,76—79].
These phases exist at room temperature over the wide range of water
concentration in ILs (0.05<Xw20 mass<0.4). When the small water content
(0.1<Xw20 mass) added to [C1omim]Cl and [Ciomim]Br, water molecules tend
to interact with anions, rather than self-aggregate and complexes anionH—
O-Hanion with symmetrical H-bond between anions and water molecules
were formed [73]. The formation of such network apparently serves to
enhance the segregation of the hydrophilic and hydrophobic segments of the
[Ciomim*], thereby leading to the regions of confined water and, ultimately,
to the onset of gel formation [71]. Further addition of water caused ionic
liguid—water system conversion from liquid to the gel phase. Gelation is
unlikely raised from two-dimensional alkyl chain packing effect [71]. Various
phase formation models and structures of imidazolium-based ILs with long
alkyl chains and water were discussed [77,80]. The complex-shaped ®'Br
NMR signal as well as several new 'H peaks were observed in NMR spectra
of these mixtures too [81]. The reported origin of the peaks could be the result
of H-O molecules trapped in inhomogeneous regions of the sample or due to
the appearance of non-equivalent water sites in LC ionogel. The exchange
between those sites were reported being highly restricted or even frozen. The
simultaneous appearance of a smectic liquid-crystalline phase indicated H-
bonds formation near hydrophilic ILs cation part called ,,heads. The small
gap between imidazolium rings is mediated by a channel of water and provides
enhanced ordering of the parallel molecular layers [71,82]. Previous NMR,
guantum chemistry calculations and vibrational spectroscopy studies claimed
that the most pronounced dependence of chemical shift on amount of water
was observed for H-bonded C(2)—HBr bridge proton while the weakest effect
was detected for the terminal methyl group, C(16)-Hs [81,83]. Various H-
bond interactions effects made ionogel as material and have attracted
considerable attention in the areas of biomaterials, electro-optics and as
templates for the preparation of mesoporous materials and ordered thin films
[84]. In certain cases, ionogel can be considered to behave as “smart” material,
which possess an intrinsic ability to sense and definitely to respond to various
external stimuli in a predictable way [80]. The investigation of ionogel also
offered the potential to create a periodic array of the nanoparticles [85].
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Figure 2.1.3. Schematic illustrating topology of polymer-grafted membrane
lipid mesophase: (LEFT) type a-lamellar phase, L.s; (MIDDLE) inverted
hexagonal phase, Hi1; (RIGHT) normal hexagonal phase, Hi. Adapted from
Ref. [77].

Various ILs carry different properties depending on cation chain length,
therefore, their structures with water are differently formed. In case of
[Cizmim]Br LC phases were determined precisely, being lamellar (L) and
hexagonal (H:) [39,80,86]. For the [Ciomim]Br and [Ciomim]Cl, it was
identified as highly viscous, nanostructured, lamellar gel phase, called an
“ionogel” [71,78,87]. Moreover, depending on the temperature and sample
composition, the regions of various coexisting phases were measured on the
phase diagram and the model that gels are created by non covalent interactions
among the constituent molecules was suggested [80,88]. In Figure 2.1.3.
polymer grafted membrane lipid mesophases equivalent to ones formed in ILs
and H,O mixtures were depicted. On the left side alfa lamellar (L), on the
right side hexagonal (H:) and in the middle, inverted hexagonal (H11) phases
schematic illustrations can be found.

Another fascinating water clusterization process called ,,water pockets*
formation in short chain (typically butyl chain) ionic liquid [Csmim]NO; and
DO mixtures recently was observed applying small-angle X-ray scattering
(SAXS), small-angle neutron scattering (SANS) and differential scanning
calorimetry (DSC) techniques [45-47]. In the [Camim]NOs—H.0O system
anomalous freezing occurred discretely for a wide range of water
concentrations  (0.7<Xp20 moL<0.9). The molecular dynamics (MD)
simulations  demonstrated water confinement in the 1-octyl-3-
methylimidazolium nitrate  ([Camim]NO3) mixtures with different
concentrations of water [22]. Confined water existence in the boundary
between the polar and non-polar nanodomains was found and depicted in
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Figure 2.1.4. Part 3 and Part 4 and Figure 2.1.5. Another research based on
MD simulations identified four concentration ranges in hydrophilic ILs and
water systems where four distinct structures were presented: isolated water
molecules (Xw20 moL<0.5); chain-like water aggregates (0.5<Xw20 moL<0.8);
bicontinuous system (earlier mentioned as mesophases) (0.8<Xw20 mor<0.95);
and isolated ions or small ion clusters, respectively (X120 moL > 0.95) [89].

- \(j% mol water 50 % mol water \75 % mol water 80 % mol water 95 % mol water
Fig 2.1.4. Snapshots of six selected simulation cells, taken from the MD
trajectory data. The polar groups, non polar groups and water are colored red,
yellow and dark blue, respectively. (a) Dry IL sample, (€) Xn20 moL=0.5, (d)
XHZO_MOL=O-75, (E) XHzo_MoL=O.8, (f) XHZO_MOL=0-95- Adapted from Ref. [22]

All previously mentioned ILs fall under the well-established category of
aprotic ionic liquids (APILs) and together with protic ionic liquids (PILs) are
two broad categories used for general classification of ILs. PILs mixtures with
different molecular solvents were widely investigated in previous studies.
These studies covered the properties of transport and volumetric analysis, heat
capacity, viscosity and refractive index, together with water effects to the local
structure and phase behavior [90-94]. In the case of PILs, differently to
APILs, the anion does not play critical role in interactions, while the main
attention is focused on interactions near cation and water. For PILs the polar
groups of —-NH and hydrophobic anions (i.e. bis(trifluoromethane-
sulfonyl)imide) make the reversed scheme of interactions [93] comparing to
APILs widely investigated in this work. As depicted in Figure 2.1.1. water
molecules have the highest probability to interact with the anions, the cation
is less interesting. The applicability of [Camim]NOs3 ionic liquid as solvent for
proteins [94,95], tool for water removal from the protein surface [96] and
advanced lubricant fluid [97] is derived by different capabilities of NO5™ anion
interactions with different materials. Moreover, the evidences for “water
pockets* already were studied on short chain cation IL-D-O systems based on
n,n-diethyl-n-methyl-n-2-methoxyethylammonium tetrafluoroborate and 1-
butyl-3-methylimidazolium nitrate [46].
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Figure 2.1.5. Schematic illustrations for three different liquid states in the
[Camim]NOs—H,O mixtures. Below Xwo mor<0.7, isolated water cluster
cannot disturb the [Camim]NOs crystallization. Water percolation at water-
rich region (0.94<Xwh20 moL) promotes crystal nucleation of ice. Discrete
appearance of amorphous (0.7<Xw20 moL<0.94) could be caused by correlated

“water pocket” (0.7< Xnz0 moL<0.9). Adapted from Ref. [47].

H-bonding causes one more intriguing phenomenon involving ILs and D.O
mixtures. The exchange of proton/deuteron (H/D) could determine the
possible pathways of isotopic H/D exchange and provide beneficial way to
investigate functional materials [98]. H/D exchange reaction and its kinetics
could provide extremely valuable information on the picture of H-bond in ILs
including the large amplitude proton motion and thus evaluating the chances
to provoke the reverse proton migration by proper physically realizable stimuli
(Figure 2.1.6.). In the short chain and halogen anion based ILs the H/D
exchange reaction rate could sensitively reflect how strongly water is solvated
by the small ionic liquid anions via the hydrogen bonding [99]. By The
cation—anion interactions and various aspects of H/D exchange reactions in
some imidazolium-based ILs was studied by means of X-ray photoelectron,
NMR and Raman spectroscopy techniques [33,99-102].

+CH, +CH,

N N
D,O+Q>L“ — HDO + q»\')

H,C H,C

Figure 2.1.6. H/D exchange reaction scheme for [Csmim]* cation.
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Several significant findings were listed. The charge transfer was found
being not related to H-bonding, however, both H-bonding and charge transfer
were seen to be enhanced for small and more strongly coordinating anions.
Moreover, the relation between the slowdown of rotational dynamics and the
H/D exchange deactivation was deduced. Furthermore, the complex
dependency of the H/D exchange rates on ILs concentration in water was
observed. At very low ILs concentration in D-O, anomalous dynamics of ions
were revealed. Finally, the conformational changes in ILs were induced by
H/D exchange which was affected by critical aggregation of ILs [99-101]. The
H/D exchange process was not yet studied in some of investigated ILs and the
impact of anions or cation chain length is obscure.

2.1.2. Calcium phosphates

Another functional material where H-bonding plays significant role is
calcium hydroxyapatites (Cal0(PO4)6(0OH)2) (CaHAp). CaHAps are the ones
of calcium phosphate-based materials which makes up most of the inorganic
components for human bones and teeth. Likewise, CaHAps are widely used
in implantology, orthopedic and periodontal surgery [8-11]. The specific
chemical, structural and morphological properties of CaHAps are highly
sensitive to the changes in chemical composition and processing conditions
[12-14]. Calcium hydroxyapatite could be called the most stable form of
calcium phosphates and it was used to study the properties of antiresorptive
agents for the prevention and treatment of bone diseases [7]. Although
CaHAps were used as an artificial bone substitute in clinics. It was also
reported that cell attachment, proliferation and differentiation behavior are
regulated on the crystallinity [103-107]. Many applications of CaHAp’s are
based on the osteoinductivity — the ability to absorb guest implants, which
depends on the organization of pores, cavities and surfaces [15-17].

Figure 2.1.7. Hydroxyapatite structure. Adapted from Ref. [108].
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Stoichiometric OH groups are not only ones founded in CaHAps.
Adsorbed water and surface modes could be found in these materials too.
Human bone apatite was found being not highly crystalline hydroxyapatite.
From the experiments with hydrated bone samples the diminish of
osteoinductivity during the 6 months period were registered when the samples
were stored at ambient conditions [109]. To detect the impurities in newly
synthesized CaHAp samples handy tools like vibrational or NMR
spectroscopy are usually applied [44,110,111].
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2.2. Spectroscopic methods used to characterize functional materials

Many spectroscopic techniques were sooner or later applied for the
investigation of ionic liquids and calcium hydroxyapatites. Depending on the
aim of research various techniques such as DFT, DSC, EDX, FTIR, Raman,
NMR, PCA, SANS, SAXS, SEM and 2DCOS were used. The combination of
theoretical calculations together with vibrational spectroscopy and
mathematical spectra processing methods revealed the fast and reliable way to
obtain the scientific information about functional materials.

2.2.1. Theoretical investigation

Functional materials have different possible ways to interact with
environment and many ways to damage their structure by impurities. Cation-
anion interactions present in the ionic liquids are of great interest in diverse
fields such as preparation of nanoparticles, intramolecular interactions and
charge transfer between anion and cation. Vibrational spectroscopy is useful
to identify various species in composite materials and systems, which could
be combined of different ionic liquids. The theoretical calculations are of great
aid when structures of ionic liquids are unknown, because the specific
vibrational bands are not assigned to molecular vibrations. Recently structural
and vibrational characterizations on short chain based ILs [Camim]NO3; and
[Camim]OTT were performed combining the experimental Raman data with
density functional theory (DFT) calculations [112,113]. Hence, to achieve the
complete vibrational assignments it is necessary to perform a deep structural
investigation in order to know the most stable structures. Besides, to know the
coordination mode of anion which plays an important role in the stability of
the ionic liquid structure.

As mentioned in the previous section about the H-bond, one of the first
calculation tasks for ILs is to find the most stable cation conformers.
Moreover, the atomic charges and molecular electrostatic potentials as well as
stabilization energies could be calculated. Furthermore, the bond orders and
topological properties should be computed by using Natural Bond Orbital
(NBO) and Atoms In Molecules (AIM) calculations and the hybrid B3LYP
level of theory with different basis sets. And finally, the force fields, force
constants and complete vibrational assignments could be calculated using
internal coordinates and the scaled quantum mechanical force field approach.

Another way of theoretical modeling would be to calculate the dynamics
of materials under the external change, e.g. dilution with water. In this case
the possibility to form different intermolecular or intramolecular structures
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should be counted. Huge variety of H-bond should be considered as well as
the number of molecules, which interreact between each other, to have the
proper results giving the easier experimental data interpretation. The highest
value of theoretical models is provided only when theory is applied along with
experimental data and vice versa.

2.2.2. Vibrational spectroscopy

The vibrational spectroscopy (FTIR, Raman) is particularly powerful
method studying the states of water in the IL—water compositions
[24,72,73,114]. Perhaps the most information could be found from the
vibrational modes that are coupled with H-bonding vibrations of water
molecules. Anion and cation vibrations are useful to study the interactions
between ILs and other materials and at the same time pointing to the direct IL
place where those interactions tend to happen. Unfortunately, in the case of
the broad vibrational contours when the distances between the maxima of the
sub-bands are much smaller then their widths, the additional methods for the
mathematical spectra processing should be used. The separation of such
strongly overlapped bands can not be correctly done using the standard
treatments, such as the second derivative or Fourier deconvolution [115]. The
analysis of vibrational spectra is based on the monitoring of various Raman
and IR band parameters. The band shift, the ratio of integral intensities of
couple vibrational bands and the change in bands FWHM usually are utilized
analyzing the functional materials. The conformational equilibrium and
orientation of [C.mim]" cation with respect to the counter anion was
investigated from Raman spectra [116].

For the CaPs, vibrational spectroscopy is also an effective tool to estimate
the degree of crystallinity, content of doped ions, bulk vs. surface effects [103—
107].

2.2.3. Mathematical processing of spectra

As well as vibrational spectroscopy and theoretical computational
methods, mathematical processing of spectra provide supplementary data
which can be used as the material to prove, or deny hypothesis raised from
experimental data. The principal components analysis (PCA) and two-
dimensional correlation (2DCOS) analysis were the main methods used in this
work. The PCA [115,117,118] and 2DCOS [119,120], can give considerable
enhancement in the resolution and thus, they can be effective tools solving this
problem. It has been already demonstrated on NIR spectra of water [115,117]
and on FTIR spectra of IL-water and IL—alcohol systems [121].
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Figure 2.2.1. General scheme to obtain perturbation-based (solvent
concentration in mixture) 2D correlation spectra. Adapted from Ref. [122].

The dynamic spectra for the 2D correlation analysis are constructed from
the spectral intensity variation upon external perturbation [119,120] (Fig
2.2.1). Many reasonable measures of a physical quantity, such as temperature,
mechanical deformation, or concentration could be used as an external
stimulus. Water concentration (Xw20 mov) in IL-H,O mixture can be used as
the external variable continuous perturbation of the Raman spectra. The
Raman spectra (raw spectra, or spectrum vectors) l(w, X;), J=1,..., M of IL-
H>O mixtures was measured due to water content increase in the mixture. The
total numbers of spectra are noted by “M”. The spectra are normalized to the
Raman band which has the highest intensity and constant wavenumber during
measurements. The dynamic spectra Ip(w, X;) are constructed from the
spectrum vectors I(w, X;) subtracting the reference spectrum which is the
average of all registered spectra, although other forms may be chosen [120].
This selection is somewhat arbitrary. However, the results of 2D correlation
analysis could be weakly influenced by the choice of the reference. Therefore,
the zero-Raman intensity (after baseline correction) could be used as the
reference as well. The experimental data using the 2DCOS and the PCA are
processed and realized in following steps. The data matrix D are composed
placing the spectra Ip(w, X;) (I(w, X3)) in M rows. The corresponding
covariance matrix are obtained when multiplied D by its transpose D

Z=D'D. (1)

In this case, i.e. the so-called variable-variable approach [117], the
covariance matrix was coincident with the synchronous correlation spectrum
used in the traditional Noda formalism of 2DCOS [120]: @ ~Z, whereas the
asynchronous correlation spectrum ¥was calculated as

Y~D'HD, (2)
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where H is the Hilbert transform matrix:

{0 j=k

Hyp =4 _ 1 . , (3)
jk -
e ) * K

In the next steps the loads (p;) vectors are obtained when solved
Zpi=\ipi, (4)
where Ajis the eigenvalue associated with the eigenvector p; [118]. The
score vectors (t;) were calculated as
ti=Dpi. (5)

The number of the statistically significant principal components can be
evaluated using the argument of the physical changes vs. nondeterministic
variation proposed in [115]. In the analysis of loadings plots of principal
components (PCs) should be noted that loadings contain information on how
the variables (Raman intensity) relate to each other. Thus, Raman spectra
intensities stemmed from molecules vibrations responding in specific way on
applied perturbation should be related by loadings. Loadings plotted against
frequencies have spectrum fashion but do not present properties of real
spectrum, and therefore are called as abstract spectra. Nevertheless, loadings
can be very beneficial in interpretation of puzzling spectral variations and in
detection of minute absorption changes hardly detected in raw spectra.

As well-known from the 2DCOS theory the cross-peaks are the
consequence of simultaneous changes in different spectral regions [123]. But
changes in cross-peaks could be also used to identify the spectrum band
overlapping (Figure 2.2.2) or shifting in position (Figure 2.2.3). The
simultaneous shift of Raman bands and intensity change was simulated for 2D
spectra too (Figure 2.2.4) as well as line broadening (Figure 2.2.4). These
modeled examples were used during the studies of our obtained Raman
spectral data.
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Figure 2.2.2. Synchronous (A) and asynchronous (B) 2D correlation spectrum
showing the two overlapped bands changing intensity in opposite directions.
Adapted from Ref. [123].
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Figure 2.2.4. Synchronous (A) and asynchronous (B) 2D correlation
spectrum showing the results of a single band simultaneously shifting in
position from a lower to a higher wavenumbers and the increase in intensity.
Adapted from Ref. [123].
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Figure 2.2.5. Synchronous (A) and asynchronous (B) 2D correlation spectrum
showing the result of single band line broadening. Adapted from Ref. [123].
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3. EXPERIMENTAL RESULTS

3.1. Materials

For easier classification purposes, innovative functional materials studied
in this work were divided into three groups: long chain ionic liquids, short
chain ionic liquids and calcium hydroxyapatites. Materials in both ionic liquid
groups were ordered from Merck KgaA Darmstadt, Sigma-Aldrich, Inc. And
lonic Liquids Technologies GmbH (98%). The structures, as well as the atom
numbering, of long chain ILs (based on 1-decyl-3-methyl-imidazolium cation
[Ciomim]") and short chain ILs (based on 1-butyl-3-methyl-imidazolium
cation [Csmim]"), are depicted in Figure 3.1.1.

Figure 3.1.1. The structure and the atom numbering of the ionic liquids
investigated in this work. Lower part of the figure depicts [Ciomim]X, where
anion X=Cl, Br. Upper part represents [Csmim]Y, where anion Y=I, Br, ClI,
NOs, BF4, OTf (optimized by DFT at B3LYP/6-31++G**, in vacuo [81,113]).

The anions were differently selected for both groups of ILs. To study long
alkyl chain effects to the possible structures in ILs and water mixtures only
spherical chloride and bromide anions were chosen for [Ciomim]* cation based
ILs. To reveal the H-bond effects for the [Csmim]* cation based ILs, iodide,
bromide, chloride, tetrafluoroborate, nitrate and trifluoromethanesulfonate
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anions with different physical properties were chosen. Physicochemical
characteristics of investigated ionic liquids are listed in Table 3.1.1.

Table 3.1.1. Physicochemical characteristics of investigated ionic liquids
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[124] [Clomim]Br CuH27BrN; 303.3 | 347 583 1.13 7893
[125] |[Comim]Cl |CuHzCIN; |258.8 |311 |468 |0.99 |8570
[126] |[Camim]l | CeHsIN: 266.1 |203 |596 |1.49 |1110
E;g}’ [C4mim]Br CngsBer 219.1 [351 546 1.29 310
[128], .
[129] [Camim]Cl | CsH1sCIN2 174.6 | 347 537 1.05 |671
[130], .
[131] [Camim]NOs3 | CsH1sBrN; 201.2 323 373 1.39 |266
[132] |[Cmim]BFs |CeHisBF:N, |226.0 |<293 [372 |1.31 |104
lolitec | [Camim]OTf | CoHisF3N2O3S | 288.3 | 289 523 1.30 |80
Water H20 18 273 (373 |1.00 |1

There are two main methods to remove water and organic solvents from
ILs after synthesis: (1) sweeping solvents with nitrogen, (2) heating ILs under
vacuum. Nitrogen usage was tested, but not chosen because of high viscosity
of the samples. The traditional method to heat ILs under vacuum was used in
this work. The reduction of water commonly needs 12 to 48 hours under
pressures of 133 to 665 Pa heating the sample at 333 to 393 K [133]. As well
as benefits, this method for ILs purification has some disadvantages such as
long duration and possible decomposition of ILs. To avoid decomposition
samples were dried under vacuum at 353K for 24 hours using sample
vacuuming system built in the lab (Figure 3.1.2.). Decomposition temperature
of samples was not reached in the ceramic oven (part 4) because it was
maintained using temperature controller unit (1K) (part 1) (Build in Vilnius
University) and thermocouple (part 3) (copper-constantan). During the water
removal process cuvette with sample was connected to a rotational pump (part
2) (ILMVAC GmbH, Rotary Vane Pump PK 2 DC, 102 mbar) via tube and
placed into ceramic oven (part 4) which was heated by wire (part 5). Water
(H20) used in experiments was freshly distilled while heavy water (D,O) was
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ordered from Sigma-Aldrich (>99.9 atom % D). The samples of IL-H.O and
IL-D>O mixtures were prepared by weighting (0.1 mg) the components.
Homogeneously mixed samples were left for 30 minutes at 298 K to reach
equilibrium before measurements. In the cases when the extremely viscous gel
was formed in long-chain ILs— H>O mixtures, samples were left at 298 K for
several hours.

Figure 3.1.2. The system for sample vacuuming. 1 —temperature controller unit,
2 — ATB vacuum pump, 3 — thermocouple, 4 — ceramic oven, 5 — heating wire.

The group of calcium hydroxyapatites Caio(PO4)s(OH)2 (CaHAp) samples
were prepared by Prof. Habil. Dr. Aivaras Kareiva group in Vilnius
University, Chemistry and Geosciences faculty, Department of Inorganic
Chemistry. In the agqueous sol-gel synthesis route (more details in reference
[50]), calcium acetate monohydrate, Ca(CH3COQ),-H.O and ammonium-
hydrogen phosphate, (NH4):HPO., were selected as Ca and P sources,
respectively, in Ca/P molar ratio 1.67. To prepare nanostructured CaHAps the
different complexing agents tartaric acid (TA) (CisHeOg), 1,2-
ethylendiaminetetraacetic acid (EDTA) (CioN2H160s), glycerol (GL)
(CsHs03) and ethylene glycol (EG) (C2HsO2) were used. Depending on the
complexing agent used in the aqueous synthesis route, the prepared calcium
hydroxyapatites will be further called TA-CaHAp, EDTA-CaHAp, GL-
CaHAp and EG-CaHap. For comparison, the commercially available
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nanostructured CaHAp (CA-CaHAp) from Sigma Aldrich (99.999%,
synthetic from metal basis) was also investigated. The last CaHAp, prepared
by the same chemist group, was the calcium phosphate containing amorphous
phase (ACP). The synthesized compound will be named ACP-GL-CaHAp
because the glycerol (GL) (C3HsOs3) as a complexing agent was used in
synthesis route (more details in reference [134]). Above mentioned, CaP based
materials were characterized by scanning electron microscopy (SEM) and
energy-dispersive X-ray analysis (EDX) using a Helios NanoLab 650
scanning electron microscope coupled with energy-dispersive X-ray
spectrometry system [50]. The corresponding EM micrographs and XRD
patterns could be found in the appendix.

3.2. Experimental equipment and setup

All Raman and IR spectra measurements were performed in Vilnius
University laboratories. Various Raman spectrometers with different
excitation wavelengths were used for experiments. Ability to adjust the
excitation wavelength let us precisely investigate both “Fingerprint” (100-
1500 cm™) and “H-stretch” (2500-3900) cm™ Raman spectral regions. All
spectrometers used for experiments and their setups are listed in the Table
3.2.1.

Bruker MultiRAM FT-Raman was the main Raman spectrometer for
routine ILs-H,O mixtures and differently synthesized CaHAps
measuremetns. The focus of laser beam was controlled by motorized xyz-
sample stage. The signal was created using the high-sensitivity liquid nitrogen
cooled germanium and InGaAs detectors. The 1064 nm wavelength beam of
the pulsed Nd:YAG laser (500 mW) and the 785 nm wavelength beam of the
Si diode (300 mW) as the excitation sources using the 180° scattering
geometry and 3mm aperture was employed for experiments. Seeking to avoid
thermal and decomposition effects, before experiments, all samples were
measured using several laser power values (1 mW, 5 mW, 10 mwW, 50 mW,
100 mw, 200 mw, 300 mw, 400 mW, 500 mW). The resolution of the
spectrometer was set to the 2 cm™. Average of 400 Raman spectra was
recorded to get better signal to noise ratio at spectral range 70-4000 cm . All
experiments we repeated at least two in some cases three and four times.
Resonance Raman scattering was not registered during our experiments. To
avoid the background from cuvette glass, samples were prepared and
measured in silica cells. Different laser excitation was used for the research of
OH and OD vibrations. The Raman spectra of neat ionic liquids were obtained
with low background level, which showed that no local sample heating effects
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occurred during experiments. Relatively low background and good signal to
noise ratio of Raman spectra let us obtain both qualitative and quantitative
information only with minimal normalization and linear baseline subtraction
functions during spectra processing.

Table 3.2.1. Characteristics of Raman spectrometers

Excitation parameters —_— Raman

Spectrometer Wavelenght, |Power, gna scattering

Source detector

nm mwW geometry

Bruker Nd:YAG |1064 500 Germanium |180°
MultiRAM Si .
FT-Raman | diode 785 300 InGaAs 180
Renishaw DPSS 532 87 ceD 180°
Raman laser
spectrometer |He-Ne 633 15 CCD 180°
/ microscope |LED 785 161 CCD 180°

Artion |514 200 FEU-79 90°
DFS-12

MGL-H |532 1000 FEU-79 90°
RamanFlex
400 . o
PerkinElmer Sidiode |785 30 CCD 180
Inc.

The FT-Raman spectrometer control and experimental data digital
processing were performed using the OPUS 7.0 and the Microcal Origin 8.0
software program packages. Principal component analysis (PCA) and 2D
Raman correlation analysis (2DCOS) was carried out using the MathCAD 14
package. The program for mathematical spectral processing was written in the
Laboratory of Raman spectroscopy at Vilnius University.

Other spectrometers were used for to obtain Raman spectra at different
temperatures and polarizations. Renishaw Raman spectrometer was used for
low temperature measurements and polarized spectra measurements. Mostly
spectra were registered with setup 532 nm, G1800, lens 50xLWD, 20 s, 100-
4000 cm™, 10% of power (5.5 mW at sample). Raman frequencies were
calibrated using the polystyrene standard (ASTM E 1840) spectrum. For
measurements with Raman microscope it is essential to have calculated laser
power near sample, otherwise heating or photo decomposition could occur. If
local heating effects appear for the liquid samples during Raman experiments,
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they could be reduced not only by changing the power of excitation source,
but also by using large cylindrical cells [135].

Cooling rate of 3 K/min was used for the measurements of [Csmim]NOs—
D-0 at low temperatures. [Csmim]NOz Raman bands at low 153 K was not
investigated, only D>O bands was analyzed. Crystallization of the confined
water pocket was not induced even the outer IL was crystallized [136].

Primary Raman spectra for long chain based ILs investigation were
recorded using a DFS-12 double-grating spectrometer with a slit width of 0.08
mm. This value of the slit width was found to be optimal and let us obtain
good signal to noise ratio of Raman spectra. Namely, a recording of the
weakest Raman bands was still possible at this setting. On the other hand,
investigated OH bands are very broad (FWHM 50-150 cm™) and the
instrumental broadening of the observed Raman band width could be
neglected. The excitation source was an argon-ion laser (Stabilite,
SpectraPhysics) operating at 514.5 nm (120 mW). All measurements were
carried out at the 90° scattering geometry. Raman frequencies was calibrated
using real-time calibration with a neon emission line. The detection part of the
instrument consists of photomultiplier and a photon-counting system on line
with a standard computer.

Phase transformations, composition and structural changes in the
polycrystalline samples were studied by Fourier Transform Infrared
spectroscopy (FTIR spectroscopy). Measurements were performed at 298 K
on a Bruker Vertex 70 spectrometer. ACP-GL-CaHAp and nano-structured
CaHAps (synthesized and commercially available) (each in amount of ca 2
mg) were mixed in the ratio of 1:100 with KBr powder and pressed into a
pellet using 10 tons pressing of a manually operated Specac hydraulic press.
FTIR transmission measurements were acquired with 2 cm™ spectral
resolution using a globar light source and liquid nitrogen cooled mercury
cadmium telluride (MCT) detector. Total 128 interferograms were averaged
and transformed into the spectrum applying the Blackman—Harris 3-term
apodization function and the zero-filling factor of 2. All pellet measurements
were performed 3 to 5 times with aperture 2mm, rotating the sample pellets
around the central axis.
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3.3. Conformational equilibrium and dynamic processes in ionic liquid—
water mixtures

A variety of molecular conformations due to external perturbations is the
key to understand the stability of pure ionic liquids and IL—water mixtures.
Molecular orientational order, which depends on the conformational
equilibrium, directly contributes to the molecular packing effects. Studies of
the conformational equilibrium in ILs are useful to clarify the relationship
between the molecular conformations and the phase transition behavior in ILs
[137,138]. The formation of molecular structures in the ILs with different
alkyl chain length cations and distinct types (spherical, halogen) anions will
be discussed in this section when varying water concentration in the mixtures
of IL-water.

3.3.1. Conformational equilibrium in neat ionic liquids and their agueous
mixtures

Prior to the conformational equilibrium investigation in the IL—water
mixtures, the structural and vibrational characterizations for the 1-butyl-3-
methylimidazolium trifluoromethanesulfonate ([Csamim]OTf) and 1-butyl-3-
methylimidazolium nitrate ([Camim]NQOs) ionic liquids were performed
combining the experimental Raman spectroscopy and density functional
theory (DFT) calculations based on the hybrid B3LYP/6-311++G** level of
theory [112,139]. The necessity to have these calculations raised because no
Raman spectral band assignments were found in the literature for [Camim]OTf
and [Csmim]NOs. Moreover, anion effect for [Camim]OTf conformational
equilibrium was not investigated before.

The [OTf] anion is linked to [Csmim]* cation by a bidentate coordination
by means of two different S—O---H hydrogen bonds. Strong increase in the
dipole moment value was observed when the [OTf]~ anion was incorporated
to [Camim]* cation. NBO and AIM calculations suggested high stability of
[Csmim]OTTf and it was evidenced by the high dipole moment value, three
intramolecular H-bonds and two halogen-bonds interactions [112]. For the
proposed structures, very good correlations between the predicted IR and
Raman spectra as well as experimentally obtained spectra were observed. The
high stability of ionic liquid as supported by NBO, AIM and bond orders
calculations [112]. The different Mulliken charges calculated for the O atoms
that forming the H-bonds support the asymmetric bidentate coordination of
[OTf]" anion with the [Csmim]* cation. Comparing with [Csmim]NO; ionic
liquid, the [OTf]™ anion increases the reactivity for [Csmim]OTf. In addition,
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the [OTf] anion drastically reduced the electrophilicity and nucleophilicity
indexes of cation evidencing the strong influence of anion on the properties of
cation. The vibrational analysis has revealed shifting towards lower
wavenumbers due probability for the asymmetry of S=O---H bonds. The
complete vibrational assignments were performed for [Csmim]OTf and
[Csmim]NOs IL’s as well as the harmonic scaled force constants were reported
at the same level of theory.

Conformational equilibrium of the [Csmim]" cation was investigated
monitoring the combination of imidazolium ring deformation and the CH>
rocking bands [140]. Two Raman bands of different neat ionic liquids were
many times investigated and reported as gauche-trans (gauche) at lower
frequency (601 cm™) and trans-trans (trans) (624 cm™®) conformers.

— [C,mim]I
— [C,mim]Br
—[C, mim]CI
— [C,mim]Br
— [C,mim]OTf
— [C,mim]CI
|—— [c,mim]NO,
. — [C,mim]BF,
655 690

Raman intensity

550 585 620 1
Wavenumber, cm

Figure 3.3.1. Raman spectra of neat [Camim]OTf (red) and [Csmim]NOs3
(black) ionic liquids in conformational spectral region between 540 and 680
cm™ [141]. Grey vertical bars depict the DFT calculations result for Raman

bands assigned to gauche and trans conformers vibrations. For comparison
other short chain ILs spectra at the same region were depicted.

The integral intensity ratio between the Raman band at 601 cm* and the
Raman band at 624 cm ™t was proportional to the gauche/trans population ratio
(Igauche/ lirans) i ionic liquid. In Figure 3.3.1. Raman spectra of pure IL
[Camim]OTf (red) and [Csmim]NO; (black) in the 540-680 cm spectral
region are depicted together with other [Csmim]* anion based ILs investigated
in these thesis. The positions and intensities of the observed Raman bands well
correlated with the relevant parameters of two [Csmim]™ conformers
calculated by DFT. Calculated Raman bands depicted by grey bars in Figure
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3.3.1. where the at ~ 609 cm*and ~ 634 cm *indicated the gauche and trans
conformers by the rotations around C(7)-C(8) and C(8)-C(9) bonds
[112,139]. The presence of both bands indicated that ILs based on [Csmim]*
cation exist as a mixed state of cation conformers regardless of the anion type.
According to the integral intensity ratio of two bands in Figure 3.3.1., the
preference of the trans conformation was found in [Csmim]OTf versus
[Csmim]NOs. The explanation of this result could fall under the term of anion
hydrophobicity. Usually ILs tend to interact with other materials via anion and
form H-bond based network. Previous studies showed that the lgauche/ lirans ratio
increased when the water was added to neat ionic liquid BmimNOzand could
help to determine water packing processes in ILs [102]. [Csmim]NOs has more
hydrophobic anion than [Csmim]OTT has and because of that more water from
the atmosphere was absorbed and more packed structures of [Csmim]NO3
were found.

The anion type influence to the conformational equilibrium was
investigated in the set of neat ionic liquids. In the Figure 3.3.2. the lgauche/ltrans
ratio of neat ionic liquids [Camim]X, X=I, Br, Cl, BF4, OTf, NO3 versus anion
ionic radius is depicted. The preference of the trans conformation was listed
in the following order: I" > Br™ > CI" > OTf > NOs™ > BF4". The conformation
preferences for ILs with halide anions (I", Br, CI,) agreed with the previous
report, which proposed the stronger electrostatic field by smaller halide anions
imposes the gauche conformation [142]. However, non-spherical and halide
anions did not order well together in the distribution of ionic radius versus
gauche/trans conformers ratio. The anion hydrophobicity was used to explain
the order of anions determined in our experiments [143]. The lgauche/ltrans ratio
for the most hydrophilic anion I” was 0.8 and for the most hydrophobic anion
BF4 was 1.9.
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Figure 3.3.2: lgauche/ lirans ratio dependence of the [Csmim]* cation versus ionic
radius of different anions.

As well as anion hydrophobicity the cation chain length also plays
important role in conformational equilibrium. lgauche/ltvans ratio for neat ILs
[Camim]CI, Csmim]Br was compared to long chain ionic liquids [C1omim]ClI,
[Ciomim]Br lgaucne/lwans conformers ratio. [Ciomim]Cl showed 1.08 and
[Ciomim]Br 0.85 while [Csmim]Cl showed 1.4 and [Cismim]Br 1.1,
respectively. The preference of the trans conformation in ILs with longer
cation chain depicts the different lower mobility and more structured behavior
of long chain ILs.

Furthermore the temperature impact was registered for conformational
equilibrium (lgauche/ lrans ratio) in [Csmim][OTf] and depicted in Figure 3.3.3.
Below room temperature the huge increase in lgaucne/ lirans ratio was noticed. At
temperature 305 K 1.5 times more ionic liquid cations oriented in gauche form
than trans was registered, while at 200 K this ratio increased to 8.8. The insert
in Figure 3.3.3. shows the Raman spectra at described temperatures.
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Figure 3.3.3. Temperature dependence of the [lsuche/lirans ratio in full
temperature range for pure [Csmim]OTT. A: linear dependence. B: logarithmic
dependence.

The decrease of anion mobility and packaging peculiarities with the
decrease of temperature could be explained by these results. Moreover, the
temperature dependence of conformational equilibrium could be used to
investigate the difference in the partial molar enthalpy of the trans and gauche
conformers (AHyans—gauche) Fig. 3.3.3. B. As mentioned before the Raman
intensity of the frans conformer increases as the temperature was increased for
[Csmim]OTf. Summing up the ratio of the Raman scattering cross-sections
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between the trans (A) and gauche (B) conformers is independent of
temperature. AHuans—gauche IS given by (1) [116]

aln(hg,ff_ﬂ }

A—B _
A= R{ auT) I,

(1)

In this equation, R, T and p are the gas constant, temperature and pressure,
respectively. 1a and Ig indicate the relative Raman intensity of conformers A
and B, respectively and “A” and “B” correspond to the conformers of the
[Camim]" cation [116]. From the slope of the line in Figure 3.3.3 B it was
calculated that AHyans— gauche fOr [Camim][OT{] is —0.5+0.2 kJ-mol . While the
values —1.1£0.2 kJ-mol* for [Csmim]NO;, —1.5+0.4 kJ-mol' for
[Camim]SCN, —0.90.1 kJ-mol* for [C;mim]CH3COO and —1.0+0.1 kJ-mol
L for [Camim]BF., respectively [116], was measured for other ILs. Considering
the standard error, the value of AHyans—gauche IN [Csmim]OTT is close to the
value in other ILs, which approximately are —1.0 kJ-mol* and are independent
of the anionic species [137,142].

Based on relationship AG = AH — TAS, our results agree to the
consideration that entropy drives the thermodynamic stability of the
conformational equilibrium for [Csmim]* anion in [Csmim]* based ILs with
non-spherical anions [116].

Table 3.3.1. Calculated AHrans—gauche COMparison for different ILs.

lonic liquid [ P Refference
. Thi
[Camim]OTf ~0.5+0.2 kJ-mol S
experiment
[Csmim]NOs —1.1£0.2 kJ-mol * [116]
[Csmim]SCN —1.5+0.4 kJ-mol * [116]
[Csmim]CH3COO0 —0.9+0.1 kJ-mol* [116]
[Csmim]BF, —1.0£0.1 kJ-mol* [116]

The equilibrium of ionic liquid cation conformations (lgauche/lirans) in 1LS
and H.O mixtures were also investigated at different water content values in
the mixtures. Concentration dependences of lgauche/lirans ratio obtained for
different ILs: [Camim]X (X=T7; Br™; CI"; OTf"; NOs™; BFs") and [Ciomim]Y
(Y=Br"; CI') at various H>O content in mixtures were depicted in Figure 3.3.4.
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Figure 3.3.4. lgauche/lirans ratio between the gauche and trans Raman bands for
all investigated ionic liquids plotted as a function of the H,O molar fraction in
the mixtures. Crossover points marked by red arrows correspond to the
boarders of different water or ionic liquid structures formation. Part A:
isolated ions or small ion clusters are formed above crossover point. Part B:
small water clusters are destroyed, and bulk water is formed above crossover
point. Part C: the liquid crystalline ionogel phase starts forming above the
crossover point.

The distinct behavior for different ILs—H>O mixtures was found for
lgauche/ ltrans - ratio. The discontinuities in concentration dependencies of
lgauche/ lirans ratio can be associated with the variation of H-bond interactions
between ILs and H,O molecules as well as the formation of different structures
based on water molecules. For [Ciomim]Cl and [Ciomim]Br ILs
discontinuities were found at Xw20 moL=0.45+0.05 (Figure 3.3.4. part C). This
value very well correlates with LC ionogel phase formation beginning
identified at Xr20 mass=0.03+0.005 (more details in 3.4. section). The increase
of lgauche/lrans ratio began at crossover point and indicated that gauche
conformation is more convenient due to LC ionogel phase formation in long
chain ILs. Similarly to the long chain ILs, discontinuities in lgache/ltrans ratio
for short chain ionic liquids (Figure 3.3.4. part A and B) showed the change
Of lgauche/ltrans ratio due to the increase of water content in the mixtures.
Differently from long chain ILs, the crossover point was registered at higher
concentrations of water Xw2o mor=0.9+0.05. All possible phase formation
effects were analyzed in the 3.3.3 and 3.4.1 paragraphs of this and following
sections. The main idea how to explain those changes came from theoretical
modelling presented in Ref. [69] which revealed that the mesophases and
shapes depend on the counter ion type and alkyl chain length but also on the
number of molecules that are involved in the modeling. Water molecules can
be trapped in different environments and dictate the shape and size of the
aggregates and its behavior [69].
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3.3.2. Proton/Deuteron exchange in IL-D,O mixtures

In this paragraph the anion, self-aggregation and mesophase effects on the
H/D exchange in [Ciomim]Br—D,O and [Ciomim]CI-D,O mixtures were
studied by means of the Raman spectroscopy. The dependency between
conformational changes and H/D exchange in imidazolium-based ILs with
both shorter and longer alkyl chains additionally was investigated using
Raman spectroscopy together with NMR and theoretical calculations.

As one of mesophases in long chain ILs LC ionogel will be discussed in
the 3.4. part of the thesis. At further dilution with water, after the LC ionogel
formation at Xu2o mass>0.4 (Xn2o moL>0.92) the LC ionogel mesophases
disappeared and the viscosity of the mixtures dropped drastically. This highly
diluted state of IL-H,O mixture (0.92<Xw20 mor<0.98) was called as the
aqueous solution [71]. The coexisting liquid and solid phases can appear only
below 290 K [144]. It is obvious that the rates of H/D exchange process in
such ILs can be crucially influenced by the phase behavior when different
molecular sites and peculiar environments in the microscopic or mesoscopic
scales appear. For example, the imidazolium groups can get blocked inside of
inverted hexagonal structures, if such formed, or the formation of the regions
with confined water (D-O as deuteron donor) is enhanced due to the interplay
between hydrophilic and hydrophobic segments, as well as the formation of
the layered structures in the case of the lamellar phase [80]. In order to
segregate the pure H-bond-driven contribution to the H/D exchange from
possible phase/environmental effects, the composition of the samples should
be chosen to have the systems are in the identical states. The aqueous solution
phase (i.e., the one that is by many physical features very close to the
“classical” electrolyte (water + salt) system) would be most suitable.
Therefore, full range of concentration of [Ciomim]Br and [C1omim]CI in H,O
was investigated. Previously analyzed imidazolium ring C(n)—H Raman band
shifts and different water clusters organization was used to provide useful
information when predicting the structures of hydrogen bonded aggregates
and changes in structure for other ILs [24,32,33,69].

In order to check the influence of the LC ionogel phase formation on the
H/D exchange rate another two samples of IL-D,O mixtures with
Xp20 Mmot=0.99 and Xp2o moL=0.6 were prepared and investigated. The
samples with anisotropic gel (Xp2o moL=0.6) were studied by 1H NMR
spectroscopy and was not observer any changes in intensity of C(2)—H proton
during 48 days of observation from the sample preparation. Thus, was stated
that this reaction does not run in the LC ionogel phase. Comparing result of
C(16)—Hs 1H integrals resonance was indicated that in imidazolium ring only
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C(2)-H proton was involved in the H/D exchange under the present
experimental conditions [33].

The sample concentration of Xp20 moL=0.99 in IL-D>O mixtures was high
enough to carry out the registration of Raman spectra at the same conditions
as it was set in NMR studies. The Raman studies are important in trying to
reveal the possibility of anomalous conformational changes around the
C(7)—C(8) bond (Figure 3.1.1.) that seem to be coupled with H-bonding and
H/D exchange processes [100,140]. The most comprehensive information
concerning the H/D exchange should be obtained due to analysis of C(2)—H
imidazolium stretching vibration v(C(2)—H) Raman band. However, this band
is strongly overlapped with other C—H bands in the spectral range 2900—3100
cm . Therefore, the H/D exchange was monitored using the time evolution of
the Raman bands assigned to the combination of the in-plane ring deformation
and CH3(N) deformation at 1010 and 1024 cm™* (Figure 3.3.5.), [100,140].
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Figure 3.3.5. Monitoring the H/D exchange on Raman bands at 1010 and 1024
cm* (B, D) and 1406 and 1417 cm™* (A, C) of [Ciomim]Br—H:0 (A, B) and
[C10mim]Br—H:0 (C, D) at different time from the mixture preparation.

These bands were successfully exploited for the same purpose in Raman
studies of [Camim]BF+D-0O mixtures [100]. The time dependency of their
integral intensities (Figure 3.3.6.) indicated crucial influence of Br™ and CI
anions to much faster H/D exchange in [C1omim]Br—D,O than [Ciomim]CI-
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DO mixtures. 200+2 minutes was required to reach the apparent reaction
saturation for [Ciomim]Br-D,O mixtures (Figure 3.3.6. A, B), whereas no
features reaching this were seen for [C1omim]CI-D20O (Figure 3.3.6. C, F) even
after 1000 minutes of sample preparation. The results of H/D exchange
dynamics obtained in long chain ILs and D,O mixture by Raman spectroscopy
were supported by the NMR dynamics results measured in IL-D,0O
mixtures[33].
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Figure 3.3.6. H/D exchange dynamics in [Ciomim]Br-D.O (A, B) and
[C10mim]CI-D-0 (C, D) mixtures.

To check the dynamics of H/D exchange for the different ILs with non-
spherical anions and shorter alkyl chain the same experiment was repeated for
[Camim]NO3; and [Csmim]OTf  mixtures with D,O. Different D,O
concentrations Xp2o mor=0.99 and Xp20 mo=0.4 in IL-D,O mixtures were
specifically chosen to avoid mesophases (“water pockets”) formation in IL—
water mixtures. Surprisingly, no changes were registered for Raman
vibrational bands previously investigated in [Ciomim]Br-D.O and
[C10mim]CI-D,O even after 58 days of mixtures preparation. Thus, for the
first time it was stated that H/D reaction does not run in [Camim]OTf and
[Camim]NOs ILs. The similar result for [Csmim]BF4was obtained applying IR
and NMR spectroscopies [145]. Moreover, experimental results discussed in
paragraph 3.3.3. Figure 3.3.15. can be considered in the “light” of H/D
exchange process t00. The lgaucne/livans ratio dependency of water concentration
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in [Csmim]NOz-H,O and [Csmim]NO3z-D>O mixtures were found to be
resembling. These results let us approve one more way how H/D exchange
can be checked for the specific IL. Moreover, obtained results agree with
hypothesis on external base necessity for H/D exchange to occur in ILs with
coordinated and non-basic anion such as tetrafluoroborate BF, [146] and NOs.

The spectral region around ~600 cm™ (Figure 3.3.7.) as discussed in the
paragraph 3.3.1., attained special consideration of the Raman bands at 600 and
620 cm* sensitive to the conformational changes in hydrocarbon chains
attached to the imidazolium cation [100,114,140,147]. Earlier in the thesis it
was deduced that conformational equilibrium in ILs depends on the type of
the anion. The significant redistribution of the integral intensities at 602 and
625 cm™ was clearly seen in the Raman spectra for both studied 1L-D,0
mixtures at different time after sample preparation (Figure 3.3.7.). However,
in the present case of [Ciomim]* it is hardly credible to attribute this evolution
being a completely conformational effect. Indeed, the Raman experiments
carried out varying the temperature in the wide range on the neat [C1omim]Br
and revealed the conformational composition was hardly changeable even
passing through the melting and at further cooling up to 49 K (Figure 3.3.8.).
This behavior was completely different in the case of [C.mim]Cl observed at
the melting point and thermal equilibration at 345 K [140].

a. u. a. u.
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Figure 3.3.7. Time dependencies of Raman spectra in the range 600—700 cm *
of [C1omim]Br (left; at 10 min (black), 60 min (red), 150 min (blue) after the
sample prepared) and [C1omim]CI (right; at 20 min (black), 220 min (red) and
900 min (blue)) in D20 mixtures (Xp20 mo=0.99) at T=296 K.
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Figure 3.3.8. Raman spectra of [Cjomim]Br in the range 600—800 cm™' in the
liquid (296 K) and crystalline (268 and 49 K) phases.

The complex redistribution of several Raman intensities (Figure 3.3.7.)
was due to the changes in positions of some strongly overlapping bands in this
spectral region upon H/D exchange at C(2) site rather than changes in
conformational equilibrium.

On the other hand, anions and aggregation effects play crucial role in IL
aqueous solutions. The anions interact with cations via H-bonds and bind the
water molecules in their solvation shells. The anions in highly diluted aqueous
solutions are solvated and therefore, their role in H-bonding is significantly
reduced. Moreover, the H/D exchange was coupled with the rotational
dynamics of water molecules [99]. The interaction with anions hinders the
rotational motion of D>O molecules in the solvation shell and becomes the
stronger the smaller is the size of the anion. The rotational “freezing” of D,O
molecules could hinder the supply of deuterons to the site of exchange. This
occurred in [Csmim]NO; and [Csmim]OTf mixtures with D>O because of the
non-spherical anions probability to form more H-bonds with DO molecules
than spherical anions could do. Solvated non-spherical anions were distracted
from cation and was found in the position above the ring plane of the
imidazolium cation. This specific interaction caused the absence of H/D
exchange for non-spherical anion based ILs.

In the LC ionogel phase the strong anion—cation interaction impedes the
H/D exchange process too. This factor was considered as additional
contribution to the slowdown of rotational dynamics discussed just above. The
kinetics of H/D exchange drastically changed in the samples of Xp20 mor=0.99
(Figure 3.3.6.). This process, depending on the anions, was very significantly
damped ([Ciomim]Cl) or stimulated ([Ciomim]Br). Unfortunately, it is
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virtually unknown how certain inherent properties of ILs influence the self-
aggregation and phase behavior of IL—water mixtures.

Higher degree of molecular freedom due to the order—disorder effects
could be summarized as a crucial role in the H/D exchange reaction in the
studied mixtures. The presented experimental results are expected to be useful
for the molecular design of ionic liquids and the modeling of micellar
structures in aqueous solutions. The conformational changes that was coupled
with the H/D exchange, as it was observed in reference [100], did not occur
neither in the studied [Csmim]NOs-D20. [Csmim]OTf-D.O, nor in
[Ciomim]Br—D>0 and [C1omim]CIl-D-O mixtures. The changes revealed in
BBC NMR spectra for the similar experiment was caused by the secondary
isotope effects on chemical shifts not being the signal shifts due to the
conformational [33]. Summarizing our Raman and NMR results we can
clearly state that the conformational equilibrium and the H/D exchange are
separate processes not coupled with each other.

54



3.3.3. Water confinement in 1-butyl-3-methylimidzolium nitrate

In this paragraph the utilization of Raman spectroscopy for water
clusterization process ,,water pockets” in the 1-butyl-3-methyl-imidazolium
nitrate ([Csmim]NOs3) was investigated.

Raman Intensity
b

- — [C,mim]NO, .
—D,0O

1 2 3 4

800 1200 1600 2400 2800 3200
Wavenumber, cm-?

Figure 3.3.9. Raman spectra of neat [C.mim]NO; (upper) and neat DO
(lower) distributed in four spectral regions sensitive to added D;O. Insert
shows the Structure of [Csmim]NOs.

Water clusters sized 2-3 nm and called “Water pockets” was observed in
2014 by bead modeling referring to the observed small-angle X-ray scattering
(SAXS) and small-angle neutron scattering (SANS) data [46]. The formation
of ,,water pockets* in [Camim]NOs—H,O mixtures recently was observed
applying not only SAXS and SANS, but also differential scanning calorimetry
(DSC) techniques [45-47]. In the mixtures of [Camim]NOs-D,0, anomalous
freezing occurred discretely for a wide range of water concentrations
(0.7<Xp20 MoL<0.94). The simulations of molecular dynamics (MD)
demonstrated the formation of water confinement, comparable to ,,water
pockets® in 1-octyl-3-methylimidazolium nitrate ([Csmim]NO3s) mixtures at
various H,O concentrations [22]. It was found that in the boundary between
the polar and non-polar nanodomains the confined water could exist. This
confinement could be compared with chopped “water channels” which appear
between hexagonal phases of cations due to LC ionogel phase formation in
long chain ILs. Another MD simulation study identified four concentration
ranges in hydrophilic ILs—H,O mixtures and presented four distinct structural
models for description: 1) isolated water molecules (Xn2o0 moL<0.5); 2) chain-
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like water aggregates (0.5<Xm20 m0r<0.8); 3) bicontinuous system
(0.8<Xw20 M0L<0.95); 4) isolated ions or small ion clusters, respectively
(Xm20 moL > 0.95) [89]. It was noted that the simulated “water pockets”
depends on both temperature and water concentration. These H-bond based
clusters could be called one of mesophases in ILs and was never investigated
using vibrational spectroscopy.

In our experiments the changes of Raman spectra were observed in four
different spectral regions due to continuous increase of heavy water content in
IL-D,0O mixtures. It was found that parameters of Raman spectral bands were
sensitive to the added D,O content. The extent of ,,water pockets® formation
was determined from the discontinuities found in the concentration
dependencies of monitored Raman bands shifts and integral intensities. The
blue shift of symmetric NO3~ stretching mode at 1041 cm *and imidazolium
ring stretching mode at 2" carbon position C(2)-H at 3100 cm™ was found
even with a small water content addition in the mixture. The same behavior
was found analyzing the Raman band at 706 cm ™ assigned to NOs~ bending
mode. Moreover, integral intensity ratio of two Raman bands at 600 and 625
cm *assigned to gauche and trans forms of the butyl chain was also found to
be dependent of DO content in the mixture. The distribution among relative
integrated intensities of Raman bands assigned to different water clusters
vibrations was also sensitive to the D,O content in the mixture. Overall, the
beginning (i.e. lower boarder) of ,,water pockets* formation (Xp20 moL=0.6) in
[Camim]NO3 was determined by the discontinuous spectral changes observed
for NO3™ stretching mode and different water cluster vibrations. The end (i.e.
upper boarder) of “water pocket” formation (Xp20 mo.=0.86) was found from
discontinuities in concentration dependencies of imidazolium ring stretching
mode and different water clusters vibrations. The conformational changes
were also observed, and appeared at D,O concentration, corresponding to the
upper boarder of “water pockets” formation.

Raman spectra of the neat [Camim]NO3 and neat D,O in the whole spectral
region between 550 and 3300 cm* was depicted in Figure 3.3.9. There are
four regions marked in the spectra which were found being sensitive to added
D,0O. The assignments of studied [Camim]NOs; Raman bands was well
investigated by us and other scientists analyzing the ILs with the comparable
structure  (anion or cation) resemble the investigated ILs
[65,72,116,139,140,147,153-155]. In the Region 1 (550 — 800 cm?) two
peaks at 600 and 625 cm* assigned to vibration bands of the IL molecules
organized in gauche and trans forms around C(7)-C(8) butyl chain and one
more peak at 706 cm ! assigned to the IL anion NOs bending mode were
distributed.
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Table 3.3.2. The assignment of Raman vibrational modes used to study the

formation of "water pockets"

Waven
Vibrations assignments umber, | Ref. Band assignment
cm?
Imidazolium ring deformations
and CH, rocking vibrations 600 [140,141] | v(gauche)
assigned to gauche conformers
Imidazolium ring deformations
and CH, rocking vibrations 625 [140,141] | v(trans)
assigned to trans conformers
NO;" in-plane bending vibrations | 706 [116] va(NO3")
N_Og’ §ymmetric stretching 1041 [116] vi(NOs)
vibrations
OD stretching vibrations of very
strong hydrogen bonded water
band giln zuen?:hed mixtures 2260 [148] v(VSHB)
(VSHB)
OD stretching vibrations of
water molecules within the [72,148,1
different kinds of tetrahedral H- 2400 49] V(SSHB)
bonded network (SHB)
OD stretching vibrations of
water molecules within highly
asymmetric single donor (SD) [116,148,
hydrogen bonding configuration 2525 149] V(MHB)
or distorted tetrahedral H-
bonded network (MHB)
OD groups or free water
molecules without any hydrogen | 2643 [148,149] | v(WHB)
bonded groups.
Imidazolium ring C(2)-H [145,150
stretching vibrations 3100 ~152] vC@H)
Imidazolium ring C(4,5)-H 3152 [145,150 | v(C(4,5)-
asymmetric stretching vibrations -152] H_asym)
Imidazolium ring C(4,5)-H 145,150
symmetric stretc%iné viz)rations 3164 E152] v(C(,5)-H_sym)
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Region 2 represented the Raman spectrum between 1000 and 1100 cm ™ where
the band at 1041 cm™ was assigned to IL anion NOj3™ stretching vibration
mode. Raman vibration bands found in the Region 4 (3100 — 3200 cm™*) were
assigned to imidazolium ring stretching modes at the 2" carbon position C(2)—
H (3100 cm®) and at 4™ 5™ carbon positions C(4,5)-H symmetric and
asymmetric stretching modes (3164 and 3152 cm™). The Raman spectra in the
Region 3 (2000 — 2800 cm) represented heavy water molecules vibrations,
while the 1%, 2" and 4™ regions belong to the vibrations of anion and cation.
Region 3 was divided in to two main bands which were assigned to the
vibrations of water molecules organized in network with tetrahedral structure
(network water (NW) 2420 cm™) and water molecules that are involved in a
distorted network but do not form all four H-bonds with the neighboring water
molecules (intermediate water (IW) 2540 cm™). More Raman bands could be
found at the shoulders of spectral bands which will be discussed later. The
vibrational assignments of water and IL bands are listed in the table 3.3.2.

C—H stretching vibrational modes of the imidazolium ring (Region 4)

As it was mentioned before, the most of research in IL-H20 or IL—other
solvent mixtures were focused to imidazolium ring C—H stretching region
[32,34,35,156,157]. The theoretical and experimental data represented the
Raman region above 3100 cm—1 as the one, very sensitive to the interactions
involving the imidazolium ring vibrations C(n)-H of the [C4mim]+ cation
based ILs [145,150-152]. H-bond formation in [C4mim]NO3 was not an
exception. Raman spectra of [C4mim]JNO3-D20 mixtures at various heavy
water contents in Region 4 and spectra deconvolution into three components
using Voigt functions were showed in Figure 3.3.10 parts A and B. It is worth
to mention that the main part of fitted curves was consisted of Gaussian shape.
Based on the previous vibrational spectroscopy studies the main peaks were
assigned to the vibrations of C(2)-H, C(4,5)-H asymmetric and C(4,5)-H
symmetric stretching modes. In the spectrum of neat [C4mim]NO3
(XD20_MOL=0) bands were distributed at 3100 cm-1, 3152 cm-1, 3164 cm-
1, which revealed the stronger H-bond of C(2)-H...NO3 than C(4)-H...NO3
or C(5)-H...NO3. As depicted in Figure 3.3.10. part C, the positions of
investigated Raman vibrational modes were slightly blue shifted when D20
was added to pure [C4mim]NO3. This blue shift indicated that added water
induced the weakening of interactions between anions and cations involving
their hydrogen atoms and their direct environment and was supported by
previous studies [158].
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Figure 3.3.10. A: Raman spectra of [Camim]NOs-D,O mixtures at different
water concentrations in spectral Region 4. B: Raman spectrum of
[Csmim]NO3s-D-0O mixture at Xp20 mo=0.87 (black line), relative fit (red line)

and deconvolution in to three bands (colored blue, red and black). C: The
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distribution of C(2)-H (blue squares), C(4,5)-H asymmetric (red circles) and
C(4,5)-H symmetric (black triangles) stretching Raman band shift plotted as
a function of the D,O molar fraction in the mixtures. Crossover point marked
by red line corresponds to the upper boarder of “water pocket” formation.

The H-bond formed between the water molecules and anions distracted the H-
bond between anions and cations. This result was supported by previous
studies which claimed that solvation of organic compounds in imidazolium
based ILs occur only with the anion [159].

However, the most controversial part found in experimental results was
related to the discontinuous and not equal distribution of the Raman shifts.
The C(2)-H band totally shifted 13 cm™ (from 3100 to 3113 cm™). The
C(4,5)-H asymmetric band totally shifted 9 cm* (from 3152 cm*to 3161 cm
1) and C(4,5)-H symmetric band totally shifted 15 cm™* (from 3164 cm*to
3179 cm™). The C(2)-H band shift was found to be discontinuous with cross
over point at Xpzo mo=0.86, reaching its maximum and remain constant
despite further addition of D,O. The distribution of other two band shifts was
like the previous one and the cross over points were found at Xpzo moL=0.86.
Differently from the C(2)—H vibrations, which showed all blue shift before the
crossover point, the C(4,5)-H asymmetric and the C(4,5)-H symmetric bands
was shifted by the half of total shift counted in inverse centimeters before
reaching the crossover point value. The total shifts of the C(2)-H and C(4,5)—
H vibration bands were comparable and indicated that anions in [Camim]NOs—
DO mixtures were distracted from all three imidazolium protons equally
compared whole concentration range of D0 results. The different blue shifts
of vibrational modes before the crossover point at Xp2o mo=0.86 suggested
the model where the anions located near imidazolium ring 2" carbon position
was distracted from cation at lower D,O concentrations than anions near the
4™and 5" carbon positions of imidazolium ring.

NOj; stretching modes of the IL anion (Region 2).

Well known interactions and formation of distinct aggregates between
water molecules and anions are based on the formation of H-bond. At low
water concentrations in the mixtures anion-water--anion [160] and at higher
water concentrations water--anion—-water aggregates are formed [89].
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Figure 3.3.11. The Raman shift of NO3™ symmetric stretching vi(NO;")(lower)
and bending v4(NO;3") (upper) modes plotted as a function of the DO molar
fraction in the mixtures. In both pictures the crossover points were marked as
blue arrows and correspond to the lower boarder of “water pocket” formation.
The Raman spectra of [Cimim]NO;-D,O mixtures at different water
concentrations in spectral Region 2 are depicted in the insets.

The evolution of NO;~ symmetric stretching (at 1041 em™) (vi(NOs)) and
bending (in-plane deformation mode) (at 706 cm™) (v4(NO3")) vibration modes
spectral parameters is depicted in Figure 3.3.11. parts A and B. The blue shift
from 1041.2 cm™ to 1047.7 cm™! totally, (6.5 cm™') and line FWHM
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broadening by 2.5 cm™ was registered to the most intensive Raman spectral
band vi(NOs). Larger blue shift from 707 cm™to 717cm™ (totally 10 cm™?)
and line FWHM broadening by 11 cm™ was registered to the Raman spectral
band v4(NO3"). The blue shifts were clearly attributed to the screening and
weakening of the interactions between cation [Csmim]* and anion NOs but at
the same time the line broadening suggested that simultaneously complexes
anion-water [NOs;-D,O]" and water-anion-water [NOs(D20)2] were
formed [72,114,161-164]. The crossover point at Xpzo mor=0.61 was less
obvious than the one registered in C—H analysis. To check the presence of
crossover point the additional attempts to fit the experimental data were
performed. Within the limits of experimental error Figure 3.3.11. upper and
lower parts were fitted with curve similar to non-ideal behavior. Figure 3.3.11.
upper with Allometric function y=a+b**° and 3.3.11. lower with Exponential
growth function y=a+b*. Both fitted curves and their parameters did not
provide any valuable interpretation for fitting results. To make sure the
formation “water pockets” is registered, the combination of vibrational
spectroscopy and simple theoretical model was used. At the crossover point
concentration, the ratio of IL and D,O molecules are 4 to 6. Hydrophilic and
non-spherical anion NOs™ could totally can form 3 H-bonds. If one H-bond is
formed with cation than another two could be either intermolecular ones and
formed with DO molecules or intramolecular one with other cations. In this
situation six D2O molecules can form up to 24 H-bonds (up to 4 H-bonds for
each D,0) and four NOs~anions could be involved in to 8 H-bonds formation.
Counting the probable H-bonds in the mixture there is high possibility to have
the intermolecular D,O-D,O interactions at Xpzo mor=0.61. At this
concentration all possible H-bonds of anion were occupied by water molecules
and the formation of distorted solvation shell structures “water pockets” were
started. For the micro hydrated NO3~anions the onset of extensive water-water
hydrogen bonding was observed with four water molecules and persisted in
the larger clusters [165]. Discontinuities in concentration dependencies of
Raman bands blue shift could be associated with “water pockets” formation
boarders. Lower boarder was indicated in spectral Region 2 and upper boarder
in spectral Region 4.

Heavy water OD stretching vibration modes (Region 3)

From the Figure 3.3.12 it is clearly seen that the Raman line shape in
Region 3 is multi-structured [53,82,166].
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Figure 3.3.12. A: Black line — Raman spectrum of [Csmim]NOs—D,O mixture
at Xp2o mor=0.87. Red line — relative fit and spectral Region 3 deconvolution
to four OD bands listed in Table 3.3.2. B: Integral intensity ratio between
Raman bands assigned to water molecules organized in all types of clusters
and the total self-aggregated water plotted against molar water content
Xp20 mor. Crossover points marked by blue and red lines correspond to the
lower and upper boarders of “water pocket” formation.
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The distribution of Raman bans assigned to the vibrations of heavy water
molecules may be related to the various structures of the surrounding
environment in 1IL-D,O mixtures. Higher red shift of OD stretching mode
represents stronger intermolecular network formed from water molecules
interacting with H-bonds. Of course, the accurate assignment of water and
heavy water vibrational modes remains an actual topic as various ILs—D,O
mixtures shows different Raman bands distribution in spectral Region 3.
Raman spectral band assignments were made from the previous works Raman
and IR spectra analysis [98,149,167-170].

The first insight to the Raman spectra in D,O shows three typical bands
centered at around 2400 cm™, 2525 cm* and 2643 cm* which could be
assigned to the different local hydrogen bonding (HB) environments. The
band at lowest frequency (v2400) was assigned to the OD stretching vibrations
of water molecules within the different kinds of tetrahedral H-bonded
network, the similar OH stretching band was called network water [NW] [72].
In explanation of our results it was called (i) strongly hydrogen bonded water
band (vSHB) [148]. In quenched samples this band showed the highest
symmetry of all OD stretching vibration bands (see Figure 3.3.14) and was
assigned to the highest order of water structure. Another Raman band (v2525)
was assigned to the OD stretching vibrations of water molecules within highly
asymmetric single donor (SD) hydrogen bonding configuration or distorted
tetrahedral H-bonded network (in the similarity with OH band called
intermediate water [IW]). In our experiment it was called (ii) medium
hydrogen bonded water band (vMHB) [148]. And finally the highest
frequency band (v2643) could be assigned to the vibrations of free OD groups
or free water molecules without any hydrogen bonded groups. These
molecules are close to ones found in the vapor phase (in the similarity with
OH band called multimer water [MW]). In our experiment it was called (iii)
weakly hydrogen bonded water band (VWHB) [148]. The similar OH
stretching bands assignment was found analyzing the dependence of water
dynamics upon confinement size using IR spectroscopy of micellar solutions
[149]. One more OD stretching band at the low frequency shoulder at 2260
cm ! was reported as very strong hydrogen bonded water (VSHB) [148] in
guenched mixtures. To verify the assignment of this band the low temperature
measurements were performed and will be discussed later.

The integral intensities of all Raman O-D stretching bands were processed
and the changes in relative integral intensities were identified in Figure 3.3.12.
part B. It was noted that all previously mentioned structures of water

molecules should be found in confinement called “water pocket” which was
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formed in the system [Cismim]NOsz-D,O water rich regions
(O.7<XD20_|\/|0|_<0.94) [46,171]
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Figure 3.3.13. The Raman shift of vMHB (upper left) and vSHB (lower left)
plotted as a function of the DO molar fraction in the [Csmim]NO3s;-D-0O
mixtures. The FWHM for Raman bands vMHB (upper right) and vSHB (lower
right) plotted as a function of the D>O molar fraction in the [Csmim]NO3s-D-0O
mixtures. Crossover points in all cases marked by blue and red lines
correspond to the lower and upper boarders of “water pocket” formation.

To understand the dynamics of water molecule structures formed in the
“water pocket” two lines marking the discontinuities of most intensive band
vMHB relative integral intensity change was added. The boarders of “water
pocket” formation were set in figure 3.3.12. part B. The lower boarder at
Xp20_mor=0.6 was depicted as the blue and upper one at Xp20 moL=0.86 as the
red lines. The stable relative integral intensity of vMHB band in this
concentration region proposed that amount of water molecules involved in
distorted water network with anions did not change in “water pocket”. To
identifying fingerprints of “water pocket” formation other bands OD
stretching bands behavior should be analyzed as primary processes.
Discontinuities in concentration dependencies of OD stretching bands relative
integral intensities could indicate the dynamic processes in the water
confinements called “water pockets”. The vYMHB and vWSHB bands relative
integral intensities did not change in the region where water was confined, but
the clear decrease in integral intensity was registered of the band vWHB while

65



at the concentration region vSHB band integral intensity increased. This
outcome was considered as a regroup of sporadic water molecules from the
isolated ones to highly ordered water structures and well fitted with model
suggested by MD simulations [22]. The “water pocket” formation boarders
identified on vYMHB band relative integral intensity change could be used as
spectral evidences of water confinements in IL.

It was also noted that all three bands vSHB, vMHB and vWHB had a
different concentration dependencies of Raman shift during the [Csmim]NO3
dilution with D,O. The vWHB band Raman shift was constant 2643+3 cm™
and did not change much in whole concentration range. The different situation
with yMHB and vSHB was found and depicted in Figure 3.3.13. The vMHB
band totally blue shifted by 32 cm™ from 2544 to 2511 cm*and this shift as
well as the relative integral intensity distribution of O-D stretching band was
discontinuous. Two discontinuities, at the same concentrations as previously,
were identified monitoring the Raman band assigned to different water
clusters shifts. The extent of “water pocket” formation was also set in Figure
3.3.13. adding boarders as a line at Xp2o moL=0.6 (lower, blue line) and at
Xp20 moL=0.86 (upper, red line). The distribution of vSHB band parameters
was slightly different from vMHB and vSHB. The band totally was red shifted
only by 10 cm™ from 2390 to 2380 cm™. But the distinct crossover point in a
band shift at Xp2o mo=0.6 was registered. At the water concentration range
0<Xp20_moL<0.6 the band blue shifted by 42 cm* from 2390 to 2432 cm*and
at the water concentration range 0.6<Xp20 mo1<0.999 the red shift from 2432
to 2380 by 48 cm™ was found (Figure 3.3.13. lower part left). As a comparison
the constant relative integral intensity increase of vSHB was registered in all
mixture concentrations. Multiple water molecules interactions with IL and
other water molecules were indicated at different concentrations in mixtures.
The blue shift in mixtures when water concentration was increased from
Xp2o MoL=0 t0 Xp20 moL=0.6 represented the destruction of highly ordered
water structures. Waterwater aggregates was changed by the
anionwater-anion complexes. Different view was found for the system
when water concentration was increased from Xp2o mor=0.6 to
Xp20 Mmor=0.999. The red shift showed the increase of H-bond strength.
Stronger H-bond was associated with closer waterwater interactions in
pockets when the intermolecular interaction changed from
anionwateranion to water-anion-water. Moreover, the same
discontinuities in concentration dependencies were registered for the Raman
band parameter FWHM (see in Figure 3.3.13. lower part right). The increase
in FWHM from 90 to 115 cm ™! with crossover point 140 cm™*at 0.6 molar D,O

fraction was registered and supported our previous results.
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One more band for OD stretching fit was found when the low temperature
Raman experiment with different laser polarization was performed for various
[Camim]NOs-D,O concentrations and neat D;O. The low frequency (at
around 2250 cm™) shoulder was reported as VSHB [172] which was hardly
seen in Raman spectra at room temperature of [Camim]-D.0 mixtures without
formed “water pocket”. During the fitting this band was involved to our
procedure, but the relative integral intensity of this band was only up to 0.035
counting to all OD stretching bands and deeper analysis of this band was not
performed. Worth to mention, that VSHB band was totally depolarized at low
temperature measurements see the band at around 2260 cm ™ in Figure 3.3.14.
Furthermore, both VSHB and SHB bands were not found bellow ‘“water
pocket” concentration boarder at Xpzo mo=0.48 (red line) see Figure 3.3.14
vibrational bands at 2300 and 2260 cm'™.

| — Neat D,0' ]
—0.83 D,0 in [C,mim]NO;
— 0.48 D,0 in [C,mim]NO;

- Samples
L at153 K

Raman intensity

2100 2200 2300 2400 2500 2600 2700
Wavenumber, cm™

Figure 3.3.14. Raman spectra of [Csmim]NO3;-D>0O mixtures at different D20

molar ratio registered with different polarization at 153K. Sloid line spectra

VV and dash lined spectra VH polarization. From the top to the bottom
Xp20 moL=1 (neat D,0 blue), Xp20 mo=0.83 (black) and Xp20 moL=0.43 (red).

Conformational equilibrium changes (Region 1)

Conformational equilibrium of the [Csmim]* cation (Figure 3.3.15.) was
investigated monitoring the combination of the ring deformation and the CH,
rocking bands [140] in the same way as in the paragraph 3.3.1. Two Raman
bands assigned to the vibrations of gauche at lower frequency (601 cm™) and
trans (624 cm™) conformers were investigated considering the relative
integral intensity ratio of these Raman bands. The discontinuous change in
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Loauchel Lrans Tatio with addition of water in IL-H,O mixtures was discussed in
paragraph 3.3.1. For the current experiment the anomalous conformational
changes were obtained in [Csmim]NO3-D>O mixtures too. Similar
concentration dependencies of Ieauche/lirans Tatio and discontinuities with
crossover point at Xpo mor=0.84 was noticed in [Csmim]NO3-D>O and
[Csmim]NOs—H>O mixtures. The constant lguuche/lirans tatio at low water
concentrations Xp2o mor<0.84 confirmed the hypothesis that water molecules
do not interact with cation tails at low water concentrations and the Zyauche/lirans
ratio could not show the beginning of “water pocket” formation. Differently,
for higher water concentrations, when the crossover point at approximate
Xp2o mor=0.84 was passed, the increase of lyauche/lrans ratio from 1.6 to 3.5 was
registered. At these concentrations IL molecules were losing the molecular
packing, because of IL solvation with the localized water ponds ‘“water

pockets”.
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Figure 3.3.15. Area ratio between the gauche and trans peaks with of
[Csmim]NOs—H,O (red dots) and [Csmim]NO3;—D,O (black squares) plotted
as a function of the D>O molar fraction in the mixtures. In the inset Raman
spectra of [Camim]NOs—D,O mixtures at different water concentrations in
spectral Region 1. Crossover point marked by red arrow corresponds to the
upper boarder of “water pocket” formation.

The upper boarder of “water pocket” formation could be determined. The
increase of “water pockets” size caused the merge of them and bulk water
formation in whole sample. Our assumption very well agree with similar
behavior earlier reported for [Csmim]NOs—H>O samples [22].
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Summarizing, the water clusterization process ,,water pockets was
observed using Raman spectroscopy. Some of Raman band parameters were
changing with added DO in ionic liquid [Csmim]NOs; and D,O mixtures.
Discontinuities in concentration dependences of these parameters were found
and let to determine the beginning and the end of the “water pocket”
formation. The extent of “water pocket” formation was measured to be at
0.6+0.86 D,O molar fraction. This result well correlated to the values found
using other (SANS, SAXS and DSC) methods at 0.7+0.95 D,O molar ratio.
The extent of “water pocket” remained the same, only the constant shift to
lower concentrations region was registered in our experiment. This shift could
be explained as a result of various delays (SANS, SAXS, DSC and Raman) in
dynamic response detection.

The Raman shifts, relative integral intensities and FWHM were found to
be sensitive to added D>O content. Discontinuities in concentration
dependences of vibrational band parameters were found for NO3 stretching,
NOs bending and different water clusters OD stretching modes. These
discontinuities were considered as the indication of the “water pocket”
formation beginning (lower boarder). Furthermore, discontinuous
concentration dependences of previously mentioned vibrational band
parameters was found for imidazolium ring stretching modes at C(2)-H,
C(4,5)-H asymmetric and C(4,5)-H symmetric stretching vibration modes as
well as different water clusters OD stretching modes parameters. Also, the
changes of integral intensities ratio of Raman vibration bands corresponding
to gauche and trans conformers was registered in the same concentration
region. All these discontinuities in concentration dependences were indicated
as the “water pocket” formation end (upper boarder).

The change in Raman spectral parameters which could prove the
deuteration in [Csamim]NO3s-D20O mixtures was not found. Imidazolium ring
stretching mode C(2)-H behavior was monitored at different DO
concentrations in mixtures and C(2)-D vibration formations was not
happening. Other suggested method to check for the H/D exchange was
monitoring the integral intensities ratio of Raman bands corresponding to
vibrations of gauche and trans conformers. Using this method, we found that
distribution gauche and trans bands ratio is the same in [Csamim]NOs-D-0
mixtures and [Csmim]NOs—H2O mixtures. This could prove that deuteration
is not happening in [Csmim]NO3; and D,O mixtures.

Low temperature and different polarization measurements of
[Camim]NOs-D,0 Raman spectra at different D,O content let to ascertain the
precise OD stretching band assignment to the very strong, strong, medium and

weakly hydrogen bonded water Raman bands[47].
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3.3.4. Summary of 3.3.

The gauche (GT) conformer preference was determined for a short chain
ionic liquids ([Csmim]*) in conformational equilibrium. The impact of anion
radius as well as the anion hydrophobicity to conformations was found for
spherical and non-spherical anions based ionic liquids. The lower anion
hydrophobicity, the greater preference for trans conformers was determined
and anions were aligned in following order: I'> Br> CI'> OTf > NOs; > BF,4~
. It was determined that water also changes the ionic liquids conformational
equilibrium.

The lower boarder of ,water pockets“ formation process at
Xn20 mor=0.60+0.04 in [Camim]NO3s-D,O mixtures was determined by the
discontinuous spectral changes observed for NO; stretching and bending
modes as well as for different water clusters vibrations.

The upper boarder of “water pockets” formation process
Xh2o Mo=0.86+0.04 was found from discontinuities in concentration
dependencies of imidazolium ring stretching mode and different water clusters
vibrations. The conformational equilibrium ratio lgauche/ltrans iNCrease was
observed at the same D,O concentration which was assigned to the upper
boarder of “water pockets” formation.

The dynamics of H/D exchange in IL-D,O mixtures was studied using
Raman spectroscopy and investigating bands assigned to the imidazolium ring
vibrations involving C(2)-H stretching mode. It was determined, that H/D
exchange reaction is influenced by anion type, sample purity and temperature
as well as water aggregations and structures formed in IL-D2O mixture. The
H-bond between anions and cations are suppressed by water molecules
creating H-bonded aggregates anion-water and cation-water.

In IL-D,O mixtures anion type and cation localization have the greatest
influence on H/D exchange reactions. It was found that the exchange of H/D
occurs in ionic liquids composed of both long and short alkyl chains and
halogen anions (I ,Br , CI ) that form hydrogen bonds on the imidazolium
ring plane. In ionic liquids composed of non-spherical anions (OTf ; NOs ;
BF, ) and short alkyl chains H/D exchange was not set. The concept of
simultaneous conformational changes and H/D exchange processes in both
long chain ([Ciomim]) and chort chain (JCsmim]) imidazolium-based ILs was
not approved
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3.4. Liquid Crystalline ionogel phase formation in long chain ionic liquids
and water mixtures

Previous section was finished analyzing the formation of water
confinement in short chain cation-based [Csmim]NO3s-D-O mixtures and how
Raman spectroscopy could help us identify “water pocket” formation. In this
section long chain cation based ILs [Ciomim]Cl and [Ciomim]Br and their
mixtures with water was analyzed to obtain boundaries of Liquid Crystalline
ionogel phase formation by discontinuous changes of Raman spectral
parameters. No application of vibrational spectroscopy was utilized for such
cases before, while NMR, SANS and SAXS techniques continuously improve
their methodology for phase formation separation. The lack of systematic
investigations using Raman and IR experiments in this field could be related
to the experimental difficulties while preparing and registering spectra of
complex mixtures with separate phases.
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Figure 3.4.1. The extent of LC ionogel phase formation. Boundaries were
discovered using Raman spectroscopy. The lower boarder fingerprint of liquid
crystalline ionogel phase formation is marked blue and upper boarder is
marked red lines.

In the Overview section the variety of H-bond based structures formed in
IL and water mixtures were discussed. The lamellar (Lz) and the hexagonal
(H1) phases were precisely determined for [C12mim]Br—H.O mixtures [80].
For the [Ciomim]Br—H,0 mixtures viscous, nanostructured, lamellar gel phase

was determined and called “ionogel” [71,78]. The variety of methods were
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used to study liquid crystalline phases and heterogeneities formation in both
neat ionic liquids and IL-H>O mixtures [22,38-43]. As the main vibrations of
IL-H>O mixtures involved in to interactions C(2)-H, C(4)-H and C(5)-H
earlier were studied for various ILs by vibrational spectroscopy techniques
solving a broad variety of structuring problems [71-73,114,173]. But only our
experimental results provided the combined investigation of ionogel
formation related molecular vibrations of [C:omim]Cl and [Ciomim]Br which
was not investigated before.

3.4.1. LC phase effect to imidazolium ring C—H vibrations

For the [C1omim]Cl and [C1omim]Br in IL-H>O mixtures the phase change
from thick liquid into hardened gel was registered at about
Xn20 mMass=0.03+0.005. Firstly, the phase transition was noticed by eye and by
the difficulties raised when mixing the samples. The exact transition boarder
was determined form the Raman spectral changes of IL-H,O mixtures. Some
experimental difficulties were caused by ionogel formation and the challenge
to prepare the homogenous sample, which was solved with the usage of
mechanical and ultrasound mixing techniques. lonogel was found to be stable
over range the range of 0.05<Xw20 mass<0.4 for both investigated
[C1omim]Br—H20 and [C1omim]CIl-H,0 mixtures [36].

Raman intensity

L [C,,mim]CI

- [C,,mim]Br

2600 2700 2800 2900 3000 3100 3200 3300
Wavenumber, cm™

Figure 3.4.2. Raman spectra of neat [C;omim]Cl and [Ciomim]Br ILs in C-H
vibrations region.

72



In order to check the anion influence for the ionogel phase formation in long
chain ionic liquids, IL-H,O samples with different water content were
prepared and investigated. LC ionogel phase formation and the strength of the
cation-anion interactions through H-bonding was investigated monitoring the
Raman shift of Raman bands assigned to the [Ciomim]® cation C(n)-H
stretching vibrational modes at imidazolium ring carbon positions n=2, 4, 5
[93]. Raman spectra of neat [C1omim]Br and [C1omim]Cl in the spectral region
2500-3300 cm*is depicted in Figure 3.4.2.

Earlier studies resolved Raman bands structure of ILs which have similar
structure properties to the [C1omim]Cl and [C1omim]Br [140,150]. It was quite
common to decompose broad vibrational bands in C—H region into two
components [174]. The wavenumber correlation with our experimental data
was found and vibrational band assignments were made. Raman band at
around 3080 cm* was assigned to the vibrational mode v(C(2)-H) and Raman
band at around 3150 cmto the vibrational mode v(C(4,5)-H) (details in Table
3.4.1).

Table 3.4.1. Raman spectral bands assignments in C—H stretching region
registered for ILs with different cation chain length.

lonic liquids [Csmim]CIl | [Csmim]Cl | [Ciomim]CI | [Ciomim]Br
Band assignment Wavenumber, cm™
V(C(2)-H) 306241 | 3070+1 | 3043+ 306041
stretching
V(C(4.5)-H) 314242 | 3143+1 | 314741 314441
stretching
Reference Experiment | Experiment | This This

[140] [150] experiment | experiment

Changes in wavenumber were observed for these bands due to addition of
water in IL-H,O mixtures (Figure 3.4.3.). According to the literature, the
hydrogen bond formation involving aromatic C—H on the imidazolium ring
was classified as the red shift of H-bond [158,175]. The data of Raman band
shift assigned to v(C(2)-H) and v(C(4,5)-H) imidazolium ring stretching
modes at various water concentrations of IL-H,O mixtures were depicted in
Figure 3.4.4. When the water content in the mixtures were changed from
XHZO_MASS=O to XHgo_MA55=O.12 not the red shift, but the blue shift of
corresponding Raman bands was registered. The indication of the weakening
of the C—H---anion hydrogen bond was registered.

73



L ‘ \\ —— 0.4408

A ——0.3907

/l‘ \ ——0.2704

e V | ‘\\\ ——0.1925

\ ——0.1265

)\'/ \ \\ ——0.0929

fr / ——0.0711
\ ’ X}

\v/ ——0.0405

i ——0.0342

—— 0.0296

i —0.0224

—0.0543
——0.0181
—0.0145
—0.0117

——0.0088
—0.0073

vy Ny —0
2500 2600 2700 2800 2900 3000 3100 3200 3300
Wavenumber, cm™

Raman intensity

| \ 01149
A —— 00763
—— 00518
00394
n |—— 0.0286
— 00219
——0.0159
—— 00110
—0.0060
——0.0043
—— 00013

e T S S S S J—/—0
2500 2600 2700 2800 2900 3000 3100 3200 3300
Wavenumber, cm™

Raman intensity

Figure 3.4.3. Raman spectra of [Ciomim]Cl-water (upper) and [Ciomim]Br—
water mixtures with different water mass concentration. Water concentration
values are listed in right side insert.

Regular disorganization of H-bonds was perturbed at X0 mass=0.03 for
[Ciomim]Cl and Xw2o mass=0.03 for [Ciomim]Br (Figure 3.4.4.). The
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discontinuities in concentration dependencies was explained by the change of
the mobility in IL-H>O mixtures when the mixture phase changed from thick

liquid into hardened gel.
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Figure 3.4.4. Determination of LC ionogel phase lower boarder formation in
[Ciomim]CI-H,O0 (A,B,C) and [Ciomim]CI-H.O (D,E,F) mixtures.
Discontinuous concentration dependencies of the Raman vibrational modes
v(C(2)-H) (A,D) and v(C(4,5)-H) (B,E) shifts as well as the scores of the first
and second PCs (C,F).

Our experimental results and previous studies suggested that gelation
arises from diminution of hydrogen bonding between the imidazolium ring
and the anion (bromide, chloride) as well as the concomitant formation of an
H-bonded network comprising water molecules, anion and the imidazolium
cation [36,71]. The discontinuity in concentration dependencies of Raman
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blue shift at water concentration value Xw20_mass=0.03 was used as the spectral
fingerprint for lower boarder of the liquid crystalline ionogel phase formation.
The value btained in our experiment strongly correlates with the LC ionogel
phase concentration of [C1omim]Br—HO mixtures (Xu20 mass=0.05) detected
by SAXS, DSC and polarized microscopy [71].

The different Raman shift behavior of the C(4,5)-H and the C(2)—H bands
indicated that forming the liquid crystalline ionogel phase water molecules
mediated hydrogen bonds with the ring protons and anions differently (more
details in Table 3.4.2.). Very large blue shift of the C(2)-H band represented
the higher imidazolium ring proton-water interactions as the consequence of
ionic dissociation.

This can be attributed to the stronger hydrogen bond formation of the C(2)-
H-anion than that of the C(4,5)-H--anion. Our results correlate with
hydrogen bond network strength measurements using CARS [154]. Moreover
it was found that the degree of heterogeneity for investigated systems
[C1omim]CI-H20 ir [C1omim]Br—H,O were not influenced by the anion type.
Only temperature and water content was able to change the heterogeneity of
mixture [80].

Table 3.4.2. Raman shift at specific Xu20 mass concentrations in IL-H,0
mixtures registered for different modes assigned to the imidazolium ring
vibrations.

Water content 0 0.03 0.12
XH20_MASS
[C1omim]CI-H.0 Avo0.03 Av0,03-0.09 Avoo12
v(C(2)-H), cm™ 3062 16+2 3078 1342 3091 20+2
+1 +1 +1
3147 3156 3163
W(C(4,5)-H), cm* 92 742 162
+1 +1 +1
[C10mim]Br—H:0 Avo-0.03 Av0,06-0.09 Avoo.12
3060 3071 3084
V(C(2)-H), cm™ 11+2 1342 24+2
+1 +1 +1
v(C(4,5)-H), cm™* 3144 9+2 3153 8+2 316l 1742
+1 +1 +1

The mathematical spectra analysis was also performed for the spectral
results using 2DCOS and PCA methods. Mathematical analysis and fitting
procedure results were compared (Figure 3.4.4).
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Figure 3.4.5. 2D Raman asynchronous correlation spectra in the contour
plotting (up) and loadings on the first and second principal components
(down); in [C1o0mim]CIl-H20 on the left and in [Ciomim]Br-H-0 on the right.

It was found that first two Principal Components practically captured the
total amount of variation in the Raman spectra range of 3000-3200 cm™.
[C10mim]CI1~96.8% (PC1) and ~2.8% (PC2) and for [Ciomim]Br ~99% (PC1)
and ~0.8% (PC2) was calculated respectively (Figure 3.4.5. lower part left and
right). For both studied ionic liquids the scores for the third PC (<0.1%) looked
like noise and therefore PC3 was further not analyzed. The results obtained
for PC1 and PC2 scores concentration dependence (Figure 3.3.4 C, F parts)
strongly correlate with blue shift results of corresponding C(2)-H, C(4,5)-H
Raman bands. The lower boarder of liquid crystalline ionogel formation was
indicated at the same point as other studies obtained [4]. The results of 2DCQOS
analysis of Raman spectra of [Ciomim]CI-H;O and [Ciomim]Br-H-0O
mixtures were shown in Figure 3.4.5 (upper part). 2DCOS Raman results very
well correlated with the data obtained using standard Lorentzian band shape
approach and the nonlinear curve fitting procedure. More fine structure of the
bands envelope at the 3000-3200 cm* was resolved in the loadings of the
principal components as well as in the asynchronous two-dimensional maps
(Figure 3.4.5.). Namely, the six cross-peaks were assigned to the three Raman
vibrational modes shifts during the increase of water in IL—water mixtures.
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Two cross-peaks (Figure 3.4.5., square in blue) show the shift of C(2)-H
stretching mode at around 3100 cm™. Other four cross-peaks (squares in black)
was assigned to the symmetric and asymmetric C(4,5)—H stretching vibration
modes shifts to 3140 cm™*and 3173 cm ™ for [Ciomim]CIl- H,O and to 3139
cm*and 3168 cm* for [Ciomim]Br— H0, respectively. Summarizing PCA
provided clearly expressed discontinuous concentration changes and 2DCQOS
analysis helped to distinguish the number of Raman band in broad region.

3.4.2. OH band structure investigation

The upper boarder of liquid crystalline ionogel phase formation was
determined by the analysis of OH stretching modes assigned to different water
clusters vibrations in IL—H>O mixtures [36].

The Raman spectra of 1-decyl-3-methyl-imidazolium bromide
([C10omim]Br) aqueous solutions were measured while continuously increasing
the water content in the system from Xu2o mass=0 to Xr20 mass=0.99. Principal
component (PC) and 2D Raman correlation (2DCOS) analysis was carried out,
the main attention concentrating to the region of O—H stretching vibrations at
3100-3800 cm ™.
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Figure 3.4.6. Raman spectra of [C1omim]Br aqueous solutions in the O-H and
C—H stretching regions (3100-3800 and 2800-3100 cm, respectively) with
changing Xw20 mass concentration from 0.01 to 0.98.
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Fig. 3.4.7. Raman spectra of [C10mim][Br] aqueous solutions at different
water concentrations (A); loadings on the first and second principal
components (B); 2D Raman asynchronous correlation spectra in the surface
(C) and contour plotting (D).
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The band structure was resolved in the loadings on PCland PC2 as well as in
2DCOS spectra. It indicates the presence in the studied system of several
nonequivalent states of water. Various states of water were also revealed in
the 1H NMR spectra. They were assigned to non-bonded or weakly H-bonded
water molecules, those involved in the fast isotropic reorientation motion as
well as in the H-bond exchange processes and finally —water in the LC ionogel
structures. The borders of the liquid crystalline (LC) ionogel phase was
determined using the concentration dependence of the integral intensities of
Raman bands and the scores on PC1.

In the present work these techniques were applied on the Raman spectra.
The dynamic spectra for 2D correlation analysis were constructed using the
spectral intensity variation upon external perturbation [120,176]. As an
external stimulus can be any reasonable measure of a physical quantity, such
as mechanical deformation, temperature, or concentration.

The number of the statistically significant principal components was
evaluated using the argument of physical changes and on deterministic
variation proposed in [115]. It was found that first two PCs capture practically
total amount of variation in the Raman spectra in the range of 3100-3900 cm™
Lupon dilution, ~ 96% (PC1) and <4 % (PC2), respectively (Figure 3.4.7. A,
B). The scores for the third PC (< 1 %) looked like a noise and therefore PC3
was further not analyzed. The results of 2DCOS analysis of Raman spectra of
[C1omim]Br—H2O mixtures was depicted in Figure 3.4.7. parts C and D. It was
quite common to decompose this complex and very broad spectral contour
into 3 components. According to different authors (terminologies in brackets)
these Raman bands were recognized at 3220-3330 cm™ (H.O molecules
involved in more regular structures of fairly unstrained H-bonds, the “ice-like”
peak, “network water”, SHB); 3400-3560 cm* (water molecules trapped into
more irregular structures with energetically unfavorable H-bonds, the “liquid-
like” peak, “intermediate water”, MHB) and ~3600 cm™ (H.O monomers,
non-H-bonded, weakly H-bonded OH groups or WHB). These peaks can be
quite easily extracted from the vO—H contours also in the present case of
[Ciomim]Br—H2O mixtures (Figure 3.4.6.) using standard Gaussian band
shape approach and the nonlinear curve fitting procedure. However, the PCA
and 2D correlation analysis allowed getting into more details. The Raman
bands below ~3200 cm™ are originated from the imidazolium ring C—H
stretching and other vC—H modes of IL [12]. More fine structure of the band
envelope at 3220-3510 cm* was resolved in the loadings of the principal
components as well as in the asynchronous 2D maps (Figure 3.4.7.). Namely,
the cross-peaks at 3220, 3260, 3290 3510 and 3690 cm * indicated that various
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nonequivalent states of water are very likely in [Ciomim]Br—H.O mixtures.
These states may appear from several origins. The attribution of the bands at
3690 and 3501 cm* to non-H-bonded or weakly H-bonded OH groups and,
where water molecules were found located mainly in the periphery of the polar
core of the micro emulsion droplets. The broad intensive band at 3290 cm™
can be attributed to the ‘ice-like’ or ‘network water’. Two other peaks at 3220
and 3260 cm* can be assigned to water molecules very tightly bonded to IL
(in previous section called VSHB). Note two nonequivalent sites (two
potential minima on the energy surface) placing water surround Br~ ion in
[Ciomim]Br was found by quantum chemistry calculations [27]. The cross
correlation of these peaks in 2D Raman spectrum with that at 3690 cm™, i.e.
H,O monomers, indicates that the population of these states goes via
interacting monomeric water with IL species (Figure 3D). These states should
be energetically more favorable than in the regular “network water”.
Moreover, these peaks can be detected in the Raman spectra of [Ciomim]Br—
water solutions at very low concentrations of water (Xuzo mass=0.01), or
sometimes even in the “neat” ILs. In such cases water should be considered as
a contaminant that cannot be removed from IL completely using standard
drying methods. Thus the term “neat ionic liquid” looks then rather provisory
and it should be used with a reservation. Some aspects of determination of the
borders of LC ionogel phase using spectroscopy data should to be discussed.
Thus the NMR chemical shifts of [Ciomim]Br are not suitable estimating the
borders of the supposed mesophases [36]. The processing of Raman intensities
of vO—H bands seems to be much powerful tool solving this problem. The
scores on the first PC and the concentration dependence of the relative integral
intensities of Raman bands of water allow to determine the borders of LC
ionogel phase (Figure 3.4.8.). These quantities indeed highlight that water is
getting drastic ordered in the concentration range 0.2<Xm20 mass<0.5. This
range significantly overlapped with those [Ciomim]Br-H,O mixtures
(0.05<XH20 mass<0.4) where liquid crystalline behavior was detected by
SAXS, DSC and polarized microscopy [71].
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[C10mim]Br—HO solution: from the concentration dependence of the integral
intensity of overlapped Raman vOH bands of water (an insert) by nonlinear
curve fitting (A); from the scores of the first and second PCs (B).

82



3.4.3. Summary of 3.4.

Raman spectra of [C1omim]Br—H>O and [Ciomim]CI-H,O mixtures was
measured continuously increasing the water content Xu20 mass in the system
(from 0<Xw20 mass<0.99). PCA and 2D Raman correlation analysis was
carried out, the main attention concentrating to the region of C—H and O-H
stretching vibrations. The presence of several nonequivalent states of water in
the studied mixtures was indicated.

The discontinuous changes of the imidazolium ring Raman C—H stretching
modes in the region 3000-3200 cm*and O-H stretching modes in the region
3100-3900 cm* spectral parameter shown different ionic liquid and water
structural organization in IL—water mixtures. The information from these
Raman spectral regions provided reliable method to determine the extent of
liquid crystalline ionogel phase formation.

Discontinuous Raman shift change of imidazolium ring C—H stretching
modes with crossover point at Xuz2o mass=0.03+0.005 is related to the decrease
of anions mobility when LC crystalline phase is formed in [C1omim]Br—HO
ir [Ciomim]CI-H>O mixtures. This change was identified as a spectral
evidence for the beginning (lower boarder) of LC crystalline phase formation.
Anion type did not influence the onset of ionogel phase formation for both
systems.

Discontinuous integral intensity changes of O-H stretching modes
assigned to different clusters with crossover point at Xu2o mass=0.4+0.005 is
related to the change of interaction between IL and water molecules. The
increase of vibrational band assigned to the strongly hydrogen bonded water
clusters vibrations reveals the beginning of water clusters formation at the
same time the end of LC ionogel phase formation.

The different imidazolium ring Raman shifts for C(2)-H, C(4)-H, C(5)-H
vibrational modes and the result supports hypothesis that long chain ionic
liquids and water molecules form weaker H bonds in position of C(4) and C(5)
than in position C(2) with imidazolium ring. The results let to ascertain, that
when water was added to ionic liquid it firstly interacts with anion forming
hydrogen bonded network anion"H-O-H anion.
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3.5. Water states in mesoporous materials Hydroxyapatites

Raman results obtained in previous sections analyzing distinct water
structures and mesophase formation in various IL-H,O and IL-D,O mixtures
showed good agreement with other experimental techniques. For the solid
hydroxyapatite samples the discussion in literature reveals that vibrational
spectroscopy is also one of the most effective tool to estimate the degree of
crystallinity, content of doped ions, bulk vs. surface effects [103-107]. This
section was dedicated for the investigation of calcium hydroxyapatite samples
newly synthesized via the sol-gel synthesis routes using various complexing
agents.

3.5.1. Nanostructured and amorphous CaHAp’s

The complementary data sets of newly synthesized materials were obtained
using NMR, FTIR and Raman techniques. In this paragraph two newly
synthesized CaHAp and commercially available samples were analyzed using
FTIR spectroscopy. FTIR spectra were registered for the samples containing
an amorphous phosphate phase (ACP-GL-CaHAp), nano-structured
phosphate phase (TA-CaHAp), commercially available nano-structured
hydroxyapatite (CA-CaHAPp) and depicted in Figure 3.5.1.
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Figure 3.5.1. The comparison of FTIR spectra of calcium hydroxyapatite
containing amorphous phosphate phase ACP-GL-CaHAp (red), nano-
structured — TA-CaHAp(black) and commercially available hydroxyapatite
CA-CaHAp (blue).
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Figure 3.5.2. IR spectra of A: ACP-GL-CaHAp, B: TA-CaHAp and C: CA-
CaHAp samples with the assignments of FTIR bands of different OH groups,
which follows the reference [104].

Synthesis products were also characterized by scanning electron
microscopy (SEM) and energy-dispersive X-ray analysis (EDX) using a
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Helios NanoLab 650 scanning electron microscope coupled with an energy-
dispersive X-ray spectrometry system. The XRD analysis have revealed that
all CaHAps were composed of principal apatite crystalline phase. EDX study
proved that additional calcium and phosphorous containing phases which are
not detectable by XRD are present in the CaHAp samples (more details in
appendix B, C, D) [44].

The most crucial factors that influence the fine details of structural
organization in the products during the applied synthesis routes were not
known. However, CaHAps was compared with respect to the presence of
structural manifolds of hydroxyl groups by means FTIR spectroscopy (Figure
3.5.2).

The relative content of —~OH groups can be estimated comparing the broad
FTIR peaks between 2500 and 3800 cm ™. The amount of adsorbed water in
both nano-structured CaHAp samples was so low that even the band of
structural —OH groups was seen in the spectrum (peak at 3442 cm?, Figure
3.5.2 B and C, green contour). Similar feature was registered in the series of
FTIR spectra of Mg** and COs* doped hydroxyapatites [104]. In the ACP-
GL-CaHAp IR spectra the opposite situation was registered (Figure 3.5.2. A).
The band at 3442 cm™ even cannot be seen in the FTIR spectrum and thus it
can be supposed that the amount of structural hydroxyl groups is practically
negligible in comparison with adsorbed water, or they are even absent. Only
detailed FTIR spectroscopy data confirm the presence of structural —OH
groups in ACP-GL-CaHAp (Figure 3.5.2 A, green contour). The broad and
complex-shaped vO-H contour at ~3200 cm™ was decomposed in two
strongly overlapped bands with maxima at 3442+2 cm ™ and 3110+4 cm™,
respectively (Figure 3.5.2. A). The first one can be attributed to the stretching
of structural O—H and compared with the band at 3438+2 cm™ in nano
structured CaHAp. The second band (3110 cm™) is originated from O-H
stretching of water molecules in H-bond networks [177]. In the long chain
ionic liquids and water mixtures this band was investigated as strong hydrogen
bonded water molecules vibrations 1{SHB). Furthermore, the vibrational
bands of OH bending mode at 1645 cm™ was also present in the FTIR
spectrum and its relative integral intensity was correlated with relative integral
intensity of the adsorbed water 1(3110) vibrational mode. Hence the amount
of adsorbed water in ACP-GL-CaHAp was high indeed. The integral intensity
ratio of the FTIR bands assigned to adsorbed water (3110 cm ™) and structural
hydroxyl groups (3442 cm™) in ACP-GL-CaHAp was 3, in CA-CaHAp was
2.8 while in nano-structured TA-CaHAp only 0.001. Weak dependency of O—
H signals relaxation time on temperature was found analyzing NMR results of
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ACP-GL-CaHAp and nano-structured TA-CaHAp [110]. This observation
could be compared with behavior of propanol H-bond aggregates isolated in
the cavities of argon matrix [178]. Narrow FTIR spectral bands assigned to
O-H vibrations showed that the molecules of adsorbed water can also be
captured in certain studied porous materials. Narrow band at 3572+2 cm ™ was
assigned to stoichiometric O—H" vibration in the cavities of CaHAp [106,179].
This band is the most intensive one in GL-CaHAp and CA-CaHAp IR spectra
while in ACP-GL-CaHAp IR spectra it is negligible. The IR band at 3587 cm™
! was assigned for surface O—H vibrations in P-O—H groups [106,179] [180],
as well as stoichiometric band it was not registered in ACP-GL-CaHAp
samples. It was stated that IR bands which has higher frequency than 3450
cm™ can be used as spectral fingerprints to determine the existence of
nanostructures in different CaHAp samples.
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3.5.2. Nanostructured CaHAp’s prepared in different synthesis routes

FTIR spectroscopy was found to be is highly sensitive to the impurities and
substitutions in the structure of apatite [48,181]. The FTIR spectra of CaHAp
samples obtained at 1000 °C in the sol gel process using different complexing
in OH stretching region agents was shown in Figure 3.5.3. The main attitude
was placed to the spectra of all samples a complex band of the asymmetric
stretching vibration of the phosphate group at 1000-1100 cm. Figure AE
(Appendix E) also shows well-expressed asymmetric bending modes in the
region of 660-520 cm™. Moreover, the specific OH™ Vibration mode near 635-
630 cmtis visible in our IR spectra. The peak intensity at 630 cm™ was
assigned to OH vibration, as well as the band of the stretch vibration of OH
group at ~3600 cm™ in CaHAp spectra, remained unchanged for all
specimens. At the same time the intensity of the band at 3644 cm* assigned
to Ca(OH), decreases. Two additional peaks are expressed at 1300-1225 cm~
Lin the IR spectra of CaHAp samples synthesized using CDTA and EDTA as
complexing agents.

OH "pulk"
OH
HZO clusters surface
modes

EG-CaHAp
EDTA-CaHAp

Absorbance

il

GL-CaHAp

2800 3000 3200 3400 3600 . 3800 4000
Wavenumber, cm’

Figure 3.5.3. FTIR spectra of CaHAp synthesized using various complexing
agents (detail in the Figure) in O—H stretching region. The intensities of the
absorption bands are normalized; the spectra are shifted along absorbance axis
for a more convenient view. For other conditions see Experimental.

Unfortunately, these absorption peaks could not be assigned for vibrations
in any groups presented in apatite structure. The representative synthesized
materials were analyzed more detailed respect to the presence of the structural
manifolds of hydroxyl groups. The structural organization of -OH groups was
found being very similar. Absorption bands could be attributed to adsorbed
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water and structural hydroxyl groups (OH-) as discussed earlier. It can be
concluded from FTIR spectra (Figure 3.5.3.), that for all materials the amount
of structural —OH groups in is significantly higher than from adsorbed water.
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Figure 3.5.4. Part A: measured FTIR spectra of water in argon matrix in O-H
stretching region over the temperature range 9-40 K (from bottom to upper,
by stepping AT= 2 K). The base line was corrected drawing the line through
the end points of this range. The spectra at 45 K and 50 K were added to
support the assignment of surface (dangling) modes. Part B: the zoomed range
3660-3740 cm—1 in order better to display the peculiar thermal evolution of
these modes. More comments in text. Adapted from. Kristinaityté, Dagys,

Kausteklis et all [170].

1
3720

The sharp strong peak at 3570 cm * attributed to the stretching vibration of
OH ions in the crystals (stoichiometric) [104] was clearly seen in all these
spectra. Whereas the broad contour for bulk water spread (Discussed in 3.5.1.
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paragraph) over ~3000-3400 cm™ and that was dominant in the case of CaHAp
containing amorphous phosphate phase, is practically absent in the present
materials. Some bands that are seen over 3100-3600 cm *range (Figure 3.5.3.)
can be recognized as those of small water clusters or surface modes which will
be discussed later. To obtain detail information about water trapped in
different environments firstly the water structure in argon matrix was studied

using FTIR spectroscopy (Figure 3.5.4.).

Table 3.5.1. Structures of water molecules trapped in different materials

(H20)n Argon matrix CCl4 [182] | Nano-structured CaHAps
940 K 273-313K | 298 K
Dimerai 940 K 3615-3616 | 3526 +2 (a)
n=2 3573-3573.5 3591 + 4 (b)
3574 [183] 3598 + 1 (c)
Trimerai 3574.5 [184] 3535-3587 | N/A
n=3 3515-3520
3515 [185]
3516 [183,186]
Tetramerai | 3517 [184] 3395-3433 | 3420+ 2 (a)
n=4 3369-3374 3439 £ 2 (b)
3372 [185,187] 3450 + 2 (c)
Pentamerai | 3372 [184] N/A N/A
n=>5 3327-3330
3325 [185]
Heksamerai | 3330 [187] 3221-3254 | 3237 +2 (a)
n==6 3211-3214 —(b)
3212 [185] 3263 + 3 (c)
3211 [187]
3327 (chair),
n>6 ?127172] (cage) 3043-3074 | —(a)
3100-3160 —(b)
3144 [185] 2940 + 10 (c)
3140 [187]
S f’117570] (prism) | \ya 3642, 3737, 3866 (a)
modos 3695-3701 3640, 3737, 3848 (b)
3698 [180,188] ~3651, ~3700 (c)
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The obtained results were compared to the water in clusters in the CCls and
different CaHAp samples and vibrational assignments table with reference to
other studies were created (Table 3.5.1).

The group of the bands of vO—-H of H-bonded clusters at 3000-3600 cm*
transforms at 50 K to the broad spectral contour (Figure 3.5.4.A). The whole
spectrum reminds of the profile observed for amorphous water with the
characteristic dangling modes at 3720 and 3698 cm™, denoted as dH
[180,189]. Theoretical calculations, supported by experimental studies,
suggest that water molecules in the dH mode are bi- or tri-coordinated,
presenting one free OH bond dangling at the surface [180]. Due to this
similarity the band at 3695-3701 cm* was ascribed to the surface (dangling)
mode. This mode can be recognized also in the FTIR spectra of water in nano-
CaHAps at 36403651 cm ™.

Another spectral features within 3700-3850 cm™, which slightly shift
depending on the samples, can be assigned to the O—H stretching vibration of
the P-O—H groups of surface HPO4*~and H,PO," ions produced by the proton-
cation of PO, ions [106,179]. The presence of protonated ions on the
crystallite surfaces in the studied materials was confirmed by *H-3'P CP MAS
kinetics experiments [50]. IR bands at >3800cm * that observed in the home-
made CaHAps and not seen in the commercial sample, to our knowledge, were
never reported in the literature. Thus, their origin must be studied in the future
works. Since these peaks do not appear in CP MAS NMR spectra, most
probably, they are originated from the highly mobile protons. However, their
assignment presented in literature was long time controversial. Only recently
in the work [190] it was shown that these peaks were originated to the
structured external water molecules stacking in continuity to the columnar O—
H channels in CaHAps.

Note, the H-bonded O-H stretching band in FTIR spectra was identified in
many works on CaHAps and related systems [104,106,110,179]. However,
this band usually is taken as the unity without getting into its shape and
structure. Water clusters were revealed in nano-CaHAps in the present work
for the first time. The bands of water dimmer, tetramer, hexamer and in the
commercial sample maybe even n > 6were resolved at 2900— 3600 cm—1
(Figure 3.5.5). They were assigned comparing with the spectra of water in
argon matrix and in hydrophobic solvent (CCl,). The size of formed cluster
depends on the hydration level.

Hexamer- or even higher structures were observed only in the samples
containing significant amount of adsorbed water (Figure 3.5.5 A, C). The
amount of adsorbed water in the studied nano-CaHAps was probed using the

intensity of the broad 1H signal at ca 5.1 ppm normalized respect to OH— peak
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at ~0 ppm [170]. Thus, the NMR data perfectly correlate with those obtained
by FTIR spectroscopy.
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Figure 3.5.5. FTIR spectra of nano-structured CaHAs prepared via the sol-gel
synthesis routes using various complexing agents: a — ethylene glycol; b —
tartaric acid; ¢ — commercial. The base line was corrected drawing the line
through the end points of this range. The intensities were normalized respect
to the peak of v(O—H") in the bulk at 3573+1 cm .
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3.5.3. Summary of 3.5.

Nanostructured CaHAps synthesized via aqueous sol-gel route using
different complexing agents, commercially available nano-structured CaHAp
and CaHAp with amorphous phosphate phase were investigated using
vibrational spectroscopy with respect to the structural organization of
hydroxyl groups. The analysis IR absorption spectra showed the different self-
organization of OH groups. Comparing ACP-CaHAp and nanostructured
CaHAp, the stoichiometric OH content is significantly higher in
nanostructured CaHAp than hydroxyl groups formed from adsorbed water.

Water cluster structure was revealed by FTIR spectroscopy in nano-
structured CaHAps for the first time. The bands of water dimer, tetramer,
hexamer and several stoichiometric O—H, surface O-H and P—-O-H modes
were resolved at 2900-3900 cm™* and assigned under comparison of water
spectra in argon matrix and in CCl..

The joint application of FTIR and NMR methods allowed revealing very
fine details in the state of water and in the structural organization of OH
groups. This could not be achieved applying these methods separately either
because of difficulties assigning the observed spectral features or due to the
overflow of information.

It was determined that using the IR absorption spectroscopy it is possible
to evaluate the hydration of CaHAp. The degree of hydration of EG-CaHAp
is 2 times higher than of TA-CaHAp. The degree of hydration of CaHAp is
important for applications, which is a prerequisite for maintaining unchanged
osteoinductivity.
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CONCLUSIONS OF THE THESIS

1. Raman spectroscopy of long chain ionic liquids is powerful
experimental technique to reveal the phase transitions in ionic liquid and water
mixtures. Together with advanced spectral data processing methods 2DCOS
and PCA the extent of liquid crystalline ionogel phase formation was
determined. The combination of Raman spectral parameters changes in CH
and OH stretching modes vibrational regions lead to determine the lower and
the upper boarders of mixture phase transition.

2. Vibrational spectroscopy (Raman and IR) as a powerful experimental
technique was used to analyze surface chemical species in the nano-structured
sol-gel derived calcium hydroxyapatites and the calcium hydroxyapatites
containing amorphous calcium phosphate phase. The precise analysis of the
Raman and Infrared spectral contours allowed investigating the fine details of
the structural organization of phosphate and hydroxyl groups in calcium
hydroxyapatites derived via aqueous sol-gel route using different complexing
agents.

3. The conformational equilibrium of short chain ionic liquids cation
[Csmim]" were investigated and anion influence to the preference of gauche
conformation was revealed by Raman spectroscopy. The distribution by anion
hydrophobicity, but not the ionic radius, let us to align the non-spherical and
halide anions together by the preference of trans conformation in this order:
I' > Br > CI' > OTf > NOz > BF4. The higher preference of the trans
conformation in ionic liquids with halide anions but longer cation chain, was
influenced by lower mobility and more structured behavior.

4. As hydrophobicity plays important role in conformations preference,
water for the purpose or as impurity could be used in neat ionic liquids. The
dynamics of conformational equilibrium was used to monitor the effects
caused by water in ionic liquids. Together with Raman spectral band
parameters (shifts, relative intensity ratios and bandwidths) the
conformational equilibrium was utilized to determine the boundaries of heavy
water confinement in [Csmim]NOs,

5. The dynamics of H/D exchange in ionic liquid and heavy water mixtures
were monitored using Raman spectroscopy. Higher degree of molecular
freedom due to the order—disorder effects, anions and their aggregation play
the crucial role in the H/D exchange reaction in the studied systems. The
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anions interact with cations via H-bonds and bind the water molecules in their
solvation shells. The overlap and the competition of these processes may cause
rather complex dependency of the H/D exchange reaction rate on the sample
composition and on other experimental conditions (temperature, degree of
purification, etc.).

6. The anion place near cation in the IL—water mixture could be most
important condition for H/D exchange to occur. In ionic liquids with halide
anions (I";Br~;CI") which could be placed in plane with imidazolium ring H/D
exchange happened in both type ionic liquids: with long chain and short chain
cation. Despite the fact that for the spherical anions (OTf"; NO3™; BF4") with
short chain ionic cations the conformational equilibrium is coupled with the
H/D exchange the experiment was carried out for a long time using different
water concentrations in the IL-water mixtures, the H/D reaction did not occur.
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APENDIXES

Appendix A
COMPUTATIONAL DETAILS

Electronic structure calculations were conducted using Gaussian09
program.18 Equilibrium geometries and harmonic vibrational frequencies as
well as Raman activities of the 1- butyl-3-methyl-imidazolium cation
isotopologues are based on the calculations using the B3LYP exchange-
correlation func- tionall9 and the 6-311++G** basis set.20 Bulk solvent
effects are accounted for by using a polarizable continuum model (PCM).21
Default settings of PCM were utilized apart from parameters ofac and rmim,
which were assigned values of 0.8 and 0.5, respectively. Anharmonic analysis
was performed at the B3LYP/6-31G* level in vacuo using second order
perturbative approach22 implemented in Gaussian09. 1H and 13C magnetic
shielding tensors were calculated at the level of PBE0/6-311+
+G(2d,2p)/PCM. CALCULATIONS More details concerning this choice are
given in ref [191].
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Fig AB. SEM micrographs of CaHAp samples synthesized at 1000 °C from
the gels prepared with (from top): EDTA, TA, EG and GL. The molar ratio of
complexing agent and Ca was 2 (left) or 1 (Right). Adapted from [44].
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Appendix C

CA-CaHAp

GL-CaHAp

EG-CaHAp

Figure AC. XRD patterns of
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phases: Ca3(P0O4) - *, CaO - e. Adapted from [44].
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Figure AD. XRD patterns of ACP-GL-CaHAp depending on the sintering time

at 650°C. Adapted from [44].
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Appendix E
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Figure AE. FTIR spectra of CaHAp samples synthesized at 1000 °C using
different complexing agents in the sol-gel processing: DCTA, EDTA, TA, EG
and GL. The molar ratio of complexing agent and Ca was 2 or 1 a. Adapted

from [44].
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SANTRAUKA

Inovatyviyjy technologijy vystymui ypa¢ reikalingos funkcinés
medziagos, kurios dazniausiai apibiidinamos kaip turincios ypatingas fizikines
ir chemines savybes bei unikalig struktiirg, suteikian¢ig galimybe medziaga
panaudoti tam tikrai funkcijai atlikti. Viena aktualiy moksliniy uzduoc¢iy —
funkciniy medziagy fizikiniy ir cheminiy savybiy bei struktiiry i§saugojimas
jvairiose aplinkose veikiant skirtingoms aplinkos salygoms. Sumanios
funkcinés medziagos gali prisitaikyti prie kintanciy aplinkos salygy ir pakeisti
savo struktiirg ar elgseng. Todél pramonés reikméms yra butini metodai,
kuriuos taikant buty galima greitai ir patikimai apibiidinti funkciniy medziagy
sandarg, jy savybes ir saveikas su kitomis medziagomis. Neaprépiamos
funkciniy medziagy panaudojimo sritys pramonéje vercia ieSkoti efektyvesniy
bei ekonomiskesniy sintezés budy, kuriems biitini ir fundamentiniai medziagy
tyrimai. Joniniai skysc¢iai (angl. lonic liquids, IL) ir kalcio fosfatai (CaP) —
gerai zinomos funkcinés medziagos, kurios pladiai pritaikomos tiek
medicinoje, tiek farmacijoje [1-3]. Joniniai skys¢iai yra pla¢iai naudojami
vaisty pernasai organizme, cheminei sintezei ir biomedicinos tyrimy srityje
[3-5]. Kalcio fosfatai taikomi zmogaus ligy ir traumy gydymui [7,11],
pastoms, dangoms ir dirbtiniy kauly implantams gaminti [8-14]. Galimybé
modifikuoti joniniy skys¢iy ir CaP struktiiras pagal poreikius padidina jy
pritaikomumg ir iSple¢ia panaudojimo galimybes. Osteoinduktyvumas —
medziagos savybé lemianti svetimkiinio/implanto atmetimg Zmogaus
organizme. Implanto pavirSiuje vyksta aplinkiniy audiniy Igsteliy
diferenciacija ir vertimas j osteoblastus, kurie priklauso nuo CaP esanciy pory,
ertmiy ir CaP pavir§iy struktiros [15-17].

Lyginant skirtingais cheminés sintezés metodais pagaminty CaP pavirSiaus
ploty dydzius galima nustatyti jvairiy CaP kompleksy egzistavima. Kuo
medziaga nano-struktiiriSkesné, tuo jos pavirSiaus saveikos plotas didesnis.
CaP dangy, paruosty naudojant klasterizuota amorfing kalcio fosfato faze
(angl. Amorphous calcium phosphate, ACP), pavir§iaus plotas yra mazesnis
nei CaP su nano- arba mezofazémis. Nano- ir mezofazés formuojasi ne tik
kietuose CaP, tadiau ir skystuose joninio skysCio bei vandens miSiniuose.
Joniniai skysc¢iai suteikia galimybe suformuoti beveik neribota skaiciy
funkciniy medziagy su specifinémis savybémis, gaunamomis derinant jvairias
anijony ir katijony poras [18,19]

Skystoji fazé placioje temperattros srityje, didelis jony laidumas, Zemas
gary slégis, aukstas elektrocheminis ir Siluminis stabilumas bei galimybé
iStirpinti organines, neorganines arba polimerines medziagas gaunamos dél
joniniuose skys¢iuose besiformuojanciy dipoliy, elektrony pory (donory-
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akceptoriy), kuloniniy saveiky ir vandeniliy rySiy [20,21]. Auksciau
paminétos joniniy skysCiy savybés telkia mokslininkus tirti $ias funkcines
medziagas tiek eksperimentiskai, tiek teoriskai [22—-25].

Galiausiai, CaP ir IL taikymas priklauso nuo priemaisy, esanciy bandinyje,
ir jy poveikio medziagos struktiirai bei savybéms. Vanduo - viena natiiraliy
priemaisy, esanciy tiek IL, tiek CaP. Jis gali buiti adsorbuojamas i atmosferos
arba likti kaip priemaiSa medziagoje po cheminés sintezés [19]. Nustatyta, kad
ir nedidelis vandens kiekis gali Zymiai pakeisti IL difuzijos koeficientg [26],
poliskuma [27], klampg [28] ir pavirSiaus jtempima [29]. Siekiant platesnio IL
pritaikymo, priklausomai nuo atlickamos funkcijos, jie pradéti naudoti
misiniuose su junginiais, kurie anks¢iau buvo traktuojami kaip priemaisos, t.y.
organiniai tirpikliai, kiti IL ir vanduo [30,31]. Pazymétina, kad reikalingas
daug gilesnis IL ir vandens molekuliy sgveiky supratimas. MiSiniy struktiira
esant skirtingai sudedamyjy daliy koncentracijai néra visiskai aiSki. Vandens
ir IL miSiniuose susidarancios skirtingos struktiiros priklauso nuo anijony,
katijony ir vandens koncentracijos [32-36]. IL ir vandens miSiniuose jony
difuzijos koeficiento padidéjimas siejamas su klampos mazéjimu, kuris
atsiranda slopinant elektrostating jony saveikg [31]. Tiek grynuose IL, tiek IL
ir vandens miSiniuose, kai formuojasi agregatai, konformaciniy ir dinaminiy
procesy tyrimas yra tiesiogiai susijes su tiriamais IL fiziKiniy ir cheminiy
savybiy poky¢iais. Vandens molekuliy struktiiros, susidariusios kalcio
fosfatuose, yra bitinos skirtingy cheminés sintezés budy, naudojamy
osteoinduktyvumui padidinti, paieSkai [37]. Nepaisant joniniy skys¢iy ir
kalcio fosfaty plataus panaudojimo skirtingoms reikméms, yra zenklus tyrimy,
kurie reikalingi norint visapusiskai suvokti $iy funkciniy medziagy pritaikymo
galimybes ir struktiiras, tritkumas.

IL ir vandens miSiniy struktiiroms tirti taikomi jvairtis fizikiniai metodai
[22,38-44], taiau dazniausiai yra naudojami mazu kampu iSsklaidytos
rentgeno spinduliuotés (angl. SAXS), neutrony sklaidos mazu kampu (angl.
SANS), diferencinés skenavimo kalorimetrijos (angl. DSC), branduoliy
magnetinio rezonanso (angl. NMR) ir virpesinés spektrometrijos metodai
[45-49]. Nepaisant metody gausos, virpesiné spektrometrija yra vienas
tinkamiausiy biidy greitai gauti patikima informacija apie cheming medziagos
sudétj, molekuling struktiirg ir tarpmolekulines sgaveikas. Ramano sklaidos ir
Furjé transformacijos infraraudonosios sugerties spektrometrijos (FTIR)
metodai taip pat naudojami kartu su NMR, SANS ir SAXS metodais siekiant
pateikti i§samig tiriamy funkciniy medziagy analize [33,41,50,51].
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PAGRINDINIS DISERTACIJIOS TIKSLAS IR UZDAVINIAI

Atsizvelgiant j auks¢iau aptartas problemas suformuluotas pagrindinis $io
darbo tikslas — istirti joniniy skys¢iy, kalcio hidroksiapatity bei vandeniniy
jy miSiniy struktiiras, konformacinius bei dinaminius vyksmus, taikant
virpesinés spektrometrijos metodus. Darbas orientuotas j spektriniy parametry
kitimo identifikavimg vykstant struktGriniams pokyCiams ir faziy
pasikeitimams funkcinése medziagose bei jy vandeniniuose miSiniuose.

Pagrindiniai uZdaviniai suformuluoti Siam tikslui pasiekti:

1. Istirti Ramano spektrometrijos metodo naudojimo galimybes joniniy
skys¢iy 1-decil-3-metilimidazolo chlorido, 1-decil-3-metilimidazolo bromido
ir vandens miSiniuose besiformuojanciy mezofaziy analizei.

2. I8analizuoti vandens struktiiry formavimgsi skirtingais biidais
susintetintuose kalcio hidroksi apatituose, taikant virpesinés spektrometrijos
metodus.

3. I8nagrinéti skirtingy vandens strukttiry joniniy skyséiy ir vandens
miSiniuose identifikavimo galimybes ir i§ Ramano sklaidos spektry nustatyti
,vandens kiSeniy“ formavimosi sritis 1-butil-3-metilimidazolo nitrato ir
sunkiojo vandens mi§iniuose.

4. Naudojant virpesinés spektrometrijos metodus iStirti vandenilio ir
deuterio atomy apsikeitimo reakcijos dinamikg joniniy skys¢iy ir sunkiojo
vandens miSiniuose bei konformaciniy vyksmy dinamikg joniniy skys¢iy ir
vandens mi§iniuose.

GINAMIEJI TEIGINIAI

1. Virpesiné spektrometrija yra tinkamas metodas nustatyti skystoSios
kristalinés jonogelio fazés ir mezofazy joniniy skysCiy vandeniniuose
miSiniuose skirtumus. Gauty Ramano sklaidos ir NMR spektriniy duomeny
kompleksinis panaudojimas suteikia naujos vertingos informacijos apie LC
jonogelio fazés formavimosi procesus ir skirtingy vandens molekuliy spieciy
vaidmenj misiniuose.

2. Naudojant virpesinés spektrometrijos metodus galima tiksliai i$skirti
skirtingas vandens biisenas, esanias tiek nanostruktirizuoty kalcio
hidroksiapatity (CaHAp) pavirsiuje, tiek tiiryje. Zematemperatiiris FTIR
sugerties spektrometrijos metodas yra ypac tinkamas skirtingy vandens
molekuliy spieCiy nustatymui.

3. Virpesiné spektrometrija gali biiti naudojama nustatant skirtingas
vandens biisenas joniniy skysCiy ir vandens misiniuose. Eksperimentiskai
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galima nustatyti, jog 1-butil-3-metilimidazolo nitrato ir sunkiojo vandens
misiniuose formuojasi "vandens kiSenés"

4. Vandenilio ir deuterio atomy apsikeitimg bei konformaciniy vyksmy
dinamikg joniniy skysCiy ir sunkiojo vandens miSiniuose galima tirti
naudojant Ramano spektrometrijos metodg. Deuteravimas 1-butil-3-
metilimidazolo nitrato ir sunkiojo vandens bei 1-butil-3-metilimidazolo
trifluormetilsulfonato ir sunkiojo vandens miSiniuose nevyksta.

DARBO NAUJUMAS IR AKTUALUMAS

1. Pirmg karta parodyta, kad Ramano sklaidos spektriniy parametry
poky¢iai gali biiti naudojami skystosios kristalinés jonogelio fazés ir ,,vandens
kiSeniy“ formavimosi sri¢iy kambario temperatiiros joniniy skys¢iy ir vandens
miSiniuose identifikavimui.

2. Nustatyta, kad didesnis molekuliy laisvés laipsnis yra svarbus vandenilio
ir deuterio apsikeitimo (H/D) reakcijoje. Taikant Ramano spektrometrija
iStirta, kad anijono tipas nedaro jtakos joniniy skysCiy ir vandens miSiniy
heterogeniskumo laipsniui.

3. Pirmg kartg naudojant Ramano sklaidos ir infraraudonosios sugerties
spektrometrijos metodus iStirti struktiiriniai hidroksilo grupiy skirtumai
nanostruktiirizuotose kalcio hidroksiapatituose (CaHAp), susintetintuose
zoliy-geliy metodu naudojant skirtingus kompleksadarius.

4. Parodyta, jog skirtingg katijong turin¢iy joniniy skyséiy (1-decil-3-
metilimidazolo ir 1-butil-3-metilimidazolo) vandeniniuose miSiniuose
konformaciniai poky¢iai bei vandenilio ir deuterio atomy apsikeitimas (H/D)
nevyksta tuo paciu metu.

5. Pagal teorinius skaiCiavimus kvantinés chemijos metodais pirma karta
atliktas [Csmim]NOs ir [Csmim]OT( joniniy skys¢iy virpesiniy spektry juosty
priskyrimas.

6. IS zemos temperatiiros ir poliarizuotyjy joniniy skysCiy ir vandens
miSiniy, esant skirtingoms H,O/D,O koncentracijoms, Ramano sklaidos
spektry atliktas tikslus vandeniliniu rySiu susiety vandens molekuliy
virpesiniy OH ir OD juosty priskyrimas.

AUTORIAUS INDELIS

Kalcio hidroksiapatity vandeniné zoliy-geliy sintezé, naudojant skirtingus
kompleksadarius, vykdyta Vilniaus universitete Chemijos fakultete
Neorganinés chemijos katedroje (vadovas prof. habil. dr. Aivaras Kareiva).
Didzioji dauguma eksperimentiny tyrimy, naudojant Ramano sklaidos ir
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infraraudonosios sugerties spektrometrijos metodus, atlikti autoriaus. Dalj
publikuoty Ramano sklaidos eksperimentiniy rezultaty kartu su autoriumi
uzregistravo dr. leva Matulaitiené, dokt. Martynas Velicka ir dokt. Martynas
Talaikis. Molekuliy teorinius skai¢iavimus kvantinés chemijos metodais
atliko prof. dr. Silvia Brandan ir dr. Kestutis Aidas. Kiti publikacijose
paskelbti eksperimentiniai tyrimy rezultatai gauti straipsniy bendraautoriy —
prof. habil dr. V. Balevi¢iaus, dr. V.Klimavi¢iaus, dr. I. Doroshenko dokt.
K Kristinaitytés ir dotkt. L. Dagio. Duomeny analizé ir publikacijy rengimas
- bendras autoriy komandos darbas.

DISERTACIIOS SANDARA

Disertacija sudaro jvadas, apzvalga, eksperimentiné dalis, rezultatai,

iSvados, cituojamoji literatura ir priedai. Jvade pristatoma disertacijos tema,
aptariamos problematikos ir galimybés jas i§spresti. J[vade suformuluojamas ir
darbo tikslas, bei jo pasiekimui iSkelti uzdaviniai. Jvade taip pat pristatomi
ginamieji teiginiai, darbo aktualumas ir naujumas, bei su disertacija susijusiy
moksliniy publikacijy ir praneSimy konferencijose saraSai. Apzvalgoje
apraSoma tiriamosios medziagos ir metodai skirti jy charakterizavimui.
Eksperimentingje dalyje detalizuojami tiriamyjy medziagy ir taikyty
eksperimentiniy metody techniniai parametrai. Rezultaty dalis i$skirstyta j tris
skyrius.
Pirmajame skyriuje nagrinéjami vandens struktiiry formavimosi ypatumai
trumpas alkilines grandines turin¢iy joniniy skys¢iy ir vandens miSiniuose bei
efektai, lydintys Siy struktiry formavimagsi. Rezultatai iSskirstyti j tris
poskyrius. Antrajame skyriuje nagrinéjami skystosios kristalinés jonogelio
fazés formavimosi ypatumai ilgas alkilines grandines turinéiy joniniy skys¢iy
ir vandens miSiniuose. Rezultatai iSskirstyti 1 du poskyrius. Treciajame
skyriuje nagriné¢jamos vandens molekuliy struktiiros nanostruktiirizuoty
kalcio hidroksiapatity bandiniuose. Rezultatai iSskirstyti | du poskyrius.
Kiekvienas skyrius uzbaigiamas iSvady skiltimi. Disertacijos pabaigoje
pateikiamos apibendrintos i§vados.
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1. KONFORMACINE PUSIAUSVYRA IR DINAMINIAI VYKSMALI
JONINIU SKYSCIU IR VANDENS MISINIUOSE.

Siame skyriuje nagrinéjama gryny joniniy skys¢iy ir vandeniy IL miSiniy
konformaciné pusiausvyra bei jos kitimas. Aptariamas molekuliy struktiiry
formavimasis bandiniuose esant skirtingai vandens koncentracijai skirtingo
ilgio grandiniy katijonus ir sferinius bei halogeninius anijonus turinc¢iuose
joniniuose skysciuose.

1.1. Konformaciné pusiausvyra grynuose joniniuose
skys¢iuose ir jy miSiniuose su vandeniu

Konformaciné pusiausvyra grynuose joniniuose skys¢iuose nagrinéjama
pirmame poskyryje. Katijono [Csmim]* konformacijos tiriamos analizuojant
kombinacinius imidazolio Ziedo deformacijy ir CH> grupiy S$vytuoklinius
virpesius [140]. Virpesinés Ramano sklaidos juostos ties 601 cm™ ir 625 cm™®
skirtinguose joniniuose skysCiuose priskiriamos gauche ir trans
konformerams susiformuojantiems alkilinei anijono grandinei pasisukus apie
C(7)-C(8) jungtj [141]. Siy virpesiniy juosty integriniy intensyvumy santykis
lgauche/lirans  parodo atitinkamy konformery santykj tiriamame joniniame
skystyje. Istirty joniniy skysCiy Ramano sklaidos spektrai konformaciniy
virpesiy srityje pavaizduoti 1 pav.

2] — [C,mim]I
% — [C,mim]Br
Py — [C,,mim]CI
é — [C,mim]Br
— [C,mim]OTf
— [C,mim]CI
]—— [c,mimINO,
L . . — [C,mim]BF,
550 585 620 655 690

Bangos skaicius, cm™

1 pav. Gryny joniniy skys¢iy Ramano sklaidos spektrai konformaciniy
virpesiy 550-690 cm™ srityje. Pilkai pazyméti vertikaliis stulpeliai atitinka
gauche ir trans konformery virpesiniy juosty bangos skaiCius i§ teoriniy
[Camim]OTT ir [Csamim]NOs skaic¢iavimy [112].
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Joniniy skyscCiy 1-butil-3-metilimidazolo trifluorometansulfonato
([C4mim]OTH) ir 1-butil-3-metilimidazolo nitrato ([Csamim]NOs) Ramano
sklaidos spektruose lgauche/ lrans skaitiné verté [Camim]OTf atveju yra 1,4, o
[Csamim]NOs atveju — 1,5. Tai rodo, kad [Csmim]NOs atveju Zemiausios
energijos trans konformery yra daugiau nei [Casmim]OTf. DaZniausiai
literatliroje minimi tokie joniniy skys¢iy konformacijy pusiausvyrai jtaka
darantys veiksniai: alkilinés grandinés ilgis, anijono skersmuo ir priemai$os
bandinyje. Svarbu paminéti, kad nustatyta nevienoda [Cismim]OTF ir
[Csmim]NOs joniniy skys¢iy katijony konformacijy pusiausvyra yra siejama
su skirtingu anijony hidrofobiskumu. Siekiant patvirtinti §j désninguma
virpesiniy Ramano sklaidos juosty lgauche/lirans santykis iSmatuotas ir skirtingus
anijonus turin¢iy joniniy skys¢iy atvejais. Tyrimy rezultatai pavaizduoti 2 pav.

2.0

CainleF,
18
16F

[C4mim]N03‘

trans

:§ 14+ = [C,mim]Cl [C,mim]OTflw
—512¢
[C,,mim]Cl|= ®|[C,mim]Br
10f

08 [C,,mim]Br » [C,mim]i .
1.3 1.6 1.9 2.2 25 2.8
Anijono radiusas, A

2 pav. Konformacing pusiausvyrg atitinkanCio satykio lgauche/ ltrans
priklausomybé nuo anijono skersmens joniniuose skys¢iuose [Csmim][X],
X=1, Br, Cl, BF4, OTf, NOs. Katijono grandingés ilgio jtakos palyginimo tikslu
pateikti ir [Ciomim]Br ir [C1omim]Cl tyrimy rezultatai.

Trans konformery kiekis grynuose joniniuose skys¢iuose [Camim]X mazéja
tokia atitinkamy anijony eilés tvarka: X=1">Br > CI" > OTF > NOsz > BF4".
Siekiant paaiSkinti Sios sekos eiliSkumg remiamasi prielaida [142], kad
halogeny anijonus (I, Br, CI") turinCiuose joniniuose skysCiuose dél
stipresnio elektrostatinio lauko, egzistuojan¢io mazesnio skersmens anijony
atveju, susiformuoja daugiau gauche konformery nei trans. IS rezultaty,
pateikty 2 pav., matoma, kad §is modelis netinkamas nesferiniy anijony atveju
(OTf, NOs,, BFs). Siuo atveju anijony sekos eiliskumas paaiskinamas
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skirtingu anijony hidrofobiskumu [143]. lgauche/lirans Santykio didéjimas
atitinkia hidrofobiskumo augima pagal anijono tipa.

Katijono grandinés ilgis, kaip ir anijono hidrofobiskumas, daro jtaka
konformacijy pusiausvyrai IL. Palyginus grynuose IL [Csmim]Cl ir
[Camim]Br esanciy konformery santykj (lgauche/ltrans) su Siuo santykiu
[Ciomim]Cl ir [Ciomim]Br IL atvejais, nustatyta, kad ilgas grandines
turin¢iuose joniniuose skys¢iuose trans konformery yra 1,3 karto daugiau.
Taip pat nustatyta, kad [Ciomim]* katijony atveju trans konformery bandinyje
yra daugiau nei gauche, o [Csmim]* atveju iSmatuota atvirk$¢ia proporcija.
Tokie rezultatai pagrindziami skirtingu anijony mobilumu, kuris daro
lemiamg jtaka anijony transformavimuisi j Zemesnés energijos trans
konfomerus.

of 2 -0.24
8l *. g
7t L4 I J 0.26 +
g
. 6f 2 I 4
£ . 2.0.28}
=m [ 585 595 605 615 625 635 6 5. _g
5 4t Bangos skaicius, cm™® | T2_q a9 v
Sl . =
2t ] 0.32}
11 00 4% o,
200 250 300 350 400 O¥so 27 300 325 350
T.K 1000/T, K*

3 pav. [Camim]OTf Ramano sklaidos spektro gauche ir trans konformery
virpesiniy juosty lgauche/ lrans priklausomybé nuo temperatiiros.

Temperatira — vienas veiksniy, keiCian¢iy konformacijy pusiausvyra
joniniuose skysciuose. IStirta lgauche/lrans Santykio priklausomybé nuo
temperatiiros ir nustatytas esminis gauche konformery kiekio IL padidéjimas
zeminant temperattirg nuo 275 K iki 200 K (3 pav.). Kai bandinio temperatiira
yra 305 K, lgauche/lrans=1,5, 0 kai temperatiira 200 K, lgauche/ltrans=8,8. I§ Sio
poky¢io nustatytas trans ir gauche konformery entalpijy skirtumas
AHirans—gauche. Tarkime, kad trans (A) ir gauche (B) Ramano sklaidos
virpesiniy juosty integrinis intensyvumas nepriklauso nuo temperatiiros, tada
AHirans—gauche uZraSoma (1) lygtimi [116]:

( (”ﬂ”,lg/h) l

A-B _ _p)
ART = R S, (1)

¢ia R, T ir p yra universaliosios konstantos. la ir Iz yra Ramano sklaidos
virpesiniy juosty, priskiriamy [Casmim]* katijono gauche ir trans virpesiams,

integriniai intensyvumai [116]. IS tiesés (3 pav., B) polinkio kampo nustatyta,
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kad [Csmim]OTTf atveju skaitiné AHirans—gauche verté yra —0,5+0,2 kJ/mol.
Entalpijy skirtumai jvairiy joniniy skys¢iy atveju pateikti 1 lentel¢je.

1 lentelé. Skirtingy joniniy skys¢iy 4Hirans—gauche VEItés.

Joninis SkyStiS AI'Itrans—>gauche galtinis
[Camim]OTf —0.5+0.2 kJ-mol™ | Sis eksperimentas
[Csmim]NOs —1.1£0.2 kJ-mol * [116]
[Csmim]SCN —1.5+0.4 kJ-mol * [116]
[Csmim]CHsCOO —0.9£0.1 kJ-mol * [116]
[Csmim]BF4 —1.0+0.1 kJ-mol * [116]

Antrame poskyryje aptariami konformacinés pusiausvyros (lgauche/ltrans) Kitimo
netolydumai joniniy skys¢iy ir vandens miSiniuose. Nustatytos vandens ir
joniniy skys¢iy [Camim]X (X=1T"; Br™; CI; OTf; NOs™; BF4") bei [Ciomim]Y
(Y= Br™; CI') lgauche/ ltrans priklausomybeés pateiktos 4 pav. I§ rezultaty matyti
kaip priemaisos (Sio tyrimo atveju H2O) keicia konformacing pusiausvyrg. Dél
vandens sgveiky su IL molekulémis S$iose priklausomybése nustatyti
netolydumai gali biti siejami su kintan¢iomis IL ir H2O sgveikomis bei
skirtingy vandens molekuliy struktiry formavimusi. [Ciomim]Cl ir
[Ciomim]Br atveju netolydus konformacinés pusiausvyros pasikeitimas
registruojamas ties Xroo moL=0,45+0,05. Si verté koreliuoja su antrajame
skyriuje nagrinéjamos skystosios kristalinés (LC) jonogelio fazés
formavimosi pradzia, kai Xn2o mass=0,03£0,005. Netolydumy, uzregistruoty
 gauche/ ltrans santykio priklausomybése nuo vandens koncentracijos, trumpas
alkilines grandines turin€iy joniniy skys¢iy atveju, prieZastys nagrin€jamos
antrajame ir treiajame poskyriuose.
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4 pav. Ramano sklaidos spektry gauche ir trans konformery virpesiniy juosty
lgauche/ lrans priklausomybé nuo vandens koncentracijos joniniy skysciy ir
vandens miSiniuose. A: sferinius anijonus (I"; Br™; CI") ir trumpas alkilinés
grandines ([Csmim]*) turintys IL; B: nesferinius anijonus (OTf"; NOs; BFs)
ir trumpos alkilinés grandinés katijonus ([Camim]*) turintys IL; C: sferinius
anijonus (Br~; CI) ir ilgg ([Ciomim]®) alkiling grandine turintys IL.

1.2. Protono ir Deuterio apsikeitimo reakcijos joniniy skysciy ir
sunkiojo vandens miSiniuose

Antrajame poskyryje nagrinéjama Vvandenilio ir deuterio apsikeitimo
reakcijos dinamika joniniy skyséiy ir sunkiojo vandens (D-O) miSiniuose, kai
,rugstingiausias® imidazolio ziedo vandenilio atomas pakei¢iamas deuteriu
(5 pav.).

;I/C ' N
o €
DO + g)\" SHDO+ N P

H, +CH,
\

H,C H,C
5 pav. Vandenilio ir deuterio apsikeitimo reakcijos schema [Csmim]* katijono
atveju.

Eksperimento metu bandiniai i§ XIL_MOL=0,01 joninio skys¢io ir
XD20_MOL=0,99 D,O sumaiSomi ir registruojamo Ramano sklaidos
spektrai. Analizuojant Ramano sklaidos spektrus nustatyta, kad vykstant
apsikeitimo reakcijai labiausiai kinta virpesinés juostos, priskiriamos
suminiams imidzolio Ziedo kvépuojamiesiems ir CHs(N) deformaciniams
virpesiams 1000-1400 cm™ srityje (toliau naudojami mody sutrumpinimai
V1010, V1024, V1406, V1417) (6 pav.). Taip pat konformacinés pusiausvyros poky¢iai,
registruojami ties 600 cm™ (toliau naudojami sutrumpinimai ez, Ve).
UZregistruotas virpesiniy juosty integrinio intensyvumo kitimas laike: vigs ir
Va7 mazéja ir juostos iSnyksta, o virpesiniy mody Voo, Viaos — iSauga.
Pastebéta, kad iSaugusiy virpesiniy juosty bangos skaiCiaus skaitiné verté
(1010 cm™ ir 1406 cm™) tiesiogiai proporcinga i§nykusios virpesinés juostos
bangos skaiCiaus skaitinei vertei ir virpesj atitinkanciy cheminiy elementy
molekulinés masés pokycio santykio sandaugai. 6 pav. pateiktos virpesiniy
Viaos, V1417, Violo Vioesa mody integriniy intensyvumy santykio kitimo laikinés
priklausomybés.
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6 pav. Vandenilio ir deuterio apsikeitimo reakcijos spektriniai poky¢iai (A, B,
C, D) ir dinamikos (D, E, F, G) uzregistruotos joniniy skys¢iy [C1omim]Br (A,
B, E, G) ir [C;omim]ClI (C, D, F, H) bei D,O miSiniuose praéjus skirtingam
laikui nuo bandinio paruosimo.
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Uzregistruotas aukstesnio daznio virpesinés modos pakeitimas Zemesnio
daznio virpesine moda. Sie Ramano sklaidos spektry poky¢iai siejami su
deuteravimo procesu. Nustatyta, kad vandeniniame 1-decil-3-metilimidazolo
bromido tirpale deutravimo procesas yra greitesnis nei 1-decil-3-
metilimidazolo chlorido atveju. Bromido vandeniniame tirpale tiriamy
virpesiniy mody viage if V1417 integriniai intensyvumai susilygina po 55+2 min,
0 sistema tampa pusiausvyra po 200 min. Chlorido atveju virpesiniy Viaos ir
Va7 mody integriniai intensyvumai spektruose susilygina po 330 min, o
sistema tampa pusiausvyra po 900 min. AnalogiSki rezultatai gauti ir tiriant
virpesiniy vioz ir vigio mody integriniy intensyvumy laikines priklausomybes.
Bromido atveju virpesiniy mody o Ir viees integriniai intensyvumai
susilygina po 30 min., sistema tampa pusiausvyra po 200 min. Chlorido atveju
— atitinkamai, po 430 min ir 900 min. Gautieji rezultatai gerai koreliuoja su
misiniy BMR matavimy rezultatais. Tokiems dinamiky skirtumams daro jtaka
anijony suformuojami vandeniliniai ry$iai su priemai$y molekulémis. Taip pat
yra nevienoda formuojamo vandenilinio ry$io tarp anijono ir vandens
molekuliy energija, kuri mazéja didéjant anijono molekulinei masei [28].
Vandenilio ir deuterio apsikeitimo reakcijos nagrinétos ir ne sferinius anijonus
turinéiuose joniniy skys¢iy miSiniuose su deuteruotu vandeniu [Camim]OTf-
D;0 ir [Camim]NO3-D;O. Spektriniai poky¢iai 1000-1400 cm™ srityje
neuzregistruoti net po bandinio sumaiSymo praéjus 60 dieny. Nustatyta, kad
deuteravimo procesas Siuose miSiniuose nevyksta. Konformacinés
pusiausvyros pokyéiai, registruojami ties 600 cm™ ankstesniuse darbuose
buvo siejami su vykstané¢ia deuterio ir vandenilio apsikeitimo reakcija. Ityrus
[C1omim]Br-D20O, [Ciomim]CI-D;0, [Csmim]NOs:-D.O ir [Csmim]OTf-
D,O miSinius nustatyta, kad H/D apsikeitimo reakcijos procesas yra nesusietas
su konformacinés pusiausvyros kitimu. Konformacinés pusiausvyros kitimas
laike neuzregistruotas nei viename i$ tirty [Camim]NO3s-D-0O, [Csmim]OTf-
D;0, [Ciomim]Br-D20 ir [Ciomim]CIl-D-O misiniy, nors H/D apsikeitimo
reakcija vyksta [C1omim]Br—D20 ir [C1omim]CIl-D;0O miSiniuse.

1.3.,,Vandens kiSeniy“ formavimasis [Camim]NO3;-D,0
misiniuose

Paskutiniajame poskyryje nagrinéjamas vandens spieéiy, vadinamy
,»vandens kiSenémis*, formavimasis trumpa katijono alkiling granding turincio
[Csmim]NOs ir DO misiniuose. Taip pat identifikuojami spektriniai Zymenys
ir jy parametry pokyciai, leidziantys nustatyti vandens koncentracija miSinyje
,vandens kiSeniy“ susiformavimo ir suirimo atvejais. 7 pav. pavaizduoti
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grynyjy [Camim]NOs ir DO Ramano sklaidos spektrai bei pazymétos
spektrinés sritys, kuriy pokyciai analizuojami.

Intensyvumas
b

- — [C,mim]NO, .
— D0

1 2 3 4

800 1200 1600 2400 2800 3200
Bangos skai¢ius, cm

7 pav. Grynyjy medziagy, sudaranciy miSinius, Ramano sklaidos spektrai:
[Csmim]NOs (virSuje) ir DO (apacioje). Skaitmenimis nuo 1 iki 4 pazymétos
analizuojamos spektrinés sritys. Intarpe - [Camim]NOj3 struktiira.

Uzregistruoti Ramano sklaidos spektrai, esant skirtingai D0
koncentracijai mi$iniuose, ir nustatyti zenkldis jy pokyciai visose keturiose
spektrinése srityse. Spektriniy juosty priskyrimas atliktas naudojant teoriniy
molekuliy skaiiavimy duomenis [112,139] ir pateiktas 2 lenteléje.
Literatiiroje gerai apraSytas modelis, kad Zemose vandens koncentracijose (kai
vandens molekuliy yra maziau nei joninio skys¢io molekuliy) anijonai ir
vandens molekulés pirmiausia formuoja vandeniliniais ry$iais susijungusius
agreagatus anionas-vanduo--anijonas [160].

Kai vandens molekuliy kiekis miSinyje pasidaro didesnis uz IL molekuliy
kiekj, formuojasi agregatai vanduo—-anijonas—vanduo [89] ir atsiranda
galimybé vandens molekuléms jungtis tarpusavyje ir suformuoti “vandens
kiSenes”.

Pirmiausia istirtas NOs  anijono deformaciniy (v4(NO3")) ir simetriniy
valentiniy (vi(NO3")) virpesiniy Ramano sklaidos juosty parametry kitimas
didinant sunkiojo vandens koncentracija miSiniuose. Kartu su spektrais
(intarpuose) Sios priklausomybés pavaizduotos 8 pav. Mélynasis Ramano
poslinkis nuo 1041,2 cm™ iki 1047,7 cm™ (bangos skai¢iy skirtumas yra
6,5 cm™) ir vi(NO3) virpesinés juostos isplitimas 2,5 cm™, taip pat v4(NO3)
virpesinés juostos mélynasis Ramano poslinkis nuo 707 cm™ iki 717 cm™
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2 lentelé. ,,Vandens kiSeniy* formavimosi tyrimui naudoty Ramano virpesiniy

mody priskyrimas.
Virpesiniy

. . . . TS % ... | Virpesiné

Virpesiy Priskyrimas bangos Saltinis
" moda
skai¢ius
(em™)

Imidazolio Ziedo deformaciniai ir [140,14
CH; grupiy $vytuokliniai gauche 600 1]’ v(gauche)
konformery virpesiai
midazolio Ziedo deformaciniai ir [140,14
CH; grupiy $vytuokliniai trans 625 1]’ v(trans)
konformery virpesiai
NOs deformaciniai virpesiai 706 [116] | va(NO3)
NOs simetriniai valentiniai virpesiai 1041 [116] | vi(NO3)
OD valentiniai vandens molekuliy,
suformavusiy labai stipriais 2260 [148] | v(VSHB)
vandeniliniais ry$iais sujungtus
spiecius (VSHB), virpesiai
OD asimetriniai valentiniai vandens [72,148
molekuliy, suformavusiy tetraedrines 2400 149] " | v(SHB)
struktiiras (SHB), virpesiai
OD simetriniai valentiniai vandens
molekuliy, suformavusiy suardytas 116,14
tetraedrirlljtes struktiras (;\}/IHB),Yt 2525 [8,149] V(MHB)
virpesiai
OD virpesiai, priskiriami pavienéms [148,14
D,0 molekuléms 2643 9] V(WHB)
Imidazolo Ziedo C(2)-H valentiniai [145,15
virpesiai 3100 0-152] V(C@)H)
Imidazolo ziedo C(4,5)-H 3152 [145,15 | w(C(4,5)-
asimetriniai valentiniai virpesiai 0-152] | H_asym)
Imidazolo ziedo C(4,5)-H 3164 [145,15 | w(C(4,5)-
simetriniai valentiniai virpesiai 0-152] | H _sym)

(skirtumas 10 cm™) ir juostos isplitimas 11 cm™ uzregistruoti sunkiojo
vandens koncentracijg miSinyje pakeitus nuo Xp2o mor=0 iKi Xp20 mor=0,99.
Mélynasis Ramano sklaidos juosty poslinkis parodo, kad anijonas NOs~ yra
atitraukiamas nuo katijono [Csmim]*, o virpesiniy juosty i$plitimg galima sieti
su skirtingy agregaty anijonas-vanduo ir vanduo anijonasvanduo
formavimusi tuo pa¢iu metu [38, 50, 53-56]. I§ 8 pav. matyti, kad vandens
koncentracijai miSinyje pasiekus Xp2o mo.=0,61 Ramano sklaidos juosty
bangos skai¢iaus kitimas tampa netolydus, t.y., toliau didinant vandens
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koncentracija, virpesiniy juosty poslinkio didéjimas spartéja. Sie pokyéiai
siejami su pasikeitusia sgveika tarp vandens ir joninio skysCio anijony bei
prasidedanciu “vandens kiSeniy” formavimusi.

‘T‘E 720 | 680 690 700 710 720 730 740
S 718} \
% I
w (16F
o
S I
g 714t
‘Q 3
o 712} | =
é 680 690 700 710 720 730 740
710+ Bangos skaigius, cm™
(72} F ,
o m-
3 708 | B
e E | -l-.— - ,’
« 706 L L L
8 0.0 01 0.2 03 04 05 06 07 08 09 1.0
XDzo_MOL
1049
1010 1025 1040 1055 1070
g 1048 -
1047 |
)
w
» 1046 |
>
S 10451
o
8 1044+ ?
_8 11010 1855 1040b 1055 11070
E 1043-_ avenumber, cr‘ni .,i, p
O 1042} =™
\Z/ L [} _.‘. ./
1041 B
0.0 0.1 02 03 04 05 06 07 08 09 1.0

D20_MOL
8 pav. Ramano sklaidos virpesiniy juosty va(NO3z) ir vi(NOs) bangos
skai¢iaus priklausomybés nuo D.O koncentracijos [Csmim]NOs-DO
miSiniuose. Intarpuose pavaizduoti spektrai jonino skys¢io anijono NOz
deformaciniy (virSuje) ir valentiniy (apacioje) virpesiy srityse.
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Bangos skaiciaus pokytis didinant D,O koncentracija misiniuose taip pat
iStirtas virpesiniy juosty, priskiriamy imidazolo ziedo valentiniams C(n)-H
virpesiams, atveju. Dél formuojamo vandenilinio rysio tarp anijono ir katijono
Sios juostos yra vienos jautriausiy priemaisy jtakai joniniuose skys¢iuose ir
yra puikiai tinkamos identifikuoti medziagos pasikeitimus [145,150—
152,158]. Ramano virpesiniy juosty bangos skai¢iaus kitimas ilgas grandines
turinéiuose joniniuose skysCiuose bus aptariamas antrajame santraukos
skyriuje (3.4. disertacijos skyrius). Siuo atveju Ramano sklaidos spektrai
C(n)-H virpesiy srityje (3040-3220 cm™), virpesiniy juosty aproksimacijos ir
mélynojo poslinkio priklausomybés nuo vandens koncentracijos pavaizduotos
9 pav. A, B ir C dalyse.

3040 3070 3100 3130 3160 3190 3220

\ N A

Intensyvumas

Bangos skaicius, cm’

B

Intensyvumas

3040 3100 3160 3220
Bangos skaicius, cm™
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9 pav. Ramano sklaidos spektrai C(n)—H virpesiy srityje 3040-3220 cm™ (A),
aproksimuotos virpesinés juostos (B) ir mélynojo poslinkio priklausomybés
nuo vandens koncentracijos (C).

Grynojo joninio skys¢io Ramano sklaidos virpesinés modos, priskiriamos
C(2)-H, C(4,5)-H asimetriniams bei C(4,5)-H simetriniams valentiniams
virpesiams, yra ties 3100 cm?, 3152 cm?, 3164 cm™ bangos skaidiaus
vertémis. I$ Siy veréiy nustatyta, kad formuojamas vandenilinis rySys tarp
C(2)-HNO;3 yra stipresnis negu C(4,5)-H NO3 atveju. 9 pav. matomas
mélynasis virpesiniy juosty poslinkis tik patvirtina anksCiau aptarta anijono
atitraukimo nuo katijono modelj. Kaip ir auk$¢iau nagrinétuose virpesiy
parametry pokyciuose, taip ir C(n)-H atveju yra nustatytas netolydus
mélynasis Ramano poslinkis. v(C(2)-H) virpesinés modos bangos skaicius
pakito 13 cm™ (nuo 3100 iki 3113 cm™), v(C(4,5)-H_asym) 9 cm™ (nuo 3152
cm™ iki 3161 cm™) ir v(C(4,5)-H_sym) 15 cm™ (nuo 3164 cm™ iki 3179 cm
1. Netolydumai tiek v(C(2)-H)modos bangos skai¢iaus kitime, tick v(C(4,5)—
H asym) ir v(C(4,5)-H _sym) virpesiniy mody bangos skai¢iaus kitime
nustatyti ties Xpzo moL=0,86. Svarbu paminéti, kad nustatytos mélynojo
Ramano poslinkio vertés yra panasSios, tafiau jy pokycio koncentracinés
kreivés néra vienodos. v(C(2)-H) virpesinés modos visas poslinkis (100% — 13
cm™) registruojamas, kai koncentracija didéja nuo Xpao moL=0 iki
Xp20 moL=0,86, kai, tuo tarpu, v(C(4,5)-H _asym) ir v(C(4,5)-H_sym)
virpesiniy mody poslinkis Sioje koncentracijy srityje sudaro tik puse viso
poslinkio (50% — 4 ir 7 cm™). Nevienodos procentinés poslinkio vertés,

pasiekus Xpz2o moL=0,86+0,04 koncentracija, patvirtina ansktesnius teiginius,
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kad joninio skyscio ir vandens moleluliy sgveika pirmiausia vyksta su anijonu,
esanciu prie “riigStingesnio” C2 anglies atomo imidazolio Ziede, o tik po to —
su anijonais ties C4 ir C5. Spektriniy parametry netolydumo taske D,0 ir IL
molekuliy santykis miSinyje yra 9:1. Tki pasiekiant Xp2o moL=0,86+0,04
koncentracija miSinyje anijonai ir katijonai atskirti, ir jau yra susiformave
vandeniliniai ry$iai vanduo—anijonas [164], vanduo-vanduo (“vandens
kisené”), C(2)-H~vanduo. Dar padidinus koncentracija vandeniliniai rySiai
C(2)-Hvanduo nebesiformuoja, registruojamas vandeniliniy rysiy C(4,5)—
H-vanduo atsiradimas, “vandens kiSeniy” iSardymas bei vandens spieciy
formavimasis.

Vandens spieCiy formavimasis tirtas analizuojant OD virpesiy sritj
Ramano spektruose nuo 2100 cm™ iki 2800 cm™. Skirtingy vandens molekuliy
spieciy ir pavieniy vandens molekuliy virpesiniy juosty priskyrimai pateikti 2
lenteléje. 10 pav. virSutinéje dalyje pavaizduotas [Camim]NO3s-D,O Ramano
sklaidos spektras su aproksimuotomis sunkiojo vandens molekuliy
virpesinémis juostomis, o apatinéje - S§iy virpesiniy juosty integriniy
intensyvumy santykio priklausomybé nuo DO koncentracijos miSinyje.
Ribinés D,0O koncentracijos, kuriose misinyje formuojasi “vandens kiSenés”,
yra pazymétos vertikaliomis tiesémis: mélyna, kai Xp2o mo=0,6 ir raudona,
kai Xp2o0 mor=0,86, zyminCiomis “kiSeniy” formavimosi pradzig ir pabaiga
[19, 67]. Sios ribos nustatytos pagal virpesinés modos v(MHB) integrinio
intensyvumo  kitimo netolydumus. Skirtingiems vandens spie¢iams
priskiriamy virpesiniy juosty integriniy intensyvumy kitimas “vandens
kiSeniy” formavimosi srityje leidzia teigti, kad susiformavusiose ‘“‘vandens
kiSenése” aptinkama visy rusSiy vandens spieCiy. Svarbu paminéti, kad
struktiiry, kuriy virpesius atitinka v(VSHB) ir v(MHB), kiekis
susiformavusiose “vandens kiSenése” nesikeiCia, kity struktiry kiekis
(V(WHB)) — mazgja ir didéja v(SHB)). Tai rodo, jog “vandens kiSenése”
vyksta pavieniy vandens molekuliy persigrupavimas j spie¢ius. Sis rezultatas
gerai koreliuoja su kity autoriy teoriniais skai¢iavimais [22] ir ankstensiuose
poskyriuose aptartu skirtingy agregaty, sudaryty i§ anijony ir vandens
molekuliy, formavimosi ypatumais. I$ virpesiniy mody v(SHB), v(MHB) ir
v(WHB) spektriniy parametry priklausomybiy nuo koncentracijos nustatytas
netolydus virpesiniy mody bangos skaiCiaus ir juosty pusplociy kitimas kai
vandens koncentracija virsija Xp20 moL=0,6.
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10 pav. Misinio [Csamim]NO3-D,O Ramano sklaidos spektras D—H virpesiy
srityje (Xp20 mor=0,87) ir aproksimuotos virpesinés juostos (virsuje), skirtingy
vandens spieCiy virpesiniy juosty integriniy intensyvumy priklausomybés nuo
koncentracijos (apacioje). Mélyna vertikali ties¢é Zymi “vandens kiSeniy”
formavimosi pradzia, raudona - pabaiga.
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Sie spektriniy juosty parametry pokyciai susieti su stipréjanéiu
vandeniliniu ryS$iu tarp vandens molekuliy, kai sgveikos tarp IL ir D>O
molekuliy pasikeiCia i§ anijonasvanduo--anijonas i
vanduo-anijonas-vanduo. Virpesinés juostos v(VSHB) analizei uzregistruoti
zematemperatiiriai (153 K), poliarizuotieji grynojo [Csmim]NOs ir skirtingy
D.0 koncentracijy IL ir D,O misiniy Ramano sklaidos spektrai. Kity autoriy
eksperimentuose [172] atliktas toks pat spektrinés juostos ties 2260 cm™
priskyrimas, ta¢iau kambario temperatiiros misiniy spektruose nustatytas labai
mazas jos integrinis intensyvumas, todél Sios juostos spektriniy parametry
poky¢iai nebuvo detalizuojami. Svarbu paminéti, kad Zemos temperatiiros
(153 K) misiniy atveju, registruojama pilnai depoliarizuota virpesiné
v(VSHB) juosta (detalésné informacija 3 disertacijos dalyje). Tai rodo, kad
§iai virpesinei modai priskiriami itin aukstos simetrijos virpesiai. Zemos
temperatiiros miSiniy, kai Xpzo mor=0,48 (vandens kiSenés nesiformuoja),
Ramano sklaidos spektruose, v(VSHB) ir v(SHB) neregistruojamos.
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11 pav. Ramano sklaidos gauche ir trans konformery virpesiniy juosty
integriniy intensyvumy santykio lgauche/ltrans priklausomybés nuo H,O/ DO
koncentracijos vandeniniuose [C:mim]NOs; miSiniuose ir miSinio spektrai
580-640 cm™ srityje (virSuje). Raudona vertikalia tiese pazyméta ,,vandens
kiSeniy“ formavimosi pabaiga.

Svarbu paminéti, jog Ramano sklaidos juosty, priskiriamy joninio skys¢io
molekuliy gauche ir trans konformerams, integriniy intensyvumy santykio
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I gauche/ lirans pokiytis tiek IL misiniy su H20, tiek su D,O atvejais sutampa. Sie
rezultatai patvirtina, kad deuteravimas [C.mim]NOz-D.O miSiniuose
nevyksta. Detaliau deuteravimo procesas aptariamas antrajame Sio skyriaus
poskyryje. Taip pat nustatytas netolydus lgauche/ltrans integriniy intensyvumy
santykio augimas didinant DO koncentracija misinyje (11 pav.). Iki D2O
koncentracijos vertés Xpzo moL=0,86+0,04 lgauche/lirans SANtyKis yra pastovus ir
lygus 1,4+0,2, o esant didesnéms vandens koncentracijoms §is santykis iSauga
iki 3,2+0,2. Tokie poky¢iai paaiskinami auk$¢iau minétu modeliu, kai anijonai
yra atskiriami nuo katijony, formuojasi dideli vandens spieéiai, ardydami
susiformavusias ,,vandens kiSenes.

1.4. Skyriaus iSvados

Nustatyta, kad konformacinéje pusiausvyroje trumpas alkilines grandines
turin¢iy joniniy skyséiy atveju katijonai [Csmim]* labiau linke formuotis kaip
gauche (GT) konformerai.

Konformacinei pusiausvyrai joniniuose skysCiuose daro jtaka ne tik
katijony, taciau ir anijony fizikiniai parametrai. Halogeny ir nesferiskus
anijonus turinéiy joniniy skys¢iy gauche (GT) ir trans (TT) konformacijy
pusiausvyrai esmin¢ jtakg daro anijono spindulys ir hidrofobiskumas. Kuo
mazesnis anijono hidrofobiSkumas, tuo didesné dalis joniniy skysCiy
molekuliy susiformuoja kaip trans konformerai tokia tvarka: I" > Br> CI™>
Otf" > NO3z™ > BF4". Nustatyta, vanduo kei¢ia joninio skys¢io konformacing

pusiausvyra.

Vandeniniy joniniy skys¢iy [Csmim]NOs; miSiniy Ramano sklaidos
spektruose anijono virpesiniy juosty va(NOsz'), vi(NOs") bei skirtingiems
vandens molekuliy spieiams priskiriamy virpesiniy juosty bangos skaiciaus
kitimo  netolydumai,  uzregistruoti zemy D>O  koncentracijy
(Xp20_moL=0,60+0,04) srityje, sietini su ‘“vandens kiSeniy” formavimosi
pradzia.

Auksty D>O koncentracijy (Xp2o0 mor=0,86+0,04) atveju [Camim]NOs-
D20 miSiniy spektruose taip pat nustatyti spektriniy parametry kitimo
netolydumai. Gauche ir trans konformery virpesiams priskiriamy spektriniy
juosty integriniy intensyvumy santykio kitimo, joninio skys¢io imidazolo
ziedo valentinius virpesius ir skirtingy vandens spieciy molekuliy virpesius
atitinkanciy juosty spektriniy parametry kitimo netolydumai, keiciant DO
koncentracijg misinyje, siejami su “vandens kiSeniy” formavimosi pabaiga.
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Vandenilio ir deuterio apsikeitimo dinamika joniniy skys¢iy ir sunkiojo
vandens miSiniuose tirta taikant Ramano spektrometrijos metoda. Nustatyta,
kad molekuliy mobilumas dél besikeicianCiy tvarkos ir netvarkos parametry
bei anijony ir vandens agregacija jtakoja H/D mainy reakcijas. Anijonai ir
katijonai yra sujungti vandeniliniu ry$iu, kurj silpnina vandens molekulés
pakeisdamos  anijonas-katijonas saveikas | anijonas-vanduo ir
katijonas~vanduo sgveikas. H/D mainy reakcijos greitis priklauso nuo anijono
tipo, bandinio grynumo ir temperatiiros.

Anijono tipas ir katijono lokalizacija daro didziausia jtaka H/D mainy
reakcijoms joninio skys¢io ir vandens miSiniuose. Nustatyta, kad H/D mainai
vyksta Joniniuose skys¢iuose sudarytuose tiek i$ ilgy, tiek i§ trumpy katijono
grandiniy ir halogeny anijony (I, Br”, CI"), kurie sudaro vandenilinius rySius
imidazolo ziedo plokStumoje. Joniniuose skysCiuose, sudarytuose i§
nesferisky anijony (OTf; NOs™; BF4) ir trumpy alkiliniy grandiniy, H/D
mainai nevyksta.

Konformacinés pusiausvyros kitimas neturi jtakos H/D mainams, kaip
buvo nustatyta ir [100] tyrime. Deuteravimas 1-butil-3-metilimidazolo nitrato
ir sunkiojo vandens bei 1-butil-3-metilimidazolo trifluormetilsulfonato ir
sunkiojo vandens miSiniuose nevyksta, nepriklausomai nei nuo DO
koncentracijos, nei nuo eksperimento vykdymo trukmés.

139



2. SKYSTOSIOS KRISTALINES JONOGELIO FAZES FORMAVIMOSI
YPATUMAI ILGAS ALKILINES GRANDINES TURINCIU JONINIU
SKYSCIU IR VANDENS MISINIUOSE

Siame skyriuje nagrinéjami ilgas alkilines grandines turingiy jonininiy (IL)
skys¢iy 1-decil-3-metilimidazolo Bromido ([Ciomim]Br) ir 1-decil-3-
metilimidazolo Chlorido ([C1omim]Cl) mi$iniai su vandeniu. Joniniy skys¢iy
ir vandens miSiniai kei¢iant vandens masés dalj (Xw20 mass) nuo 0 iki 0,99
buvo tiriami naudojant Ramano sklaidos spektrometrijos metodg. Dél
skirtingy vandens ir joninio skys¢io molekuliy sgveiky keiciantis vandens
koncentracijai formuojasi jvairios strukttros [69,71,76-78,80,121], kurios
identifikuotos tiriant skirtingus molekuliy virpesius.

2.1. Imidazolo ziedo C—H virpesiniy mody tyrimas

Pirmajame poskyryje analizuojama Ramano virpesiniy juosty, priskiriamy
imidazolo Ziedo valentiniams C(2)-H, C(4)-H ir C(5)-H virpesiams, bangos
skai¢iaus priklausomybé nuo vandens koncentracijos miSinyje. 12 pav.
pavaizduoti gryny joniniy skys¢iy Ramano spektrai 2600-3300 cm™ srityje,
kurioje stebimi spektriniai pokyéiai. Skirtingy IL-H>O miSiniy tyrimams
daznai naudojami virpesinés spektrometrijos metodai (FTIR, Raman)
[72,73,114,173]. Siuose eksperimentuose tirty joniniy skys¢iy virpesiniy
juosty priskyrimas atliktas naudojantis ankstesniy tyrimy rezultatais [140,150]
(3 lentelé).

3 lentelé. Skirtingus alkiliniy grandiniy ilgius turiniy joniniy skyséiy
virpesiniy Ramano sklaidos juosty priskyrimas imidazolo ziedo valentiniams
C—H virpesiams.

Joniniai . . . .
skyséiai [Cemim]ClI | [Cemim]Cl | [C1omim]CI | [Ciomim]Br
Virpesiai Virpesiniy juosty bangos skai¢ius (cm™?)
v(C(2)-H) 306241 | 307041 | 3043+ 306041
valentiniai

(C(4,5)-H) 314242 | 3143+1 | 3147+ 3144+
valentiniai

Nuoroda [140] [150] | Sis tyrimas | Sis tyrimas

Virpesiniy juosty priskiriamy imidazolo ziedo valentiniams C(2)—H, C(4)-
H ir C(5)—H parametrai keic¢iasi pirmiausia, nes vandens molekulés pirmiausia
linkusios saveikauti su anijonu ir hidrofiline tiriamy joniniy skys¢iy molekuliy

dalimi imidazolo Ziede.
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Intensyvumas
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Bangos skaicius, cm™
12 pav. [C1omim]Cl ir [Ciomim]Br Ramano sklaidos spektrai C—H virpesiniy
juosty srityje.

Formuojantis vandeniliniams rysiams C-H™ jungCiy atveju virpesinéje
spektrometrijoje dazniausiai stebime bangos skai¢iaus sumazéjimg literataroje
vadinama raudonuoju poslinkiu [158,175]. [Ciomim]Br ir [C1omim]Cl atveju
joniniame skystyje didéjant vandens koncentracijai virpesiniy juosty v(C(2)—
H) ir v(C(4,5)-H) bangos skaicius taip pat padidéja, literataroje $is daznio
poslinkis vadinamas mélynuoju poslinkiu (13 pav.). Siuo atveju vyksta ne
vandeniliniy ryS$iy C-H~ susidarymas, o jy ardymas. Vandens molekulés,
sudarydamos vandenilinius rySius su anijonais, atitraukia juos nuo katijony,
taip silpnindamos vandenilinius rySius tarp anijono ir katijono (C-
H-anijonas). Formuojasi molekuliniai agregatai anijonas-vanduo-anijonas.
Didinant vandens masés dalj miSiniuose Xw2o mass aptiktas netolydus Siy
Ramano sklaidos juosty mélynasis poslinkis. Vandens koncentracijai misinyje
pasiekus Xrzo mass=0,03+0,001 nustatytas C—H virpesiniy mody bangos
skai¢iaus didéjimo pasikeitimas (14 pav.). Uzregistruota nuozulnesné bangos
skai¢iaus priklausomybé nuo vandens masés dalies miSinyje (15 pav. Air C
mélyna dalis, D ir F juoda dalis). Eksperimento metu nustatytos nevienodos
meélynojo poslinkio vertés misiniuose [C1omim]CI-H20 ir [Ciomim]Br-H-0
esant skirtingoms vandens koncentracijoms (4 lentelé).
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Intensyvumas
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13 pav. Misiniy [C1omim]CI-H20 (virsuje) ir [Ciomim]Br-H,O (apacioje)

Ramano sklaidos spektrai keiciant vandens koncentracija.
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14 pav. LC jonogelio fazés formavimosi pradzios nustatymas i§ PC jverciy ir
C—H spektriniy juosty parametry priklausomybiy nuo vandens koncentracijos
miSiniuvose [Ciomim]CI-HO (A,B,C) ir [Ciomim]Br-H.O (D,E,F).
Netolydzios v(C(2)—H) virpesiniy mody (A,D), v(C(4,5)—H) virpesiniy mody
(B,E), bei PCA metodu gauty pirmojo ir antrojo principiniy komponenty
jvercio vektoriaus (C,F) priklausomybés nuo vandens koncentracijos.

Vandens koncentracijai miSiniuose pasikeitus nuo Xwo mass=0,00 iki
Xh20 mass=0,03 uzregistruoti Ramano sklaidos juosty dazniy poslinkiai yra
lygis juosty dazniy poslinkiy vertéms gautioms vandens koncentracijai
misiniuose pasikeitus nuo XHZO_MASS=0,03 iki XHzo_MAsszo,lz. Pridéto
vandens kiekis skiriasi tris kartus todél vandens ir joniniy skys¢iy molekuliy
saveikos esant skirtingai vandens koncentracijai miSiniuose yra siejamos su
tarpmolekuliniy sgveiky pokyciais ir joninio skys¢io molekuliy mobilumo
sumazé¢jimu, kai misinyje formuojasi LC jonogelio fazé. Létesnis mélynojo
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Ramano sklaidos juosty poslinkio kitimas perkopus ,luzio* koncentracija
misiniuose Xwuzo mass=0,03 taip pat siejamas su molekuliniy agregaty
vanduo-anijonas-vanduo formavimusi. Susidarant Siems agregatams,
vandens molekulés sgveikauja ne tik su anijonais taciau ir tarpusavyje ir
suformuoja vandens kanalus (angl. water channels), badingus LC jonogelio
fazei ilgas grandines turin¢iuose joniniuose skys¢iuose. Placiau vandens
molekuliy tarpusavio sgveikos aptariamos antroje §io skyriaus dalyje.

4 lentele. Virpesiniy Ramano sklaidos juosty, priskiriamy imidazolo Ziedo
valentiniams C-H virpesiams, bangos skai¢iaus kitimas (Av) esant
skirtingoms vandens koncentracijoms IL-H2O miSiniuose.

Vandens masés
dalis miSinyje 0 0,03 0,12

XH20 MASS

[C10mim]CI-H,0O Avo.0,03 A0,03-0,09 Avo.0,12

vC(2)-H, cm™ | 3062+1 | 16+2 [3078+1 | 13+2 |3091+1| 29+2

vC(4,5)-H, cm™ | 31471 | 9+2 |3156+1| 7+2 |3163+1| 162

[C1omim]Br-H.O Avo-0,03 Avo,06-0,09 Avo.o,12

vC(2)-H,cm™ [ 3060+1 | 11+2 |3071+1| 13+2 |[3084+1| 24+2

vC(4,5)-H, cm™ | 3144+1 | 9+2 [3153+1| 8+2 |3161+1| 17+2

Palyginus virpesiniy juosty poslinkius, kai vandens koncentracija miSinyje
kei¢iama NUO Xw2o mass=0 iki Xn2o mass=0,12 , nustatyta, kad VC(Z)*H ir
vC(4,5)-H mody bangos skaiCiaus pokytis abiejy tirty joniniy skyséiy atveju
yra vienodas ir anijono tipas neturi jtakos nei LC jonogelio fazés
formavimuisi, nei bandinio heterogeniskumui. Taciau vC(2)-H virpesinés
juostos poslinkis yra didesnis nei vC(4,5)-H, kas leidZia patvirtinti hipotezg,
kad ir ilga granding turin¢iuose joniniuose skys¢iuose priemaisos, $iuo atveju
vanduo, pirmiausia saveikauja su ,,rugstingesne* imidazolo ziedo dalimi ir
prie jos prisijungusiu anijonu ties C(2) anglies pozicija. ISanalizavus juosty
poslinkius slirtinguose koncentracijy réziuose pastebéta, kad poslinkiai beveik
visais atvejais vienodi. Skiriasi tik 0-0,03 koncentracijy sritis, kurioje
[C10mim]CIl-H20 misinio Ramano spektruose vykstanciy vC(2)-H virpesiniy
juosty poslinkis didesnis nei [Ciomim]Br-H,O misinyje. Siuos skirtumus
siejame su skirtinga priemaiSy koncentracija bandiniuose, nustatyta kad gryno
[C1omim]Cl bandinys buvo $varesnis uz [Ciomim]Br.

Siame skyriuje aptariami ir matematinio Ramano sklaidos spektry
apdorojimo rezultatai. Principiniy komponenty (PCA) ir 2D koreliacinés
(2DCOS) analizés metodai detalizuojami disertacijos tekste. 15 pav.
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pavaizduoti [Ciomim]CI-H,0 ir [Ciomim]Br—H,O misiniy Ramano sklaidos
spektry skaitmeninio apdorojimo rezultatai.

C(2)-H

. PC2
' “(2.8%) =
C(4,5-H C(4.5)-H
3200 3140 3080 _ 30203200 3140 3080 _ 3020
Bangos skaiéius / cm Bangos skai¢ius / cm

15 pav. [C1omim]CI-H.0 (A, B) ir [Ciomim]Br-H.0 (C, D) mi§iniy Ramano
sklaidos spektry skaitmeninio apdorojimo rezultatai: 2D koreliaciniai
asinchroniniai Ramano spektrai vir§utingje paveikslo dalyje (A, C), apatingje
paveikslo dalyje pirmojo bei antrojo principiniy komponenty jvercio vektoriai
(B, D).

PCA metodu pirmojo ir antrojo principiniy komponenty jver¢io vektoriy
priklausomybés nuo vandens koncentracijos pateiktos ir 14 pav. C bei F
dalyse. Vandens koncentracijai miSiniuose pasiekus Xw20 mass=0,03, tiek
[Ciomim]CI-H,O (C), tiek [Ciomim]Br-H,O (F) atvejais gaunami
koncentraciniy priklausomybiy netolydumai, kurie sutampa su rezultatais
gautus IL—H20 miSiniy spektrus aproksimuojant gauso kontiirais 14 pav. A, B
bei D, E. [C2omim]CI-H20 ir [Ciomim]Br—H.O suskai¢iuotos PC1 (96,8% ir
99%) iverCio vektoriaus vertés siejamos su nagrinéjamy Ramano Sviesos
sklaidos spektry virpesiniy juosty {C(2)-H) ir 1{C(4,5)-H) integriniy
intensyvumy evoliucija, o PC2 (2,8% ir 0,8%) su virpesiniy juosty daznio
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poslinkiu (15 pav. B, D). Kity principiniy komponenty nagrinéjamas
neatliktas, nes visy jy suminis indé¢lis  spektrinius pokycius yra tik 0,4% ir
0,2% ir todél Siuos pokycius priskyréme triuk§mams.

Koreliaciniais kavadratais sujungiant asinchroninio spektro cross smailes,
nustatytas tiriamyjy virpesiniy juosty poslinkis. Sie rezultatai taip pat gerai
koreliuoja su virpesiniy juosty aproksimavimo metodu gautomis poslinkio
vertémis. Detali cross smailiy analizé leido nustatyti, jog uzregistruotuose IL—
H20 misiniy Ramano spektruose tarp 3020 ir 3200 cm™ yra ne dvi, o trys
virpesinés juostos. Dvi juostos registruojamos C(4,5)—H velentiniy virpesiy
atveju ir priskiriamos simetriniams bei asimetriniams C(4,5)—H velentiniams
imidazolo ziedo virpesiams.
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2.2. Skirtingus vandens spiecius sudaran¢iy vandens molekuliy
O-H virpesiniy mody tyrimas

Antrajame poskyryje analizuojamos skirtingiems vandens molekuliy
spieCiy virpesiams priskiriamos O-H valentiniy simetriniy ir asimetriniy
virpesiy Ramano sklaidos juostos. Detaliai vandens molekuliy sudaromi
spieCiai aprasomi disertacijos tekste. Vandens molekuliy spie¢iy O-H
virpesiai Ramano spektruose registruojami 3200-3900 cm™ spektringje sityje
(16 pav.). Spieciai pagal tarpmolekuliniy vandeniliniy jungciy skaiciy
suskirstomi j tris grupes. Stipriais vandeniliniais rysiais suri$tos vandens
molekulés (SHB) dar kitaip vadinamos ,,tinkliniu vandeniu® [72]. Sie spieiai
sudaryti i§ vandens molekuliy tarpusavyje susijungusiy keturiais
vandeniliniais rysiais, kurie suformuoja aukstos simetrijos tetraedrines
struktiiras. Virpesiné §iy spie¢iy moda vSHB priskiriama zemiausig bangos
skaiiy atitinkan¢iai Ramano sklaidos juostai ties 3250 cm™.

Intensyvumas

2700 2850 3000 3150 3300 3450 3600 3750 3900
Bangos skaiéius, cm’

16 pav. [C1omim]Br—H>0 misiniy Ramano sklaidos spektrai kei¢iant vandens
koncentracijg nuo Xw2o mass=0,0 iKi Xr20 mass=0,99;

Vidutiniais stiprumo vandeniliniais rySiais suriS§tos vandens molekulés
(MHB) [148], dar Kkitaip vadindamos ,suardytu tinkliniu vandeniu®,
suformuoja spiecius, kuriuose vandens molekulés tarpusavyje susijungusios
dviem arba trim vandeniliniais rySiais sudarydamos suardytg tetraedring
asimetring struktiirg. Ramano sklaidos spektre virpesiné moda vMHB atitinka

juosta ties 3450 cm™. Aukséiausig bangos skai¢iy Ramano sklaidos spektre
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atitinkanti virpesiné moda VWHB, ties 3650 cm™ priskiriama pavienéms
vandens molekuléms, kurios neformuoja vandeniliniais rySiais sujungty
spieCiy, taip pat dar vadinama multimeriniu vandeniu.
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17 pav. LC jonogelio fazés formavimosi pabaigos nustatymas [Ciomim]Br—
H>O miSiniuose i§ PC jveréiy ir OH virpesiniy juosty parametry
priklausomybiy nuo vandens koncentracijos misiniuose.

Ivedant virpesiniy juosty, priskiriamy skirtingy vandens spieCiy virpesiams
[Ciomim]Br—H,O miSiniuose, integriniy intensyvumy santykj, isreiksta
Isus/(Isis+ImHetlwhs), galime jvertinti vandens molekuliy saviorganizacijos
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priklausomybg nuo vandens koncentracijos miSinyje (17 pav.). Keiciant
vandens masés dalj Xn2o mass miSiniuose nuo 0 iki 0,99 stebime nevienoda
Ramano virpesiniy juosty parametry kitimg. Kaip aptarta pirmame poskyryje
esant nedidelei vandens koncentracijai [Ciomim]Br—H,O misinyje didzioji
dalis vandens molekuliy labiau linkusios jungtis su anijonais (Br~ jonais) negu
tarpusavyje. Siame koncentracijy intervale vandens molekulés yra izoliuotos
viena nuo kitos, suformuoty vandens spieciy néra, susiformuoja tik agregatai,
kartu ir LC jonogelio fazé (17 pav., A). Didinant vandens koncentracijg tirpale
vandens molekuliy sgveika su joninio skys¢io anijonu keiCiasi j vandens
molekuliy tarpusavio saveika. Vandens koncentracijai miSinyje pasiekus
Xn20 mass=0,4+0,005 pradeda augti vSHB virpesiné Ramano sklaidos juosta.
H>O molekulés jungiasi viena su kita, pradeda formuotis vandens spieciai,
agregaty formavimasis i$lieka, tac¢iau pradedamos ardyti LC jonogelio fazés
struktiiros (17 pav., B). Kai vandens koncentracija tirpale Xuzo mass=0,5+0,02,
vSHB virpesinés juostos intensyvumo didéjimas sustoja, agregatai
nebesiformuoja, visi tirpale esantys anijonai jau yra susijunge su vandens
molekulémis ir LC jonogelio fazé miSinyje galutinai suardoma. Toliau
didinant vandens koncentracijg vandens spieciai tik didéja, naujos jungtys tarp
vandens molekuliy ir anijony nebesusidaro, vandens molekulés jungiasi tik
tarpusavyje sudarydamos dimerus ir trimerus. (17 pav., C).

2.3. Skyriaus iSvados

IS uzregistruoty [Ciomim]Br—H2O ir [C1omim]ClI-H,O misiniy Ramano
sklaidos spektry virpesiniy juosty parametry poky¢iy netolydumy keiciant
vandens molekuliy koncentracija Xn20 mass miSinyje nuo 0 iki 0,99 nustatytos
skystosios kristalinés jonogelio fazés formavimosi ribos. Jonogelio LC fazés
formavimosi aptikimui pakanka stebéti valentiniy virpesiniy C—H ir O-H
juosty, registruojamy 2700-4000 cm™ srityje, spektriniy parametry pokydcius.

I§ virpesiniy juosty, priskiriamy imidazolo Ziedo valentiniams C(2)—H,
C(4)-H ir C(5)—H virpesiams, bangos skai¢iaus priklausomybés nuo vandens
koncentracijos [Ciomim]Br—H;O ir [Ciomim]CI-H>O miSiniuose aptiktas
netolydus meélynasis Ramano poslinkis didinant Xn2o mass. Koncentracijai
misinyje pasiekus 0,03+0,005 H,O sumazéja $iy virpesiniy mody bangos
skai¢iaus kitimo greitis, ir tai siejama su joninio skys¢io molekuliy mobilumo
sumazejimu misinyje susiformavus skystajai kristalinei jonogelio fazei.

Nustatytas netolydus Ramano sklaidos juosty, priskiriamy skirtingiems
vandens molekuliy spieciy virpesiams, integriniy intensyvumy kitimas
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didinant vandens koncentracija [Ciomim]Br—-H.O ir [Ciomim]CIH0
misiniuose. Padidinus Xu20 mass miSinyje iki 0,440,005, virpesiniy OH juosty,
priskiriamy vandens spieCiams sudarytiems i§ 4 ir daugiau molekuliy,
integrinis intensyvumas pradeda augti. Tai jvyksta dél pasikeitusiy vandens
tarpmolekuliniy sgveiky ir skystosios kristalinés jonogelio fazés suardymo.

Skaitmeniniais spektry apdorojimo PCA ir 2DCOS metodais nustatytas
tikslus C—H ir O—H virpesiniy juosty sandy skai¢ius ir iSanalizuoti Ramano
sklaidos spektry virpesiniy juosty parametry pokyc¢iy netolydumai. Skystosios
kristalinés jonogelio fazés formavimosi ribos, nustatytos naudojant minétus
skaitmeninius apdorojimo metodus, sutampa su ribomis, gautomis
analizuojant eksperimentinius virpesiniy juosty aproksimacijy parametry
poky¢ius.

Nevienodas virpesiniy Ramano sklaidos juosty, priskiriamy imidazolo
ziedo valentiniams C(2,4,5)-H virpesiams, mélynasis poslinkis patvirtina
hipoteze, kad ilgas alkilines grandines turintys joniniai skysc¢iai ir vandens
molekulés sudaro silpnesnes C(4)—H ir C(5)-H vandenilines jungtis nei C(2)—
H atveju. Gauti rezultatai leidzia jsitikinti, kad didinant Xn20 mass joniniame
skystyje vandens molekulés pirmiausia sgveikauja su anijonu ir sudaro
vandeniliniu rysiu suriStus agregatus anijonas-H-O-H~anijonas. Taip pat
nustatyta, kad anijono tipas neturi jtakos jonogelio fazés formavimosi riboms
- pradziai ir pabaigai.
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3. VANDENS BUSENOS PORETOSE FUNKCINESE MEDZIAGOSE —
KALCIO HIDROKSIAPATITUOSE

Skirtingos H»O struktiiros gali formuotis ne tik skystojoje, bet ir kietojoje
terpéje. Siame skyriuje nagrinéjamas struktiry formavimasis kalcio
hidroksiapatituose (CaHAp), susintetintuose naudojant vandeninj zoliy-geliy
sintezés metodg. CaHAp sintezejé panaudoti skirtingi kompleksadariai: 1,2-
etilendiamintetraacetato riigstis (EDTA), vyno riigstis (TA), etilenglikolis
(EQG) ir glicerolis (GL). Glicerolis naudotas ir amorfiskai sugrupuota fosfato
faze turinc¢iy CaHAp sintezéje (ACP). NanostrukttriSkumo jvertinimui iStirtas
ir komercinis (CA) (Sigma Aldrich; 99,999 %) CaHAp. Rezultaty aptarime
naudojami medziagy sutrumpinimai: EDTA-CaHAp, TA-CaHAp, EG-
CaHAp, GL-CaHAp, ACP-GL-CaHAp, CA-CaHAp. Paruosty bandiniy
tyrimui panaudotas infraraudonosios sugerties spektrometrijos metodas
(FTIR), ankstesniuose tyrimuose patvirtintas kaip tinkantis OH" jony kristalo
busenose (angl. OH™ ions in the bulk [111]; ions in the crystals [50]) ir
pavir$iaus bei tiriniy struktiiry nustatymui CaHAp [103-107].

3.1. Nanostruktiirizuoti ir amorfiniai kalcio hidroksiapatitai

Pirmajame  poskyryje  nagringjami  nanostruktiirizuoty  kalcio
hidroksiapatity (TA-CaHAp), sugrupuotg amorfing fosfato fazg¢ turinciy
kalcio hidroksiapatity (ACP-GL-CaHAp) ir komerciniy CaHAp (CA-CaHAp)
skirtumai. Kambario temperatiiros bandiniy FTIR sugerties spektrai
pavaizduoti 18 pav.

—— TA-CaHAp ]

1.6
—— CA-CaHAp
19 — ACP-GL-CaHAp

NN ,\M\-\M\\\
anmimlmnne

AN
NN ..

o
oo

©
>

Optinis tankis, s.v.

0 1 [N L SAVRNN )
1000 1500 2000 2500 3000 3500
Bangos skai¢ius, cm’
18 pav. TA-CaHAp, CA-CaHAp ir ACP-GL-CaHAp IR sugerties spektrai.
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I3 spektriniy juosty, esanéiy tarp 2500 ir 3800 cm™ (pazyméta pilkai),
integrinio intensyvumo skirtumo nustatyta, kad ACP-GL-CaHAp bandiniuose
adsorbuoto vandens kiekis yra 11 karty didesnis nei TA-CaHAp ir CA-
CaHAp. Atlikus detaly OH virpesiniy juosty priskyrimg ir spektriniy konttry
atskyrimo procediira nustatytos skirtingos OH saviorganizacijos grupés,
susiformavusios tirtuose CaHAp bandiniuose (19 pav.). Struktiirizuoto
vandens egzistavimg puikiai iliustruoja platus ir nevienalytis OH virpesiy
kontiiras esantis ties 3200 cm™ (19 pav., A). Remiantis literatiira [177] $ia
juosta galime aproksimuoti dviem persiklojanéiais kontiirais ties 3442+2 cm™
Lir 3110£4 cm™. Virpesiné juosta v3442 priskiriama struktiirizuoto vandens
valentiniams O—H virpesiams. Si virpesiné juosta taip pat registruojama nano
struktarizuotuose CAHAp bandiniy TA-CaHAp ir CA-CaHAp spektruose ties
3438 £ 2 cm™* (19 pav., B ir C). Virpesiné juosta v3110 priskiriama vandens
molekuliy, susijungusiy j tinklus, valentiniams O—H virpesiams [177]. llgas
grandines turinéiy joniniy skys¢iy atveju §i virpesiné juosta atitinka vSHB
juosta, priskiriama stipriais vandeniliniais rySiais suri§ty vandens molekuliy
virpesiams. Ties 1645 cm* registruojamos deformaciniy O—H virpesiy modos
integrinio intesyvumo kitimas skirtinguose CaHAp koreliuoja su v3110
virpesinés modos integrinio intensyvumo kitimu ir gali biiti naudojamas kaip
spektrinis Zymuo tiriant vandens kiekj bandinyje. Adsorbuoto vandens kiekiui
skirtinguose bandiniuose nustatyti galima palyginti v3110 ir v3442 virpesiniy
mody integriniy intensyvumy santykj (lsi10/ls442). ACP-GL-CaHAp ir CA-
CaHAp atvejais l110/13442 yra beveik vienodas, atitinkamai, 3 ir 2,8, ta¢iau TA-
CaHAp bandinio atveju $io santykio skaitiné verté tik 0,001. Siaura virpesiné
juosta ties 3572+2 cm priskiriama O-H~ virpesiams apatity ertmése
[106,179]. Amorfing fosfato faz¢ turin¢iy CaHAp IR sugerties sepktruose §i
juosta neregistruojama, tuo tarpu nano struktiirizuotyjy CA-CaHAp ir TA-
CaHAp IR sugerties spektruose §i juosta labai intensyvi. Virpesiné juosta ties
3587 cm* registruojama tiek komercinio, tiek TA kompleksadarj naudojant
susintetintuose apatity IR spektruose ir priskiriama pavir§iniams valentiniams
O-H virpesiams P-O-H grupése [106,179] arba struktiiriskai susietoms
pavir§inéms —OH modoms [180]. Visos virpesinés juostuos, kuriy bangos
skai¢ius didesnis nei 3450 cm™, gali biiti naudojamos kaip spektriniai
zymenys CA-CaHAp nano-struktiiry nustatymui.
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grupéms tiek CaHAp tiryje, tiek pavirSiuje [104].
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3.2. Kalcio hidroksiapatitai, susintetinti naudojant skirtingus
kompleksadarius

Siame poskyryje nagringjama cheminés sintezés metu pasirinkto
kompleksadario jtaka CaHAp nanostruktiiriSkumui. Taip pat detaliai
analizuojamos OH virpesinés struktiiros kambario temperatiiroje apribotos
CaHAp medziagose remiantis vandens molekuliy tyrimo rezultatais gautais
naudojant  Zematamperatiirés FTIR matricinés izoliacijos metoda.
Uzregistruoti susintetinty, naudojant skirtingus kompleksadarius, CaHAp
kambario temperattiros bandiniy IR sugerties spektrai yra pavaizduoti 20 pav.

OH' "stechiometrinis"

= OH
2 H,O klasteriai |  pavirsinés
x modos
& |[EG-CaHAp
2
= [EDTA-CaHAp
o
O TA-CaHAp
GL-CaHAp

2800 3000 3200 3400 3600 3800 4000
Bangos skaicius, cm™
20 pav. Nano struktirizuoty CaHAp, susintetinty naudojant skirtingus
kompleksadarius, IR sugerties spektrai OH virpesiy srityje 2700-4000 cm™,
Pazymeétos spektrinés vandens molekuliy spieciy, stechiometrinio OH ir
pavirSiniy OH virpesiy sritys.

Uzregistruota IR sugerties spektra galima padalinti j skirtingas sritis,
priskiriamas vandens molekuliy spie¢iy, OH stechiometriniams ir pavir§iniy
OH virpesiams, lygiai taip pat, kaip ir pirmojo poskyrio rezultaty aptarime.
Siuo atveju, bandiniy IR sugerties spektry skirtumai néra tokie drastiski, todél
detaliai analizei reikalingi papildomi tyrimai, kuriuos atlikus, nustatomos
skirtingos OH juosty struktiros. Tiksliam vandens molekuliy spieiy
virpesiniy juosty parametry nustatymui kei¢iant temperattira nuo T=9 K iki
T=40 K argono matricoje uzregistruoti bandiniy Zematemperatiiriai IR
sugerties  spektrai. Eksperimentinius duomenis apdorojus 2DCOS
skaitmeniniu metodu ir rezultatus palyginus su literatiroje pateikiamais
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skirtingy dydziy (H20), spieCiams priskiriamomis IR sugerties juostoms,
sudaryta virpesiy priskyrimo 3 lentele.

5 lentelé. lvairiose terpése izoliuoty vandens molekuliy spieciy ir pavirSiniy
virpesiniy O—H mody priskyrimas IR sugerties spektruose.

(H,0)n ﬁ;%ﬁggje CCl, [182] gga?&%tsmktﬁmuomose
940 K 273-313K | 298 K
Dimerai 940 K 3615-3616 | 3526 +2 (a)
n=2 3573-3573.5 3591 £ 4 (b)
3574 [183] 3598 + 1 (c)
Trimerai 3574.5[184] 3535-3587 | N/A
n=3 3515-3520
3515 [185]
3516 [183,186]
Tetramerai | 3517 [184] 3395-3433 | 3420+ 2 (a)
n=4 3369-3374 3439 £ 2 (b)
3372 [185,187] 3450 + 2 (c)
Pentamerai | 3372 [184] N/A N/A
n=>5 3327-3330
3325 [185]
Heksamerai | 3330 [187] 3221-3254 | 3237 +2 (a)
n==6 3211-3214 —(b)
3212 [185] 3263 +3 (c)
3211 [187]
3327 (chair),
n>6 ‘E’f}% (cage) | 30433074 |- (a)
3100-3160 —(b)
3144 [185] 2940 = 10 (c)
3140 [187]
3150 (prism) | ny/A 3642, 3737, 3866 (a)
PavirsSinés [177]
modos 3695-3701 3640, 3737, 3848 (b)
3698 [180,188] ~3651, ~3700 (c)

Siekiant surasti koreliacija tarp Zemose temperatirose gauty rezultaty ir
kambario temperatiroje registruojamy (H20), spieciy Sioje leteléje taip pat
surinkti skirtingiems (H2O)n spie¢iy priskiriamy virpesiniy juosty dazniai
gauti tiriant vandens ir hidrofobisko tirpiklio CCls miSinius [182].
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Eksperimentiniai EG-CaHAp, TA-CaHAp ir CA-CaHAp IR sugerties
spektrai pavaizduoti 21 pav. Susintetintuose naudojant EG kompleksadarj
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21 pav. Nanostruktiirizuoty CaHAPp IR sugerties spektrai: a — EG-CaHAp, b —
TA-CaHAp, ¢ — CA-CaHAp IR sugerties spektrai su aproksimuotomis
virpesinémis juostomis, priskiramomis jvairioms OH grupéms (3 lentel¢).
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CaHAp formuojasi visos galimos H2O struktiiros: spektruose registruojamos
heksamery, tetramery, dimery ir pavirSinés OH modos. TA-CaHAp bandiniy
atveju IR sugerties spektruose yra panaSus virpesiniy juosty, priskiriamy
tetramerams ir dimerams, kiekis, taciau pavirSiniams OH virpesiams
priskiriamy juosty integrinis intesyvumas yra tris kartus didesnis, o heksamery
virpesius  atitinkan¢iy juosty intensyvumas labai mazas, ty., jos
registruojamos triuk§mo lygyje. Palyginus S$iy dviejy susintetinty ir
komerciniy CaHAp bandiniy IR sugerties spektriniy juosty aproksimacijy
parametrus, matomas didziulis vandens heksamery ir aukstenés eilés vandens
molekuliy spieciy skirtumas bandiniuose. Naudojant Siuos rezultatus galime
nustatyti bandiniy hidratacijos laipsnj. Ankstesniuose tyrimuose nustatyta,
kad demineralizuotose kauly matricose hidratavimas (angl. hydrating)
neigiamai veikia osteoinduktyvumg bandiniuose [109].

3.3. Skyriaus iSvados

Pirma kartg iStirti strukttriniai vandens molekuliy spieéiy (H20)n grupiy
skirtumai nanostruktirizuotuose kalcio hidroksiapatituose (CaHAp),
susintetintuose naudojant skirtingus kompleksadarius. IR sugerties spektruose
2900-3900 cm* srityje identifikuotos vandens dimery, tetramery, heksamery,
pavirSiniy O-H ir P-O-H modos. Virpesiniy juosty priskyrimas atliktas i$
vandens FTIR sugerties spektry, uzregistruoty naudojant matricinés
izoliacijos metodg ir i§ literatiiroje pateikiamy H2O ir CCly miSiniy tyrimy
rezultaty.

Analizuojant IR sugerties juosty, priskiriamy struktiirinio ir adsorbuoto
vandens molekuliy virpesiams, intensyvumy santykj lsiio/laaz skirtingy
CaHAp bandiniy spektruose galima jvertinti skirtingg OH grupiy
saviorganizacijg. Parodyta, kad nanostruktiirizuotuose CaHA, prieSingai nei
ACP-CaHAp, stechiometriniy —OH dalis yra zenkliai didesné uz hidroksilo
grupiy, suformuoty i§ adsorbuoto vandens.

Nustatyta, kad naudojant IR sugerties metoda galima jvertinti CaHAp

bandiniy hidratacijos laipnj. EG-CaHAp hidratacijos laipsnis yra 2 kartus
didesnis nei TA-CaHAp atveju.
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DISERTACIJOS ISVADOS

1. Virpesiné spektrometrija yra tinkamas metodas nustatyti SKystosios
kristalinés jonogelio fazés formavimasi ilgas alkilines grandines turinciy
joniniy skyséiy vandeniniuose misiniuose. Kompleksinis Ramano, NMR,
2DCOS ir PCA metody panaudojimas suteikia naujos vertingos informacijos
apie skystosios kristalinés jonogelio fazés formavimosi procesus ir skirtingy
vandens molekuliy spiefiy vaidmenj Siuose miSiniuose. Nustatyta, kad
skystosios kristalinés jongelio fazés formavimosi aptikimui tinkami
spektriniai Zymenys yra 2700-4000 cm™ srityje ir yra priskiriami valentiniams
C-H ir OH grupiy virpesiams.

2. Skirtingos vandens molekuliy biisenos, esancios nanostruktiirizuotuose
kalcio hidroksiapatituose ir amorfing kalcio fosfato faze turinCiuose
hidroksiapatituose,  iStirtos  naudojant  infraraudonosios  sugerties
spektrometrijos metoda. Naudojant zematemperattirj FTIR sugerties metoda
pirma  karta  iStirti  struktiriniai  hidroksilo  grupiy  skirtumai
nanostruktiirizuotuose Kkalcio hidroksiapatituose (CaHAp), susintetintuose
naudojant skirtingus kompleksadarius.

3. Nustatyta, kad konformacingje pusiausvyroje trumpas alkilines
grandines turinéiy joniniy skys¢iy katijonai [Camim]* labiau linke formuoti
gauche konformerus. Konformery pusiausvyra joniniuose skys¢iuose lemia ir
anijony fizikiniai parametrai. Halogeny ir nesferinius anijonus turin¢iy joniniy
skys¢iy konformery gauche ir trans pusiausvyrai daro jtaka ne tik anijono
spindulys, taciau ir anijono hidrofobiskumas. Kuo mazesnis anijono
hidrofobiskumas, tuo didesné dalis joniniy sky¢iy molekuliy susiformuoja
kaip trans konformerai tokia tvarka: I > Br> ClI"> OTf > NOs; > BF4, t.y.
vanduo pakeicia konformacing pusiausvyra joniniame skystyje.

4. Vandens ir joninio skys¢io [Csamim]NOs miSiniy Ramano sklaidos
spektruose anijono virpesiniy mody v4(NOs"), vi(NO3z") bei skirtingiems
vandens molekuliy spieCiams priskiriamy virpesiniy mody bangos skaiCiaus
kitimo netolydumai, wuzregistruoti Zemy D,O Kkoncentracijy srityje
(Xp20_ moL=0,60+0,04), sietini su “vandens kiSeniy” formavimosi pradzia.
Auksty DO  koncentracijy  srityje  [Camim]NO3z-D:O  miSinyje
(Xp20 MoL=0,86+0,04) taip pat uzregistruoti spektriniy parametry kitimo
netolydumai. Gauche ir trans konformery spektriniy juosty integriniy
intensyvumy santykio kitimas, joninio skys¢io imidazolo Ziedo valentinius
virpesius ir skirtingy vandens spie¢iy molekuliy virpesius atitinkanciy juosty
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spektriniy parametry netolydumai keiciant D>O koncentracija miSinyje yra
siejami su “vandens kiSeniy” formavimosi pabaiga.

5. Vandenilio ir deuterio apsikeitimo dinamika joniniy skys¢iy ir sunkiojo
vandens miSiniuose tirta naudojant Ramano spektroskopijos metods.
Nustatyta, kad molekuliy mobilumas dél besikei¢ian¢iy tvarkos ir netvarkos
parametry bei anijony agregacijos su vandeniu jtakoja H/D mainy reakcijas.
Anijonai ir katijonai, sujungti vandeniliniu ry$iu, kurj silpnina vandens
molekulés  pakeisdamos sgveikas  anijonas-katijonas ] saveikas
anijonas-vanduo ir katijonas-vanduo. H/D mainy reakcijos greitis priklauso
nuUo anijono tipo, bandinio §varumo ir temperattiros.

6. Anijono tipas ir katijono lokacija joninio skys¢io ir vandens miSinyje yra
svarbiausios H/D mainy reakcijos salygos. Joniniuose skys¢iuose su halogeny
anijonais (I", Br~, CI"), kurie sudaro vandenilinius ry$ius su imidazolo ziedu
ploks$tumoje, H/D mainai vyksta abiejy tipy joniniuose skys¢iuose: su ilgos ir
trumpos alkilinés grandinés katijonais. Joniniuose skysCiuose, sudarytuose i$
nesferiniy anijony (OTf; NO3") ir trumpy alkiling grandiniy, H/D mainai
nevyksta. Konformacinés pusiausvyros kitimas neturi jtakos H/D mainams.
Deuteravimas 1-butil-3-metilimidazolo nitrato ir sunkiojo vandens bei 1-butil-
3-metilimidazolo trifluormetilsulfonato ir sunkiojo vandens miSiniuose
nevyksta, nepriklausomai nuo DO kiekio ir eksperimento vykdymo trukmés.
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Structural and  vibrational characterizations for the 1-butyl-3-methylimidazolium  tri-
fluoromethanesulfonate ionic liquid ([BMIM][OTF]) were performed combining the experimental Raman
spectrum with density functional theory (DFT) calculations based in the hybrid B3LYP/6-311++G** level
of theory. Structurally, the trifluoromethanesulfonate anion, [OTF] is linked to 1-butyl-3-
methylimidazolium cation, [BMIM] by a bidentate coordination by means of two different S—0O—-H
hydrogen bonds. The [OTF] anion plays a very important role in the structure and stability of [BMIM]
[OTF], as observed by the strong increase in the dipole moment value when the anion is added to cation.
Intramolecular H and halogen bonds evidence the high stability of ionic liquid, as supported by NBO and
AIM calculations. Very good correlations were observed between the predicted infrared and Raman
spectra with the corresponding experimental ones. The different Mulliken charges observed on the O
atoms of O—-H bonds support the asymmetric bidentate coordination of [OTF] anion with the [BMIM]
cation. The [OTF] anion increase the reactivity of [BMIM][OTF], as compared with [BMIM][NO3]. In
addition, the [OTF] anion reduces drastically the electrophilicity and nucleophilicity indexes of cation
evidencing the strong influence of anion on the properties of cation. The vibrational analyses have
revealed a very important shifting of one of the two antisymmetric modes of [BMIM][OTF] towards lower
wavenumbers due probably to an asymmetric of S=0---H bond interaction which is no observed in the
anion. The complete vibrational assignments were performed for ionic liquid, cation and anion and the
harmonic scaled force constants were reported at the same level of theory.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

calculations are of great aid when the structures of these ionic
liquids are unknown, as in the 1-butyl-3-methylimidazolium ni-

The studies of cation-anion interactions present in the ionic
liquids are of great interest in diverse fields, such as in nano-
particles. In particular, the identifications of different ionic liquids
by using the simple technique of vibrational spectroscopy is useful
and necessary to detection of these species in different media and
systems [1-3]. Currently, the ionic liquids have multiple uses, for
which, their structural, electrochemical and physicochemical
properties have been studied since long time and from different
points of view [4-12]. On the other hand, the theoretical

* Corresponding author.
E-mail addresses: sbrandan@fbgf.unt.edu.ar, sbrandanbrandansa@yahoo.com.ar
(S.A. Brandan).

https://doi.org/10.1016/j.molstruc.2018.08.014
0022-2860/© 2018 Elsevier B.V. All rights reserved.

trate ionic liquid [13]. In this opportunity, an experimental and
theoretical study on the 1-Butyl-3-methylimidazolium tri-
fluoromethanesulfonate ionic liquid was performed combining the
experimental FT-Raman spectrum with DFT calculations because
the experimental structure for this ionic liquid, so far, was no re-
ported. In this context and due to the extended bibliography on
ionic liquids, here only some studies reported in the literature for 1-
butyl-3-methylimidazolium trifluoromethanesulfonate are
mentioned [1-12]. First, to perform the complete vibrational as-
signments it is necessary to realize a deep structural investigation
in order to know the most stable structure, as in the 1-butyl-3-
methylimidazolium nitrate ionic liquid case [13]. Besides, to know
the coordination mode of trifluoromethanesulfonate in [BMIM]
[OTF] is very important because it group plays an important role in
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the stability of ionic liquid. With these purposes, the structure of 1-
butyl-3-methylimidazolium trifluoromethanesulfonate, identified
as [BMIM|[OTF] or [BMIM][CF3S03], was modelled and optimized in
gas phase by using the hybrid B3LYP method with the 6-311++G**
basis set [14,15]. The potential energy surfaces were studied in or-
der to find the most stable structure and, later with this structure,
the vibrational analysis was performed by using the scaled quan-
tum mechanical force field (SQMFF) approach calculated at the
same level of theory and with the Molvib program [16,17]. At this
point, the experimental FT-Raman spectrum of and its experi-
mental available infrared spectrum [1,3] were used to perform the
complete vibrational assignments of all bands observed in both
spectra to the vibration normal modes of [BMIM][OTF]. The har-
monic force constants were obtained in gas phase at the same level
of theory and, then, they were compared with other reported in the
literature. NBO and AIM calculations [18,19] were also performed to
explain the characteristics of the cation-anion interactions
observed in the most stable structure. The differences observed
between the two frontier orbitals [20,21], known as gap, were also
calculated and later compared with those observed for the cationic
and anionic species in order to identify the effect of these two
species on the properties of [BMIM][OTF]. Here, quantum chemical
global the descriptors [22—25] were also computed for [BMIM]
[OTF] and compared with those obtained for the cationic and
anionic species with the finality of explain the differences observed
between cationic and anionic species [26—29] and to know the
characteristics of these interactions. Finally, the conformation
equilibrium in [BMIM][OTF] was also investigated and compared
with those observed for other ionic liquids and for the [BMIM]
cation. The conformations of [OTF] anion are highly known and, for
this reason, they were not studied in this work.

2. Experimental section

Raman spectra of 1-butyl-3-methylimidazolium  tri-
fluoromethanesulfonate, [BMIM][OTF] were recorded at room
temperature with a Bruker MultiRAM FT-Raman spectrometer
containing the motorized xyz-sample stage and with the high-
sensitivity liquid nitrogen cooled germanium detector. The
1064 nm wavelength beam of the pulsed Nd:YAG laser (500 mW) as
the excitation source using the 180° scattering geometry was
employed in the experiments. Average of 400 Raman spectra was
recorded to get better signal to noise ratio at spectral range 4000-
70cm~' and a resolution of the spectrometer of 2cm~. The

]

e

"
5
sy

Fig. 1. a-Molecular theoretical structures of 1-buthyl-3-methyl imit

9

trifluoromett
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preparation and measurements of all samples were performed in
Silica cells in order to avoid the background.

3. Computational details

The structure of [BMIM][OTF] ionic liquid was not experimen-
tally determined and, for this reason, its structure was modelled
with the GaussView program [30] taking into account the experi-
mental position of trifluoromethanesulfonate group in the struc-
ture reported by Ganesan et al. [9] for the ionic liquid 3,30-di-n-
butyl-1,10-(1,4-phenylenedimethylene)diimidazolium bis(tri-
fluoromethanesulfonate) where between cation and anion are
clearly observed C—H—-F and C—H—-0 hydrogen bonds. In [BMIM]
[OTF], the trifluoromethanesulfonate anion is linked to [BMIM] by
bidentate coordination to two S—O—-H hydrogen bonds, as
observed in Fig. 1 while, in Fig. 2 are observed the theoretical
structures of both cation and anion. The optimizations of all
structures were carried out in gas phase by using the hybrid B3LYP/
6-311++G** method and with the Gaussian 09 program Revision
A.02 [30]. The potential energy surfaces (PES) for [BMIM][OTF]
were studied considering variations in the dihedral N2—C10—
C16—C17 and C10—C16—C17—C20 angles. In both curves only one
structure with minimum energy was observed and, for these rea-
sons, they are not presented here. For the most stable structure,
natural populations analysis (NPA), Mulliken charges, molecular
electrostatic potentials (MEP), bond orders and topological prop-
erties were computed by using NBO calculations and the AIM2000
program [18,19]. In the vibrational studies for [BMIM][OTF] and its
anion, the normal internal coordinates were built and their corre-
sponding harmonic force fields were computed with the SQMFF
procedure [16] and the Molvib program [17]. The complete as-
signments of those two species were performed by using Potential
Energy Distribution (PED) contributions > 10%, the experimental
FT-Raman spectrum recorded here and, with that experimental
available infrared spectrum [1,3]. Here, the conformations equilib-
rium in [BMIM][OTF] and in [BMIM] cation were investigated by
using the experimental Raman spectrum and, then, these were
compared with those observed for other ionic liquids. The gap
values for [BMIM][OTF| and their cationic and anionic species
[20,21] together with chemical potential (), electronegativity (),
global hardness (1), global softness (S), global electrophilicity index
(w) and global nucleophilicity index (E) descriptors were calculated
in order to predict the reactivities and behaviours of those three
species [22—29]. Later, these properties were compared with those

(b)

ionic liquid and the atoms numbering. b-The different S—0—-H bonds are

evidenced with dashes lines.

182



J. Kausteklis et al. / Journal of Molecular Structure 1175 (2019) 663—676 665

Cation [BMIM]

Anion [OTF]

Fig. 2. Molecular theoretical structures of 1-buthyl-3-methyl imidazolium cation and trifluoromethanesulfonate anion and the atoms numbering.

Table 1

Calculated total energy (E), dipolar moment (pt) and volume for the Anionic, Cationic
and 1-buthyl-3-methyl imi i tri ionic liquid in gas
phase.

B3LYP/6-311++G**method

Gas Phase

Species E (Hartrees) 1t (Debye) V(A%
[BMIM][OTE] ~1385.1347 19.29 2743
[BMIM] Cation —423.2869 491 188.3
[OTF] Anion —961.7304 4.12 99.0

observed by us for 1-buthyl-3-methyl imidazolium nitrate [13] in
order to examine the influence of nitrate and tri-
fluoromethanesulfonate anions on the corresponding cations.

4. Results and discussion
4.1. Geometry study

The calculated energies, dipole moments and volume values for
[BMIM][OTF] and its cation and anion species in gas phase by using
B3LYP/6-311++G** level of theory are presented in Table 1. The
dipole moments show low values for the two ionic species, how-
ever, the cation value increase from 4.91 D to 19.29 D when the
anion is incorporated together with the cation to [BMIM][OTF]. This
result obviously supports the strong influence of anion on the
properties of cation. On the other hand, the volume values evidence
the lower size of anion, in relation to cation, but the total volume of
ionic liquid is approximately the sum of both cation and anion
values (287.3 A3).

The calculated geometrical parameters for those three species
are compared with those experimental determined by X-ray
diffraction for the structure 3,3'-dimethyl-1,1"-(1,4-
phenylenedimethylene)diimidazolium bis(tetrafluoroborate) by
Ganesan et al. [9] by using the room means square deviation
(RMSD) values and, the results are summarized in Table 2. In Fig. S1
is presented the structure of compared compound. In general, the
predicted distances for the three species are overestimated when
are compared with those experimental ones and, the better cor-
relations in bond lengths are observed for the anion while

reasonable correlations can be seen for cation and ionic liquid. On
the other side, the bond lengths for the three species present good
concordances. On the contrary, for the dihedral angles of ionic
liquid and its cation poor correlations are predicted, as expected
because the cation of the compared compound is very different
from the cation of [BMIM][OTF]. These theoretical parameters show
that the proposed structure is reasonably good to perform the
vibrational study of this ionic liquid.

4.2. Charges, bond orders and molecular electrostatic potentials
studies

The [OTF] anion plays a very important role in the structure and
stability of [BMIM][OTF], as observed by the strong increase in the
dipole moment value when the anion is incorporate to cation. For
this reason, the studies of different charges, molecular electrostatic
potentials and bond orders in those species are necessaries to un-
derstand what modifications undergoes the cation in [BMIM][OTF].
Thus, Mulliken and natural populations analysis (NPA) charges on
all atoms for the anionic, cationic and 1-buthyl-3-methyl imida-
zolium trifluoromethanesulfonate in gas phase were studied by
using B3LYP/6-311++G** level of theory. The results of both
charges for the three species are presented in Table S1 while in
Fig. S2 can be seen the variations in the Mulliken charges on all
atoms. Quickly, from the comparisons between cation and ionic
liquid we can observe that the Mulliken charges on practically all
atoms of ionic liquid present variations, with exception of those
observed on the C3, H9, C17, C20, H21 atoms. The higher modifi-
cations in the ionic liquid are observed on the N1, N2, C5, H7, C8,
C10, H11, C16 and H24 atoms where the less positive value is
observed on the H24 atom while the more negative values on the
C5, C8 and C10 atoms. The Mulliken charges on the remaining
atoms have positive values. When the charges on the atoms of
anion are compared with those observed for the ionic liquid, it is
observed that only the charge on the 028 atom presents less
negative value on the ionic liquid than on the anion. This obser-
vation suggests bidentate coordination for the O atoms of [OTF]
group because the 028 atom has a different value than the other
two O atoms. When the NPA charges are compared in similar form
than the Mulliken ones there are not differences among them and,
for this reason, the graphic is not presented here.

The bond order, expressed as Wiberg index is a very interesting
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Table 2

Comparisons of calculated geometrical parameters for the Anion, Cation and 1-
buthyl-3-methyl imi ium trifluoromet] nate ionic liquid in gas phase
with the experimental available obtained by X-ray diffraction for 3,3’-dimethyl-1,1"-
(1,4-phenylenedimethylene)diimidazolium bis(tetrafluoroborate) [9].

B3LYP/6-311++G** method® Exp”
Parameters Gas phase

[BMIM][OTF]  [BMIM] Cation [OTF] Anion
Bond lengths (A)
C3—-N1 1.462 1.470 1.476
C3-H4 1.090 1.089 0.989
C3-H14 1.088 1.088 0.989
C3-H15 1.090 1.089
N1-C8 1.339 1.337 1.326
C8—N2 1333 1336 1.329
C8—-H9 1.076 1.077 0.950
N2-C10 1.483 1.486 1.479
C10-H11 1.091 1.090 0.989
C10-H12 1.092 1.091 0.990
N2-C6 1382 1380 1.376
C6-C5 1.362 1.361 1.350
C6—-H7 1.093 1.076 0.950
C5—-H13 1.076 1.076 0.950
C10-C16 1.529 1.531 1.509
C16—-C17 1.533 1.533
C16—H18 1.098 1.096
C16—-H19 1.093 1.096
C17-C20 1.530 1.531
C17-H21 1.097 1.096
C17-H22 1.093 1.096
C20-H23 1.092 1.093
C20-H24 1.093 1.091
C20-H25 1.095 1.093
€26-S30 1.887 1.896 1.821
C26-F31 1.339 1351 1.320
C26-F32 1341 1352 1.325
C26-F33 1356 1.351 1331
$30-027 1.488 1.475 1.442
$30-028 1.460 1.475 1.437
$30-029 1.483 1475 1434
RMSD" 0.247 0.292 0.041
Bond Angles (°)
C3-N1-C8 1259 1259 125.5
C3-N1-C5 1259 125.6 126.0
N1-C8-N2 108.8 108.9 108.7
C8—-N2—-C10 1254 1253 125.5
C8—N2-C6 108.9 108.2 108.6
N2—-C10-C16 1121 1134 110.2
N2-C6-C5 106.5 107.3 106.8
C6-C5—C1 107.5 107.0 107.3
C10-C16—-C17 111.0 115.0
C16-C17-C20 1124 1124
H15-C3-H14 109.1 109.3 107.7
H15-C3-H4 109.7 110.0
H14-C3-H4 109.2 109.4
H15-C3-N1 109.7 109.3 109.3
H14-C3-N1 109.1 108.9 109.2
H4-C3—-N1 109.8 109.5
H9-C8-N1 1254 1254 125.6
H9-C8—-N2 125.6 125.5 125.5
H13-C5-N1 122.0 1221 122.5
H13-C5-C6 1304 130.8 129.9
H7-C6—-N2 1224 122.0 125.5
H7-C6-C5 130.9 130.6 126.5
H11-C10-H12 109.5 107.5 108.1
H11-C10-N2 106.8 106.1 109.6
H11-C10-C16 109.6 1113 109.5
H12-C10-N2 106.7 106.7 109.6
H12-C10-C16 111.6 111.2 109.6
H18-C16-H19 107.4 105.9
H18-C16—-C10 110.0 109.4
H18-C16-C17 110.2 1094
H19-C16-C10 108.7 106.1
H19-C16-C17 109.1 109.5
H21-C17-H22 106.9 106.5
H21-C17-C16 109.5 110.0

Table 2 (continued )

B3LYP/6-311++G** method® Exp”®
Parameters Gas phase

[BMIM][OTF] [BMIM] Cation [OTF] Anion
H21-C17-C20 109.5 109.1
H22-C17-C16 108.4 110.0
H22-C17-C20 109.8 109.1
H23-C20-H24 107.6 107.6
H23-C20-H25 107.7 107.8
H24-C20-H25 107.9 107.6
F31-C26-F32 108.2 106.8 108.1
F31-C26-F33 107.5 106.8 107.8
F32-C26-F33 107.3 106.8 106.8
027-530-028 1158 1155 114.8
027-530-029 112.6 1155 1139
028-S30-029 116.5 1155 1155
RMSD" 15 17 11
Diedral Angles (°)
C3—-N1-C8-N2 179.0 179.0 1794
C3-N1-C5-C6 -179.1 -179.0 —179.3
N1-C8-N2-C10 177.7 178.3 -1713
N1-C5-C6-N2 0.1 0.1 -0.2
(C8—-N2—-C10-C16 -92.1 —825 91.0
C5-C6—-N2—-C10 -177.7 -178.4 171.6
C6—N2—-C10-C16 85.0 955 85.0
N2—-C10-C16—-C17 -178.2 —64.9
C10-C16—C17-C20  178.7 -176.9
RMSD" 149.0 147.7
@ This work.
b From Ref [9].

property that predicts the characteristics or nature of the different
bonds, thus, in Table S2 are summarized the bond orders (BO) for
the anionic, cationic and 1-buthyl-3-methyl imidazolium tri-
fluoromethanesulfonate in gas phase by using B3LYP/6-311++G**
level of theory. Also, in this table are presented the matrix of
bond orders for different interactions of the bonds hydrogen and
halogen. Analyzing first, the BO values for cation and the ionic
liquid it is observed variations in the BO of H7, H11, H19 and H24
atoms while when are compared the values of ionic liquid with
those corresponding to anion, the higher difference and the higher
value only for the 028 atom is observed. Here, newly the different
values observed in the O atoms support the bidentate coordination
of [OTF] group in the ionic liquid. The BO value of S30 atom is
slightly higher in the anion while the BO values for F atoms are
higher in the ionic liquid. Evaluating the matrix of BO, we observed
a certain ionic character in the following H and halogen bonds:
029---H11, 029---H22, 027---H7, F33---H19 and F33---H24.
Evidently, these interactions could support the stability of [BMIM]
[OTF].

Other interesting property studied for the three species in gas
phase is the molecular electrostatic potential (MEP) by using
B3LYP/6-311++G** level of theory because the electronic distri-
bution in those species can be easily seen from the different col-
orations of their mapped surfaces which are very useful to predict
reaction sites or attacks with potential electrophiles or nucleo-
philes. In Table S3 are presented the MEP values on all atoms of
ionic liquid and its cation and anion while Fig. 3 shows the mapped
MEP surfaces for the ionic liquid, cation and anion in gas phase by
using B3LYP/6-311-++G** level of theory. The values from Table S3
practically no present differences while important differences can
be observed in their colorations. Thus, the strong red colour on all
surface indicate clearly that anion is nucleophilic, as expected
because it has negative charge while the contrary is observed on
the cation. Therefore, all blue colours on the cation surface, with
positive charge, clearly indicate its electrophilic characteristic. Now,
when the mapped MEP surface for the ionic liquid is evaluated we
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667

[BMIm][OTF]

Fig. 3. Calculated electrostatic potential surfaces on the molecular surface of 1-buthyl-3-methyl imij ium tri

[BMIm] Cation

[OTF] Anion

ionic liquid and its cation and anion in gas

phase. Colour ranges, in au: from red —0.090 to blue +0.090. B3LYP/6-311++G** level of theory. Isodensity value of 0.005. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Table 3

Main delocalization energies (in kj/mol) for the Anionic, Cationic and 1-buthyl-3-
methyl i trifluorometh Ifonate in gas phase by using B3LYP/6-
3114++G** level of theory.

Delocalization B3LYP/6-311++G***

[BMIM][OTF]  [BMIM] Cation  [OTF] Anion
7C8-N2— LP(1)N1 9639
Sne1p 96.39
7N2-C8— m'C5—-C6 70.77 70.81
7C5-C6— m*N2—C8 68.89 63.95
oS- 139.66 134.76
LP(2)027— ¢°028-530 65.63
LP(2)027— ¢°029-530 5355
LP(3)027— ¢°C26-530 85.56 50.03
LP(2)028— ¢°027-530 72.44
LP(2)028—~ ¢°029-530 72.69
LP(3)028— ¢°C26-S30 107.47 50.03
LP(3)F31— ¢"C26-F33 5171
LP(3)029— ¢°C26-530 5003
Sipr 509.05 150.09
LP(1)N1— 7*N2—C8 297.32 32428
LP(1)N1— 7°C5-C6 10638 12168
Sipo v 403.70 445.96
0°027-530— ¢"028-S30  57.89
0°029-530— ¢°028-S30  71.98
PR 129.87
T*N2—C8— 7*C5-C6 66.92 68.76
PR 66.92 68.76
SErora 1249.2 745.87 150.09

@ This work; Bold letters, different transitions.

observed the nucleophilic sites on the anion while the electrophilic
sites on the ring and CH3 groups but, on the side chain of ionic
liquid a notable green colour typical of inert region is observed.

4.3. NBO and topological properties

The high dipole moment value observed for [BMIM][OTF] and
the bidentate coordination that presents the [OTF] anion in the
ionic liquid suggest that this ionic liquid could present a high sta-
bility and, for these reasons, NBO and AIM calculations were per-
formed for the ionic liquid, cation and anion in gas phase by using
the B3LYP/6-311++G** method. With these two studies the sta-
bility of ionic liquid can be predicted by means of the donor-
acceptor energy interactions and the types of intra-molecular in-
teractions by using the topological properties [18,19]. Thus, in
Table 3 are presented the donor-acceptor energy interactions for
[BMIM][OTF] and both cation and anion by using the B3LYP/6-
311++G™* method. Clearly, it is observed that ionic liquid present
the interactions observed in the cation (4ETy ., 4ETy— 7+, AETy 1,
AET+_, »+ interactions), in the anion (4ET, ) and, also an addi-
tional formed, 4ET,+_, 4+ interaction while the 4ET;_, interaction
observed in the cation disappear in the ionic liquid. Here, the two
bidentate coordination that present the [OTF] group in ionic liquid
can be easily seen by the LP(3)027— ¢*C26—S30 and LP(3)028—
*C26—S30 transitions. Hence, the total energy visibly favours to
ionic liquid (1249.2 kJ/mol) due to the presence of anion (509.05 k]J/
mol) which give a high stability to ionic liquid by the 4ET,_,+
interaction.

The stability of [BMIM][OTF] was also analyzed by using the
Bader's theory of atoms in molecules (AIM) by using the topological
properties applied to the intra-molecular interactions [31]. These
properties for the ionic liquid were calculated by using the
AIM2000 program [19]. The computed electron density, p(r) and
the Laplacian values, V2p(r) for ionic liquid in gas phase by using
B3LYP/6-311++G** level of theory can be seen in Table 4 together

Table 4
Analysis of the Bond Critical Points (BCPs) and Ring Critical Points (RCPs) for 1-buthyl-3-methyl i trifluororr nate in gas phase by using B3LYP/6-
311++G** level of theory.
Parameter® B3LYP/6-311++G***
[BMIM][OTF]
RCP1 RCPN1 RCPN2 RCPN3 RCPN4 029---H11 027---H7 029---H22 F33---H19 F33---H24
p(r) 0.0545 0.0036 0.0024 0.0050 0.0014 0.0197 0.0310 0.0059 0.0046 0.0014
v2p(r) 0.4008 0.0163 0.0112 0.0216 0.0071 0.0715 0.1106 0.0203 0.0182 0.0071
A —0.0602 —0.0024 —0.0015 —0.0029 —0.0009 —0.0235 —0.0454 —0.0049 —0.0042 —0.0010
A2 0.2148 0.0059 0.0047 0.0067 0.0003 -0.0219 —-0.0427 —0.0040 —0.0041 —0.0002
A3 0.2465 0.0128 0.0079 0.0178 0.0077 0.1170 0.1987 0.0293 0.0265 0.0083
[A1]/33 0.2442 0.1875 0.1899 0.1629 0.1169 0.2008 0.2300 0.1693 0.1585 0.1205
Distances 2.091 1.861 2.705 2.686 3.249

2 This work, parameters in atomics units, distances in A.
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a:
b:
c:
d:

Fig. 4. Molecular graphics for 1-buthyl-3-methyl imi
ring critical points (RCPs) at the B3LYP/6-311++G** level of theoly

Table 5

The frontier molecular HOMO and LUMO orbitals and some descriptors for the
Anionic, Cationic and 1-buthyl-3-methyl imidazolium trifluoromethanesulfonate in
gas phase by using B3LYP/6-311++G** level of theory.

B3LYP/6-311++G**

Orbital Gas phase
(ev) [BMIM][OTF]* [BMIM]* [OTFJ* [BMIM][NO5]"
HOMO —6.3900 —11.7643 —2.9256 —5.5720
LUMO —2.1690 —5.1809 3.7790 —1.3541
|GAP| 4.2211 6.5835 6.7046 4.2180
Descriptors
(eV) [BMIM][OTF}! [BMIM] [OTFJ* [BMIM][NO;]”
b -2.1105 -3.2917 —3.3523 —2.1090
[ —4.2795 —8.4726 0.4267 —3.4630
n 2.1105 32917 33523 2.1090
N 0.2369 0.1519 0.1492 0.2371
© 4.3387 10.9038 0.0272 2.8432
E -9.032 —27.890 —1.430 —7.3035

% = - [E(LUMO)- E(HOMO)]/2; p = [E(LUMO) + E(HOMO)]/2; 1 = [E(LUMO) -

E(HOMO))/2.; S=
@ This work.
b From Ref. [13].

v w=p2[2n E = p'.

with the eigenvalues (11, A2, 13) of the Hessian matrix and the 11|/
A3 ratio. Here, it is necessary explain that for cation and anion there
are not observed interactions. For [BMIM] is observed only the RCP
characteristic of ring, as was also observed in the other [BMIM]
[NO3] ionic liquid [13]. In [BMIM][OTF] was observed that v2p(r) > 0
and |A1|/A3 <1, where clearly there are three 029---H11, 027---H7
and 029---H22 interactions typical of H bonds and two F33---H19
and F33---H24 halogen interactions, as suggested by Bader's theory
[31]. Fig. 4 shows clearly the different interactions observed by AIM
analysis for [BMIM][OTF]. Note that the topological properties for
the halogen bonds formed are low due to the larger distances
observed among the involved F and H atoms, as compared with the
H bonds. Other very important result observed in this analysis is the
asymmetric bidentate coordinations observed in the 029---H11 and

J. Kausteklis et al. / Journal of Molecular Structure 1175 (2019) 663—676

RCPN1 e: 027--H7
RCPN2 f: 029--—-H11
RCPN3 g: 029---H22
RCPN4 h: F33-—-H19

i: F33---H24

H14

H15

RCP
®BCP

ionic liquid in gas phase showing the geometry of all their bond critical points (BCPs) and

027---H7 interactions because the topological properties are higher
for the 027---H7 bond than the other one 029---H11 (see Fig. 1). The
short distance between those two 027 and H7 atoms justify
(1.861 A) the higher properties observed for the 027---H7 interac-
tion. Obviously, these interactions produce a high stability in this
ionic liquid, as was also observed by NBO study and, besides, the
bidentate coordination is confirmed by this AIM analysis.

Experimental
51
=
<
=
[
2
=
<
Theoretical
3200 3100 3000 2900 2800

Wavenumbers/cm-1

Fig. 5. Comparisons between the experimental available FTIR spectra taken from
Ref. [1] in the 3200-2800 cm ™' region with the corresponding predicted for 1-buthyl-
3-methyl imi trifluoromett ionic liquid in the gas phase at
B3LYP/6-311++G** level of theory.
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Experimental/[\M
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Fig. 6. Comparisons between the experimental available FTIR spectra taken from
Ref. [1] in the 1600-1000 cm ™" region with the corresponding predicted for 1-buthyl-
3-methyl imi i trifluoromet 1 ionic liquid in the gas phase at
B3LYP/6-311++G** level of theory.

4.4. Frontier orbitals and global descriptors

From the above studies is clearly evidenced the notable influ-
ence of [OTF] anion on the properties of [BMIM][OTF] and its sta-
bility, as supported by the high dipole moment value of ionic liquid
and the existent bidentate coordination of anion with the cation.

Then, the frontier orbitals were computed because they are useful
parameters to predict the reactivities and behaviour of this ionic
liquid. Hence, as suggested by Parr and Pearson [20] and Brédas [21]
the gap values were calculated for [BMIM][OTF], anion and cation
from the differences between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
After that, quantum global descriptors such as, chemical potential
(u), electronegativity (x), global hardness (7), global softness (S),
global electrophilicity index (w) and global nucleophilicity index (E)
were computed for those three species [22—29]. In Table 5 are
summarized the gap values and of those descriptors calculated for
the three species together with the equations used. These values
were compared with the reported for [BMIM][NO3] [13]. In Fig. 10 is
presented a graphic of frontier orbitals and gap values for 1-butyl-
3-methylimidazolium trifluoromethanesulfonate, [BMIM] cation
and [OTF] anion in gas phase by using the hybrid B3LYP/6-
311++G** method. Firstly, analyzing the gap values for the three
species we observed that the gap values for cation and anion are
approximately similar while in the ionic liquid the value decrease
drastically from 6.5835 eV in the cation up to 4.2211 eV in [BMIM]
[OTF]. Hence, we observed clearly that the effect of anion on cation
is increase the reactivity of ionic liquid but, the reactivity of [BMIM]
[OTF] ionic liquid is slightly lower (4.2211 eV) than that predicted
for [BMIM][NOs] (4.2180 eV) [13]. Thus, the [NOs] anion increases
more the reactivity of cation as compared with the [OTF] anion.
Now, evaluating the descriptors from Fig. S4 we observed that the
electronegativity (x), global hardness (1) and global softness (S) are
similar in the three species but in the cation higher electrophilicity
and nucleophilicity values are observed than the other two species.
Hence, the effect of anion is to reduce the values of both properties,
as evidenced by the values for [BMIM][OTF]. Then, when the de-
scriptors of both [BMIM][OTF] and [BMIM][NOs] ionic liquids are
compared, it is clearly observed from Fig. S5, that the electroneg-
ativity (), global hardness (n) and global softness (S) values are
similar in both species. However, higher electrophilicity and lower
chemical potential and nucleophilicity are observed for [BMIM]
[OTF] than [BMIM][NOs3]. Hence, the influence of the [OTF] anion on

Raman Intensity

Experimental

Theoretical

4000 3500 3000 2500

2000 1500 1000 500 0

Wavenumbers/cm-1

Fig. 7. Comparisons between the experimental Raman spectra with the corresponding predicted for 1-buthyl-3-methyl imidazolium trifluoromethanesulfonate ionic liquid in the

gas phase at B3LYP/6-311++G™* level of theory.
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Table 6
Observed and calculated (cm™') and assignments for 1-buthyl-3-methyl imidazolium trifluoromethanesulfonate and its cation and anion in gas phase.
Experimental [BMIM] Cation® [OTF] Anion® [BMIM][OTF]*
IR Ra’ SQM*© Assignment® SQM*© Assignment® sQM© Assignment®
3188w 3169w 3156 vsC-H 3148 vC5-H13
3152s 3151w 3142 vC1-H25 3144 vC8-H9
3117sh 3114w 3139 vaC-H
3110s 3033 vaCH3(C8) 3022 vaCH3(C3)
3024sh 3018 v,CH5(C8) 3003 v,CH5(C3)
2995 VvaCH,(C12) 2985 VvaCH,(C10)
2979 vaCH3(C21) 2967 vaCH3(C20)
2963s 2968 m 2967 vaCH3(C21) 2959 vaCH3(C20)
2951 vsCHy(C12) 2945 VvaCH,(C16)
2935s 2943 m 2942 vsCH3(C8) 2936 VvaCH,(C17)
2935s 2943 m 2937 vaCHy(C15) 2934 vsCH3(C3)
2935s 2917m 2909 vaCH3(C18) 2923 vsCH2(C10)
2935s 2917 m 2907 vsCH3(C21) 2896 vC6-H7
2875m 2879 m 2898 vsCH,(C15) 2895 vsCH3(C20)
2875m 2879m 2882 vsCH,(C18) 2880 vsCHy(C17)
2875m 2879 m 2875 vsCHy(C16)
1569w 1548 v(3-C4,vN5-C1 1554 ‘VN2-C8,pC6-H7
1539 vN2-C1 1542 VN1-C8
1461w 1449 3,CH3(C8) 1453 3CH,(C10)
1448w 1445 3,CH3(C21) 1451 3,CH3(C3)
1438 8,CH3(C21) 1443 5,CH3(C20)
1432sh 1434 3CH,(C12) 1437 3,CH3(C20)
1429 3CH,(C18) 1432 3CH,(C17)
1420 m 1422 8,CH3(C8) 1424 dCH,(C16)
1420m 1414 3CH,(C15) 1423 3,CH3(C3)
1391w 1396 8sCH3(C8) 1395 8sCH3(C3)
1391w 1391 vN2-C3 1390 pCH(C10), VN2-C8
1391w 1375 wagCH,(C15) 1380 wagCH,(C10)
1363 wagCH,(C12) wagCH,(C18) 1371 wagCH,(C17)
1361 8,CH5(C21) 1357 VN1-C5
1334w 1341w 1354 wagCH,(C12) 1349 3,CH3(C20)
1313w 1316 wagCH,(C18) 1317 pCH,(C10), BC6-H7
1303w 1300 wagCH,(C18) wagCH,(C15) 1308 pCH,(C17)
1274s 1292 pCH,(C18) 1299 BC6-H7,yN1-C3
1274s 1282w 1272 BC3-H7 1284 wagCH,(C16)
1260w 1259 pCH,(C16)
1226w 1235 pCH,(C15)
1256s 1197w 1188 pCH,(C12) 1168 vaS03 1206 VaS03
1168 vaSO3 1186 pCH,(C10)
1222 m 1142 v5CF3,05CF3 1150 vsCF3,05CF3,BC5-H13
1162s 1169w 1145 BC8-H9
1162s 1131w 1134 BC1-H25 1074 vaCF3 1134 VaCF3
1073 v,CF3 1118 vC5-C6
1118w 1118 p’'CH3(C8) 1118 p'CH3(C3)
1093w 1095 pC4-H6 1106 p'CH3(C20), vC16-C17
1162s 1093w 1087 pCH5(C21), vC15-C18 1099 v,S03
1066w 1075 p’'CH3(C21) 1078 pCH3(C20)
1057w 1069 pCH5(C8)
1030s 1034vs 1069 VvaCF3
1068 pCH3(C3)
1023s 1023 BR2 1020 vC16-C17,vC17-C20
1017sh 1013 BRy,vN5-C4 1017 BR,
1003 vC18-C21 1003 VN2-C6,BR;
989vw 989 yC6-H7
976vw 977 vC10-C16
1030s 1034vs 957 vC12-C15 938 vsSO3 935 VvsSO3
908w 908 pCH5(C21) 897 1,CHy(C10)
886w 867 yaC-H 888 p'CH3(C20)
845w 842 TWCH,(C15)
825vw 821 yC1-H25
810vw 802 yC8-H9
757s 774 TWCH(C12),vC15-C18 746 yC5-H13
757s 741 ysC-H 741 1,CHy(C17)
757s 710 85CF3,vsCF3 720 85sCF3,vsCF3
757s 717 VN2-C10
735w 701 TwCH,(C18)
699w 668 vN5-C8 672 TwCH2(C16)
653w 653 TRy
641w 634 Ry
624w 613 TRy 616 VN1-C3
602w 609 TRy
602w 607 85503 608 TR2,3:503
574w 570 vN2-C12 547 8,CF3 552 8,CF3
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Table 6 (continued )

Experimental [BMIM] Cation® [OTF] Anion® [BMIM][OTF]*

IR" Ra* SQM© Assignment® SQM* Assignment® sQM© Assignment®
519w 547 8,CF3 543 8,503
500vw 494 82503 496 5,503,3,CF3
451vw 481 6c12C15C18 493 8,503 492 8,503,0.CF3
432vw 426 6c16C17C20

3N2C10C16
415vw 410 BN5-C8,BN2-C12 414 BN2-C10
349 m 327 p'SO5 336 pS03,p'CF3
323sh 320 SN2C12C15 327 p'CF3,pS03 329 p'SOs3
314m 315 vN2-C10
282vw 281 BN1-C3
282vw 282 6c15C18C21 268 vS1-C8 279 v$30-(26,55503
259vw 241 YN5-C8 243 YN1-C3,6c10C16C17
221 TwCH5(C21) 221 TwCH3(C20)
212w 201 6c12C15C18,yN5-C8 191 pCF3 199 pCF3
160sh 191 p'CF3,pS03 195 p'SO3,p/CF3
160sh 194 pSO3,p/CF3
131sh 141 YN2-C12 134 v029-H11
111 v027-H7
98 ©C16-C17
84 tC10-C16
75s 75 1C15-C18,1C12-C15 81 YN2-C10
66 YN5-C8 65 TwCH3(C3)
58 TWCH3(C8) 57 8027H7C6
53 TwS03 54 047027530
36 TwS03,TwCF3
34 8029H11C10
19 TwC12-N2 1 0411029530
Abbreviationsv, stretching; wag, wagging; <, torsion; p, rocking; tw, twisting; 3, deformation; a, antisymmetric; s, symmetric.
2 This work.
> From Ref [1,3].

¢ From scaled quantum mechanics force field B3LYP/6-311++G** method.

the ionic liquid is to reduce drastically the electrophilicity and
nucleophilicity indexes of cation, as observed in Table 5.

5. Vibrational analysis

In this analysis, the theoretical structures of [BMIM][OTF] and
[BMIM] were optimized with C; symmetries by using the B3LYP/6-
311++G** method while its [OTF] anion with C3y symmetry. Hence,
for [BMIM][OTF] and [BMIM] are expected 93 and 69 vibration
normal modes, respectively while for the anion only 18 vibration
normal modes are estimated. The experimental infrared spectra for
[BMIM][OTF] were taken from those available for this ionic liquid
between 3200 and 2800 cm ™' and between 1600 and 1000 cm ™
regions [1,3] while the Raman spectrum was recorded by us. These
spectra were compared with the corresponding predicted at the
same level of theory in Figs. 5, 6 and 7, respectively. Analyzing
exhaustively the IR spectra in the 3200 and 2800 cm™! region we
observed that there is not a very good correlation between exper-
imental and theoretical ones, as expected because the intermo-
lecular interactions due to the force packing were not considered in
the calculations. Here, the calculations were performed for the
ionic liquid isolated in the gas phase. However, the comparisons in
the 1600 and 1000 cm™! region (Fig. 6) show three experimental
bands between 1300 and 1000 cm™! that are clearly predicted by
B3LYP/6-311++G** calculations (Fig. 6) evidencing a very good
correlation. On the other hand, the better correlations are observed
between the experimental and predicted Raman spectra from Fig. 7,
especially because the calculated activities are converted to in-
tensities by known equations [32,33]. The observed and calculated
wavenumbers can be seen in Table 6 together with the corre-
sponding assignments for [BMIM][OTF], [BMIM] cation and [OTF]
anion in the gas phase by using the B3LYP/6-311++G** level of
theory. The harmonic force fields in Cartesian coordinates for those
three species were calculated with the SQMFF methodology [16]

and the Molvib program [17] taking into account the internal co-
ordinates. Then, in the refinement process the harmonic force fields
were transformed to internal coordinates by using scale factors
reported in the literature [16] in order to obtain the harmonic
scaled force fields. The vibrational assignments were performed for
those three species considering potential energy distribution (PED)
contributions > 10% and by comparisons with species containing
similar groups [34—42]. Here, the very strong band observed in the
Raman spectrum at 1034 cm™', which is predicted by B3LYP/6-
311++G** calculations at 970 cm™, is easily assigned to SO3 sym-
metric stretching mode. The assignments of some groups are dis-
cussed below.

5.1. Band assignments

5.1.1. CH modes

For [BMIM][OTF] and its cation are expected three C—H
stretching modes, in-plane and out-of-plane deformation modes.
In [BMIM][NO3], the C—H stretching modes were assigned between
3170/3163 and 2942/2941 cm ™! [13] while the in-plane deforma-
tion modes are predicted between 1312 and 1307 cm~! but, in the
cation that modes is predicted at 1134 cm ™. In this ionic liquid and
its cation, the stretching modes are predicted between 3148 and
2896 cm ™! while the in-plane and out-of-plane deformation modes
between 1554/1095 and 989/741 cm™, respectively. Hence, the IR
and Raman bands between 3188 and 2935 cm ! are easily associ-
ated to these stretching modes while the bands at 1317/1095 and
989/753 cm ™! are related to in-plane and out-of-plane deformation
modes, respectively of ionic liquid and its cation. In this ionic liquid
the C6—H7 stretching mode is predicted in the IR spectrum with
strong intensity and, for this reason, the IR band at 2917 cm!
should be assigned to that vibration mode.
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Table 7
Comparisons of scaled internal force constants for 1-buthyl-3-methyl imidazolium
trifluoromethanesulfonate and its cation and anion in gas phase.

B3LYP/6-311++G**Method

Force constants ~ [OTF]*  [BMIM][OTF]*  [BMIM]*  [BMIM][NO3]"
C1 (&} a

f(v503) 7.63 7.65

f(vs-C) 203 221

f(vCFs) 498 520

f(vC-H) 521 540 510 514 513
flvCH>) 4.73 4.73 473 471 473
f(vCH3) 4.84 4.87 482 480 482
fvC-N)g 6.60 6.60 657 660 6.60
fvC-N) 434 415 435 435 435
forC=0C) 7.47 7.60 760 7.60 7.60
fve-0) 397 3.93 393 393 393
f(6S03) 1.62 1.82

f(6CF3) 154 123

f(6CH) 128 0.77 052 053 052
f(6CH3) 0.54 0.52 160 160 160

Units are mdyn A~ for stretching and mdyn A rad— for angle deformations.
@ This work.
> From Ref [13].

5.1.2. CH3 modes

Here, a total of 18 vibration normal modes are expected for
[BMIM][OTF] and its cation due to the presences of two CH3 groups,
as in [BMIM][NO3] [13]. For this ionic liquid and its cation, the
antisymmetric and symmetric modes are predicted between 3033
and 2895cm™, hence, the IR and Raman bands from 3110 to
2875cm ™! are assigned to those modes, as detailed in Table 6. In
similar species and, in particular in [BMIM][NOs] [13], the defor-
mation modes are assigned between 1474 and 1366cm™’
[22—-26,29]. Thus, in [BMIM][OTF] and its cation the IR and Raman
bands between 1461 and 1341 cm ™! are clearly assigned to those
vibration modes, as observed in Table 6. The rocking modes in those
two species are predicted between 1118 and 888 cm ™! and, for this
reason, the bands observed in this region are assigned to those
vibration modes. The twisting modes in the ionic liquid and its
cation are predicted between 221 and 58 cm™ ', hence, these vi-
bration modes cannot be assigned because there are not Raman
bands observed in this region. Note that in the cation of [BMIm]
[NOs] [13] these modes are predicted in the same region, as in
similar species [22—26,29].

5.1.3. CH, modes

In [BMIM][NO3], the expected antisymmetric and symmetric
stretching modes for these groups were predicted between 2993
and 2872 cm~' [13] while in this ionic liquid between 2995 and
2875 cm~ . Accordingly, the IR and Raman bands observed in these
regions can be easily assigned to those vibration modes and, of
course, the symmetric modes are associated to the Raman bands of
media intensities at 2943, 2917 and 2879cm™}, as detected in
similar species [13,22—29]. The other vibration modes for these
groups, such as deformation, wagging, rocking and twisting modes
are eventually expected in different regions [13,22—29]. For
instance, in [BMIM][NOs] those modes were assigned at 1450/1417,
1417/1283, 1302/1112 and 952/672 cm™’, respectively. In [BMIM]
[OTF] and its cation, these modes can be assigned to the Raman
bands at 1432/1420, 1391/1260, 1226/1197 and 908/699 cm .
Notice that in this ionic liquid these modes are assigned in
approximately the same regions than in [BMIM][NOs] [13].

5.1.4. SO3 groups
These groups in [BMIM][OTF] and its [OTF] anion are optimized

by B3LYP/6-311++G** calculations with C3y symmetries and, for
these reasons, this symmetry was considered in the vibrational
analyses of those groups in the two species, as was reported by
Johnston and Shriver for trifluoromethanesulfonate anion [40].
Besides, between [BMIM][OTF] and its [OTF] anion a bidentate co-
ordination with two S=O0---H bond interactions are observed, as
shown in Fig. 1 and, as evidenced by NBO and AIM calculations.
Hence, two antisymmetric (v,S03) and one symmetric stretching
(vsSO3) modes are expected for the ionic liquid and its anion.
Generally, these stretching modes appear in different regions
depending if the group is neutral or anionic and, also in accordance
with the medium [34—40]. Thus, in the cyclamate anion in aqueous
solution the antisymmetric and symmetric stretching modes are
assigned at 1192, 1185 and 993 cm ™, respectively [38] while in the
zwitterion acid gas these modes are assigned to 1265, 1251 and
974 cm™. In this ionic liquid those three modes are predicted at
1206, 1099 and 935 cm™" while in the anion the stretching modes
are predicted at 1168 and 938 cm™ . Here, it is very important to
analyze the separation between the two antisymmetric modes
because for the cyclamate anion in aqueous solution the difference
is 7cm ! while in the zwitterion acid gas is 14 cm ™. On the other
hand, in the [OTF] anion the separation between the two anti-
symmetric modes is null while in the ionic liquid 107 cm™.
Evidently, the presence of [BMIM] cation linked to [OTF] anion
generate a very important shifting of one of the two antisymmetric
modes of [BMIM][OTF] towards lower wavenumbers due probably
to the S=O0---H bonds interactions. Hence, the strong IR bands at
1256 and 1162cm™' are assigned to these two antisymmetric
modes with a separation between both modes of 94cm™'. How-
ever, the symmetric stretching (vsSO3) mode from the anion
(938 cm™1) to the ionic liquid (935 cm™!) practically is no modified.
In similar species the SO3 antisymmetric and symmetric deforma-
tion modes are predicted between 622 and 464 cm~' [34—40]. In
this ionic liquid and its anion these modes are assigned between
602 and 451 cm~L The other rocking and twisting modes are
assigned as predicted by calculations between 349/160 and 53/
36 cm~ ), respectively as was summarized in Table 6. Clearly, these
modes were not assigned because the Raman spectrum was
recorded up to 70cm .

5.1.5. CF3 modes

The ionic liquid and its anion were optimized with C3y sym-
metries, as the SO3 group of [OTF] and, as a consequence that
symmetry was employed to perform the vibrational study, as re-
ported by Johnston and Shriver for trifluoromethanesulfonate
anion [40]. Hence, two antisymmetric (v,CF3) and one symmetric
stretching (vsCF3) modes are also expected for those two species.
These vibration modes in compounds containing similar groups are
assigned between 1237 and 1149 cm™! [40—42]. In [BMIM][OTF]
and its [OTF] anion, the SQM calculations have predicted the
symmetric stretching mode strongly coupled with the symmetric
deformation where clearly in both species the higher potential
energy contribution was observed for the symmetric deformation
mode. Despite of this prediction, the IR bands in the spectrum of
jonic liquid at 1222, 1162 and 1030 cm™! were assigned to those
stretching modes, as reported by Johnston and Shriver for tri-
fluoromethanesulfonate anion [40] while in the anion they were
assigned at 1142, 1074 and 1073 cm !, as shown in Table 6. The
symmetric and antisymmetric deformation modes are predicted in
the ionic liquid at 720, 552 and 492 cm 1 while in the anion at 710
and 547 cm ™. The rocking and twisting modes in [BMIM][OTF] are
predicted at 336/194 and 36 cm™ !, respectively while in the anion
at 327 and 191 cm™
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5.1.6. Skeletal modes

The N1=CS8 stretching mode in the ionic liquid was predicted in
the IR spectrum at 1542 cm 1, and, for this reason, it presents
double bond character while the other N2=C8 stretching mode was
predicted at 1390 cm ™! with partial double bond character. On the
other side, the C5—C6 stretching mode was clearly predicted with
simple bond character at 1118 cm ™! by SQM calculations. The S—C
stretching mode in the ionic liquid and its anion was predicted at
279 and 268 cm™!, respectively as was observed in different tri-
fluoromethanesulfonate species [40] and, for these reasons, they
were assigned to the Raman band at 288 cm™". Here, the N—CH3
stretching mode (N1—C3) in the ionic liquid was predicted at
1299 cm~! while in the anion at 668 cm ™', revealing this way, the
strong shifting of this mode as a consequence of change of [OTF] by
nitrate anion. The C—C stretching modes belonging to the butyl
chain are predicted with simple bond characters, as expected and,
for this reason, they are assigned between 1162 and 757 cm~}, as
predicted by calculations. For the imidazoline rings, the expected
deformations Bgry and Bgrz and torsions tgy and tgy rings, were
assigned in the approximately the same regions for the ionic liquid
and its anion, as reported for [BMIM][NOs] [13].

6. Force constants

Comparisons of scaled internal force constants for 1-buthyl-3-
methyl imidazolium trifluoromethanesulfonate, cation and anion
species in gas phase are presented in Table 7 together with those
reported for the three conformers most stable of [BMIM][NO3] [13]
in the same medium and by using the B3LYP/6-311++G** method.
These constants were calculated with the SQMFF procedure [16]
and the Molvib program [17]. In Fig. S6 are represented the scaled
internal force constants values for [BMIM][OTF] and the compari-
sons with those calculated for [BMIM] cation and [OTF] anion.
Evaluating first, the force constants values for [BMIM][OTF] and
[OTF] anion, it is observed that the f{(»SO3) force constants for both
species have practically the same values while the other f(»S-C),
f(vCF3) and f(6S03) force constants have higher values in the ionic
liquid with exception of the f{6CF3) force constant which is higher in
the anion. If now the force constants values for [BMIM][OTF] and its
[BMIM] cation are compared from Fig. S6, we observed that in
general the values are higher for the cation with exception of f(vC-
N) and f(6CH;) force constant. Then, when the force constants for
[BMIM][OTF] are compared with the corresponding to the most
stable C2 conformer of [BMIM][NOs] is observed that the f{6CH>)
force constant is higher in [BMIM][OTF] while the f(6CH3) force
constant is higher in [BMIM][NOs] [13]. Here, the bidentate coor-
dination predicted for [BMIM][OTF] with one S—O—-H—C—H bond
could probably explain the higher value of the f(6CH,) force con-
stant in this ionic liquid.

7. Conformation equilibrium in [BMIM][OTF]

Conformational equilibrium of the [BMIM] cation was investi-
gated monitoring the combination of imidazolium ring deforma-
tion and the CH, rocking bands [43]. Two Raman bands of different
neat ionic liquids were many times investigated and reported as
gauche-trans (gauche) at lower frequency (602cm™!') and trans-
trans (trans) (624 cm’l) conformers. The relative intensity of the
band at 601 cm ™" to the band at 624 cm ™' was proportional to the
gauche/trans population ratio (Igauche/ltrans)- In Fig. 8 Raman spectra
of pure IL 1-buthyl-3-methyl imidazolium tri-
fluoromethanesulfonate and 1-buthyl-3-methyl imidazolium ni-
trate in the 540-680cm™' spectral range are depicted. The
positions and intensities of the observed Raman bands well
correlated with the relevant parameters of two [BMIM] conformers

—— [BMIM][OTF]
—— [BMIM][NO3]

Raman Intensity

T T T T T T
540 560 580 600 620 640 660 680
Wavenumbers/cm™

Fig. 8. Raman spectra of neat [BMIM][OTF] (red) and [BMIM][NOs] (black) ionic liquids
in conformations spectral region between 540 and 680 cm ™. Grey bars depict the DFT
calculations result for Raman bands assigned to gauche and trans conformers vibra-
tions. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

calculated by DFT. Calculated Raman bands depicted by grey bars in
Fig. 8 where the at ~609 cm ™" and ~634 cm™ indicates the gauche
and trans conformers by the rotations around C12—C15 and
C15—C18 bonds (Fig. 2). The presence of both bands indicates that
ILs based on [BMIM] cation exist as a mixed state of cation con-
formers regardless of the anion type. According to the relative band
intensities of two bands in Fig. 8, the preference of the trans
conformation was found in [BMIM][OTF] versus [BMIM][NO3]. This
result could be explained in terms of anion hydrophobicity. lonic
liquids tend to interact with other materials via anion. Previous
studies (Kausteklis, Aleksa, submitted J. Mol.Liq. 2018) showed that
the Igquche/lrans Tatio increases when the water was added to neat
[BMIM][NO3] ionic liquid and could help to determine water
packing processes in ILs. [BMIM][NO3] has more hydrophobic anion
than [BMIM][OTF] and indicates either more water from the at-
mosphere or more packed structure of [BMIM][NOs].

The type of anion influence to the conformational equilibrium
was investigated in the set of neat ionic liquids. In Fig. 9 the Igauche/
Iirans ratio of neat iconic liquids [BMIM][X], X =1, Br, Cl, BFy4, OTF,
NOs versus anion ionic radius is depicted. The preference of the
trans conformation was listed in the following order:
I"> Br > CI"> OTF > NO3™ > BF4". The conformation preferences for
ILs with halide anions (I7, Br”, CI") agreed with the previous report,
which proposed the stronger electrostatic field by smaller halide
anions imposes the gauche conformation [44]. However, no
spherical and halide anions did not ordered well together in the
distribution of ionic radius versus gauche/trans conformers ratio.
The anion hydrophobicity was used to explain the order of anions
determined in our experiments [45]. The Igquche/ltrans ratio for the
most hydrophilic anion I" was 0.8 and for the most hydrophobic
anion BF4~ 1.9.

As well as anion hydrophobicity the cation chain length also
plays important role in conformational equilibrium. Neat IL's
[BMIM][CI] and [BMIM][Br] Igquche/ltrans ratio was compared to long
chain ionic liquids 1-decyl-3-methyl-imidazolium chloride and
bromine ([DMIM][CI] and [DMIM][Br]) Igauche/ltrans conformers ra-
tio. [DMIM][Cl] showed 1.08 and [DMIM][Br] 0.85 while [BMIM][Cl]
showed 1.4 and [BMIM][Br] 1.1, respectively. The preference of the
trans conformation in IL's with longer cation chain depicts the
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Fig. 9. Igauche/ltrans Tatio dependence of the [BMIM] cation versus ionic radius of
different anions.

different lower mobility and more structured behaviour of long
chain IL's.

Furthermore the temperature impact was registered for
conformational equilibrium (Igquche/ltrans ratio) in [BMIM][OTF] and
depicted in Fig. 10. Below room temperature the huge increase in
Igauche/ltrans Tatio was noticed. At temperature 305K we have 1.5
times more ionic liquid cations oriented in gauche form than trans,
while at 200 K this ratio increased to 8.8. The insert in Fig. 10 shows
the Raman spectra at described temperatures. The decrease of
anion mobility and packaging peculiarities with the decrease of
temperature, could explain these results. Moreover, the tempera-
ture dependence of conformational equilibrium could be used to
investigate the difference in the partial molar enthalpy of the trans
and gauche conformers (AHrans— gauche). As mentioned before the
Raman intensity of the trans conformer increases as the tempera-
ture was increased for [BMIM][OTF]. Summing up that the ratio of
the Raman scattering cross-sections between the trans (A) and

gauche (B) conformers is independent of temperature,
9
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Fig. 10. Temperature dependence of the integrated intensity ratio between the gauche
and trans conformers vibrations in full temperature range for pure [BMIM][OTF].
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Fig. 11. Temperature dependence of the integrated intensity ratio between the trans
and gauche conformers vibrations in room temperature range for pure [BMIM][OTF].

AHtrans - gauche is given by (1) [46].

A-B _ _pfoln(g/la)
AHA™E — R{ia“m }p. (1)

In this equation, R, Tand p are the gas constant, temperature and
pressure, respectively. I and Iz indicate the relative Raman in-
tensity of conformers A and B, respectively, and “A” and “B”
correspond to the conformers of the [BMIM] cation [46]. From the
slope of the line in Fig. 11 AHuqans—gauche for [BMIM][OTF]
is —0.5 + 0.2 kJ/mol. While the values —1.1 + 0.2 k]/mol for [BMIM]
[NOs3], —1.5+0.4k]/mol for [BMIM][SCN], —0.9 +0.1k]/mol for
[BMIM][CH3COO] and —1.0 +0.1 kJ/mol for [BMIM][BF,], respec-
tively [46], was measured for other RTIL's. Considering the standard
error, the value of 4Hans— gauche in [BMIM][OTF] is close to the
value in other RTILs, which approximately are —1.0 kJ/mol and are
independent of the anionic species [44,47].

Based on relationship 4G = 4H — T4S, our results agree to the
consideration that entropy drives the thermodynamic stability of
the conformational equilibrium for [BMIM] anion in [BMIM] based
ILs with no spherical anions [46].

8. Conclusions

In this work, the 1-buthyl-3-methyl imidazolium tri-
fluoromethanesulfonate ionic liquid was characterized structural
and vibrationally combining the experimental Raman spectrum
and the experimental available infrared with DFT calculations
based on the B3LYP/6-311++G** method. The theoretical structure
of ionic liquid shows that the [OTF] anion is linked to [BMIM] cation
by two different S—O—-H hydrogen bonds forming a bidentate
coordination. One H bond is linked to H atom of ring and the other
one to H atom of a CH group. Very good correlations were
observed between the predicted infrared and Raman spectra for the
proposed structure with the corresponding experimental ones. The
high stability of ionic liquid was evidenced by the high dipole
moment value and by three intramolecular H bonds and two
halogen bonds interactions, as supported by NBO, AIM and bond
orders calculations. The LP(3)027 — ¢*C26—S30 and LP(3)028—
0*C26—S30 transitions predicted in ionic liquid by NBO calculations
support the bidentate coordination of anion while the AET,_ ,+
interactions related to anion show the high stability to ionic liquid.
The different values of Mulliken charges observed on the O atoms
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that forming the H bonds support the asymmetric bidentate coor-
dination of [OTF] anion with the [BMIM] cation. The [OTF] anion
increase the reactivity of [BMIM][OTF], as compared with [BMIM]
[NOs3] while the [NOs] anion increases more the reactivity of cation
as compared with [OTF]. In addition, the [OTF] anion reduces
drastically the electrophilicity and nucleophilicity indexes of cation
evidencing the strong influence of anion on the properties of cation.
The vibrational analyses for the ionic liquid and its cation and anion
have revealed a very important shifting of one of the two anti-
symmetric modes of [BMIM][OTF] towards lower wavenumbers
due probably to the asymmetry of S=O---H bonds interactions
which is no observed in the anion. The complete vibrational as-
signments were performed for ionic liquid, cation and anion and
the harmonic scaled force constants were reported at the same
level of theory. Finally, the anion hydrophobicity, the cation chain
length and the temperature have great impact on the conformation
equilibrium in [BMIM][OTF].
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Clusterization process of water molecules called “water pockets” in the imidazolium-based room temperature
ionic liquid (RTIL) 1 butyl 3 methylimidazolium nitrate ([C;mim][NOs]) was investigated using Raman spectros-
copy. Changes of Raman spectra were observed in four different spectral regions when the content of heavy
water (D,0) in the RTIL-D,0 system was continuously increased. It was found that different parameters of the
Raman bands were sensitive to the added content of D,0. Discontinuous distribution in the concentration depen-
dencies of those parameters was registered. The extent of “water pockets” formation process was determined
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Water pockets from discontinuities in the concentration dependencies of monitored shifts and integral intensities of the
Tonic liquids Raman bands. The blue shift of symmetric NO3 stretching mode at 1041 cm ™" and the stretching mode at 2nd
Hydrogen bonding carbon position C(2)-H at 3100 cm ™" of imidazolium ring was noticed in the spectra even after adding of infin-

Raman spectroscopy itesimal content of water to the mixture. The identical behavior analyzing the Raman band at 706 cm ™" assigned
to NO3 bending mode was discovered. Moreover, the ratio of integral intensities of two Raman bands at 600 and
625 cm ™! assigned to GT and TT forms of butyl chain was also found to be dependent on the content of D,0 in the
mixture. The distribution among relative integral intensities of Raman bands assigned to vibrations of different
water clusters was sensitive to the content of D,0 in the mixture too. Overall, the lower boarder of “water
pockets” formation process (X = 0.6 molar D0 ratio) in [C;mim][NO3] came up with the discontinuous spectral
changes observed for NO3™ stretching mode, and vibrational modes of different water clusters. The upper boarder
of “water pockets” formation process (X = 0.86 M D,0 ratio) was found out from discontinuities in concentration
dependencies of imidazolium ring stretching mode, and vibrational modes of different water clusters. The confor-
mational changes of [C;mim] ™" cation at the same D,0 concentration corresponding to the upper boarder of
“water pockets” formation were observed.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction dramatically change the diffusion coefficients [7], polarity [8], viscosity

[9], and surface tension [10] of RTILs. The number of studies was

Room temperature ionic liquids (RTILs) - well known molten salts
with many attractive physical and chemical properties determined by
various interactions between anions and cations [1,2]. Wide liquid
range, high ionic conductivity, negligible vapor pressure, high electro-
chemical and thermal stability and significant ability to solubilize or-
ganic, inorganic or polymeric materials are mainly caused by dipolar,
electron pair donor-acceptor, columbic interactions and hydrogen
bond formation. These properties empower possibilities to use ionic liq-
uids as functionalized materials which engage researchers for theoreti-
cal and experimental studies [3-6]. The contaminants changing
properties of ionic liquids and the purity of samples are significant to
studies of “pure” RTILs. Water is one of impurity which could be found
in RTILs when exposed to air [2] and even small amount of it can

* Corresponding author.
E-mail address: valdemaras.aleksa@ff.vult (V. Aleksa).

https://doi.org/10.1016/j.molliq.2018.09.060
0167-7322/© 2018 Elsevier B.V. All rights reserved.

found employing the new strategy emerged of mixing RTILs with com-
pounds which previously used to be impurities depending on the pur-
pose [11,12] i.e. organic compounds [8,9], other RTILs [13] and water
[12,14]. However, better perception of RTILs and water interactions as
well as the structure of mixtures at different constituent concentrations
is needed to devise methods for application of RTILs in combination
with water.

With water incorporation into RTILs the increase of ions diffusion co-
efficient was observed due to decrease in the viscosity of the corre-
sponding ILs arising from suppression of the electrostatic interactions
between ions [12]. The variety of different structures of water and
RTILs mixtures were reported to be dependent on anion and cation
combination and the water concentration too [14-18]. The fascinating
water clusterization process called “water pockets” formation in
[C4mim][NOs] and D,O mixtures recently was observed applying
small-angle X-ray scattering (SAXS), small-angle neutron scattering
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(SANS) and differential scanning calorimetry (DSC) techniques [19-21].
In the [C4mim][NO;]-water system anomalous freezing occurred dis-
cretely for a wide range of water concentrations (0.7 <X < 0.9 M D,0
ratio). The molecular dynamics (MD) simulations demonstrated water
confinement in imidazolium cation and nitrate anion based RTIL 1-
octyl-3-methylimidazolium nitrate ([Cgmim][NO3]) mixtures with
water of different concentrations [3]. Confined water existence in the
boundary between the polar and non-polar nanodomains was found.
Another MD simulation work identified four concentration ranges in
hydrophilic RTIL and water systems where four distinct structural re-
gimes were presented: isolated water molecules (X0 < 0.5); chain-
like water aggregates (0.5 < Xu20 < 0.8); bicontinuous system (0.8 <
Xuz0 < 0.95); and isolated ions or small ion clusters, respectively (X0
>0.95) [22]. Previously mentioned aprotic ionic liquids (APILs) together
with protic ionic liquids (PILs) are two broad categories used for general
classification of ionic liquids. Transport and volumetric properties, heat
capacities, viscosity and refractive index together with effect of water on
the local structure and phase behavior of PILs mixtures of different mo-
lecular solvents were widely investigated in previous studies [23-27].In
the case of PILs differently to APILs the anion does not play crucial role in
interactions, while the main attention is focused on interactions near
cation and water. Polar —NH groups and hydrophobic anions (e.g.
TFSI) make the interaction scheme reversed [26] comparing to aprotic
ionic liquids investigated in this study. In particular, water is found to in-
teract with the anions, the cation is less interesting. The applicability of
[Csmim][NOs] ionic liquid as solvent for proteins [27-29], tool for water
removal from the protein surface [30] and advanced lubricant fluid [31]
is derived by different capabilities of NO3~ anion interactions with differ-
ent materials. Moreover, the evidences for “water pockets” already were
studied on short chain cation IL-D,O systems based on N,
N diethyl N methyl N 2 methoxyethylammonium tetrafluoroborate
and 1 butyl 3 methylimidazolium nitrate [20]. As Raman spectroscopy
works well identifying phase changes in long chain ionic liquids and
water mixtures [14] for this study a short chain NO3™ based [C;mim]
[NOs] IL was chosen to broaden the available methods to investigate
water structures in short chain cation based ionic liquid mixtures.

2. Experimental

Commercially ~ available  high  purity  ionic  liquid
1 butyl 3 methylimidazolium nitrate was received from Merck KGaA
Darmstadt and lonic Liquids Technologies GmbH (>99%, the structure
and atom numbers are shown in Fig. 1 insert). The samples as-
received may contain a small amount of water. To remove water and
other impurities samples were dried under vacuum at 353 K for 24 h
[32]. The decomposition temperature of this IL is 519 K [33]. In our
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Fig. 1. Raman spectra of neat [C;mim][NOs] (upper) and neat D,0 (lower) distributed in
four spectral regions sensitive to added D,0. In the insert the structure of [C4mim][NO].

studies the sample temperature was much lower. The water (H,0)
used in experiments was freshly distilled. Heavy water (D,0) was or-
dered from Sigma-Aldrich (299.9 atom % D). The samples of [C4mim]
[NO3]-H,0 and [C4mim][NOs]-D,0 systems were prepared by
weighting (4+0.1 mg) the components. Each sample was thoroughly
mixed and left to stand for 30 min at 298 K. Prepared mixtures were
monitored by Raman spectroscopy, which provides the information
on local water and ionic liquid structures. Raman spectra were typically
measured at room temperature (298 K) using the Bruker MultiRAM FT-
Raman spectrometer with the motorized xyz-sample stage and with the
high-sensitivity liquid nitrogen cooled germanium and InGaAs detec-
tors. The 1064 nm wavelength beam of the pulsed Nd:YAG laser
(500 mW) and the 785 nm wavelength beam of the Si diode
(300 mW) as the excitation sources using the 180° scattering geometry
were employed in the experiments, while the resolution of the spec-
trometer was set to the 2 cm™~". Average of 400 Raman spectra was re-
corded to get better signal to noise ratio at spectral range
70-4000 cm~'. For sample measurements at low temperatures
(293 K-153 K) LinKam temperature control system PE95/T95 with tem-
perature accuracy of 0.05 °C and cooling rate 3 °C/min was used. To
avoid the background samples were prepared and measured in silica
cells. From measured neat ionic liquids spectra the low background
level was found. This let us obtain both qualitative and quantitative in-
formation while processing spectra only with normalization and linear
baseline subtraction functions. The FT-Raman spectrometer control
and experimental data digital processing were performed using the
OPUS 7.0 and the Origin 8.0 software program packages.

3. Results and discussion

Raman spectra of the neat [C;mim|[NO3] and neat D,0 in the whole
spectral range between 550 and 3300 cm ™' are depicted in Fig. 1. The
Raman spectrum was divided to four regions which were found being
sensitive to added D,0 content. Assignments of [Cymim][NO;3] Raman
spectral bands were well investigated by previous studies for RTILs
which had the similar structure (anion or cation) in comparison to our
studied ionic liquid [34-41]. In the spectral Region 1 from 550 to
800 cm ™! three Raman bands were analyzed. Two peaks at 600 and
625 cm ™! were assigned to vibrational bands of RTIL molecules orga-
nized in gauche-trans (GT) and trans-trans (TT) conformers which are
formed by rotating about the butyl chain C(7)—C(8) bond [42]. One
more peak at 706 cm ™! was analyzed as anion NO3~ bending mode. Re-
gion 2 represented the Raman spectrum between 1000 and 1100 cm ™.
The band at 1041 cm ™" was assigned to stretching mode of NO5™ anion
vibrations. Raman vibrational bands in the Region 4 (3100-3200 cm ')
were assigned to imidazolium ring stretching modes at different carbon
positions. C(2)-H stretching mode (3100 cm ™) at the 2nd carbon posi-
tion and C(4,5)-H symmetric and asymmetric stretching modes (3164
and 3152 cm™ ") at the 4th and 5th carbon positions. The Raman spectra
in Region 3 represented heavy water molecules vibrations, while the
1st, 2nd and 4th regions belong to anion and cation vibrations of ionic
liquid. Two main bands in the region between 2100 and 2800 cm ™'
were assigned to the vibrations of water molecules organized in net-
work with tetrahedral structure (network water (NW) 2420 cm™")
and water molecules that are involved in a distorted network but do
not form all four H-bonds with the neighboring water molecules (inter-
mediate water (IW) 2540 cm~'). More Raman bands which will be
discussed later were hidden due to overlap with the main water
bands shoulders.

3.1. C—H stretching vibrational modes of the imidazolium ring (Region 4)

As mentioned before the most of research of RTIL and water or other
solvent systems were focused on imidazolium ring C—H stretching re-
gion [13,15,16,42-44]. [C;mim][NO3] was not an exception. The
Raman spectra of [Csmim][NO;]-D>0 mixtures at various heavy water

196



J. Kausteklis et al. / Journal of Molecular Liquids 271 (2018) 747-755

contents in Region 4 and spectra of deconvolution into three compo-
nents using Voigt functions are shown in Fig. 2A and B. Theoretical
and experimental data showed that Raman spectral region above
3100 cm™ ! is very sensitive to interactions involving imidazolium ring
C(n)-H of the of RTILs cation [C;mim]* [45-48]. It is worth to mention
that the main part of fitted curves was consisted of Gaussian shape. The
main peaks were assigned to the C(2)-H, C(4,5)-H asymmetric and C
(4,5)-H symmetric stretching vibrational modes on the basis of the pre-
vious Raman investigations. In the spectrum of neat [C;mim][NOs]
(Xp20 = 0) bands were distributed at 3100 cm~', 3152 cm™',
3164 cm™ !, which revealed that the H-bond of C(2)-H"NOj is stronger
than C4-H"NO; or C5-HNOs. As depicted in Fig. 2C, the positions of
these Raman vibrational modes associated with imidazolium ring vibra-
tions close to different carbon positions were slightly blue shifted when
water was added to pure [C4ymim][NOs]. Detailed information on such
band shifts was reported in previous studies [49], and their results sup-
ported our model. This blue shift indicated that added water induced
the weakening of interactions between anions and cations involving
these hydrogen atoms and their direct environment. The H bonds be-
tween the water molecules and anions distracted the H bonds between
anions and cations. This result was supported by previous studies which
claimed that solvation of organic compounds in aprotic ionic liquids
predominantly occurs with the anion [50]. However, the most

3040 3070

749

controversial part is that these blue shifts were not equal and even not
homogeneous to the corresponding bands. The C(2)-H band was totally
shifted over 13 cm™! (from 3100 to 3113 cm ™", percentage of change
0.419%). The C(4,5)-H asymmetric band totally shifted over 9 cm ™!
(from 3152 cm™ "' to 3161 cm ™", percentage of change 0.286%) and C
(4,5)-H symmetric band totally shifted over 15 cm™' (from
3164 cm ™' to 3179 cm ™', percentage of change 0.474%). The C(2)-H
band shift was found to be discontinuous with cross over point at
around 0.86 M D0 fraction, after which the band did not shift any
more with added heavy water content. The distribution of other two
bands shifts were similar to the previous one and the cross over points
were found to be around 0.86 M D,0 fraction too. Differently from the C
(2)-H vibrational bands, which showed all blue shift before the cross-
over point (100% of shift from 0 to 0.86 M D,0 fraction), the C(4,5)-H
asymmetric and the C(4,5)-H symmetric bands before the crossover
point were shifted only by half (50% of shift from 0 to 0.86 M D,0 frac-
tion) of total shift and other half after the crossover point. Both shifts in
the percentage and inverse centimeters of the C(2)-H and C(4,5)-H vi-
brational bands were comparable and indicated that anions in [Cymim]
[NOs]-D,0 mixtures were distracted from all three imidazolium protons
equally compared to the whole concentration range of D,0. The differ-
ent blue shifts of vibrational modes before the crossover point at
0.86 M D0 fraction suggested the model that anions located near
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Fig. 2. A: Raman spectra of [C4mim][NO3]/D,0 mixtures at different water concentrations in spectral Region 4. B: Raman spectrum (black line) of [C;mim][NO5]/D,0 mixture at X,, = 0.87,
relative fit red line and deconvolution in to three bands. C: C(2)-H (black squares), C(4,5)-H asymmetric (red circles) and C(4,5)-H symmetric (blue triangles) stretching Raman shift
plotted as a function of the D,0 molar fraction in the mixtures. Crossover point marked by red line corresponds to the upper boarder of “water pocket” formation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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more basic 2nd carbon position in imidazolium ring were distracted
from cations before anions located near 4th and 5th carbon positions
in imidazolium ring. At the crossover point value X = 0.86 M D,0
ratio in the mixture we have 9 molecules of water comparing with 1
ionic liquid molecule. ILs are distracted from cation and H bonds
wateranion [51], waterwater, C(2)-Hwater are formed. After
crossover point value X = 0.86 M D0 ratio, anions are totally distracted
and no more new H bonds C(2)-Hwater are formed. However, added
water molecules form new H bonds C(4,5)-H water as it was discussed
above.

3.2. NOjs stretching modes of the RTIL anion (Region 2)

It is well known from the literature that water molecules and anion
interacts with each other forming hydrogen bonds in aggregates anion-
water-anion [52] at low water content and water-anion-water aggre-
gates at higher water concentrations [22]. The changes of spectral pa-
rameters of anion NO3~ symmetric stretching (at 1041 cm™') (1,
(NO37)) and bending (in-plane deformation mode at 706 cm™") (v,
(NO3")) vibrational modes are depicted in Fig. 3A and B. The blue shift
from 1041.2 cm~' to 1047.7 cm ™! totally (by 6.5 cm™') and band
FWHM broadening by 2.5 cm™" was registered to the most intensive
Raman spectral band v;(NO3"). Larger blue shift from 707 cm~! to
717 em ™' totally (by 10 em™') and band FWHM broadening by
11 cm™! was registered to the Raman spectral band v4(NO3") [53].
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The blue shifts were clearly attributed to the screening and weakening
of the interactions between cation [C;mim]* and anion NO3™ but at
the same time the band broadening suggested that simultaneously
complexes of anionwater and wateranionwater were formed
[38,50,53-57]. The crossover point was reached when D,0 molar frac-
tion in RTIL-D,0 mixture reached 0.61. At his point, all possible hydro-
gen bonds to anions were occupied by water molecules and they
started interacting with each other forming distorted solvation shell
structures earlier called “water pockets”. Discontinuous anion vibra-
tions band shifts remained the same as it was found for C—H stretching
mode band shift concentration dependency. The crossover point ap-
peared at the D,0 molar fraction between 0.6 and 0.7. Discontinuities
in concentration dependencies of Raman bands blue shift could be asso-
ciated with so-called “water pockets” formation process boarders.
Lower boarder is indicated in spectral Region 2 and upper boarder in
spectral Region 4.

3.3. Heavy water OD stretching vibration modes (Region 3)

Multi-structured Raman band shape in Region 3 was clearly distin-
guished in Fig. 4 [58-60]. The broad distribution of heavy water vibra-
tional frequencies could be related to the different OD structures and
their surrounding environment. The higher the red shift of OD
stretching band frequency the stronger the intermolecular hydrogen
bond. Of course, the accurate assignment of water and heavy water vi-
brational bands is an actual topic for neat water and its mixtures with
different solvents [59]. Raman spectral band assignments were made
according to previous works where both Raman and IR spectra were an-
alyzed [61-66].

The first insight to Raman spectra of neat D,0 showed three typical
bands centered at around 2400 cm ™', 2525 cm ™~ ! and 2643 cm™ . These
vibrational bands could be assigned to the different local hydrogen
bonding (HB) environments. The band with lowest frequency (12400)
could be assigned to the OD stretching vibrations of water molecules
within the different kinds of tetrahedral H-bonded network, the similar
OH stretching band was called network water [NW] [39]. This band was
assigned to the high ordered water structure vibrations, because it
showed the highest symmetry of all OD stretching vibrational bands
in the quenched samples (see Fig. 5). In our experiment it was called
(i) strongly hydrogen bonded water band (vSHB) [67]. Another band
(v2525) was assigned to the OD stretching vibrations of water mole-
cules within highly asymmetric single donor (SD) hydrogen bonding
configuration or distorted tetrahedral H-bonded network. For OH vibra-
tions this band was called intermediate water [IW], in our experiment it
was called (ii) medium hydrogen bonded water band (VMHB) [67]. And
finally the highest frequency band (v2643) was assigned to the vibra-
tions of free OD groups or free water molecules without any hydrogen
bonded groups, these molecules are similar to those found in the
vapor phase. For OH vibrations this band was called multimer water
[MW], in our experiment it was called (iii) weakly hydrogen bonded
water band (VWWHB) [67]. The similar assignment of OH stretching
bands was also obtained by IR spectral analysis of water dynamics
upon confinement size in micellar solutions [62]. Very strongly hydro-
gen bonded water band (VSHB) in quenched mixtures was reported
as one more OD stretching band at the low frequency shoulder at
2260 cm™" [67]. To confirm this band assignment the low temperature
measurements were performed, the results will be discussed later. The
integral intensities of all O-D stretching bands were processed and the
changes in relative integral intensities were identified in Fig. 4. It
must, however, be noted that all previously mentioned water structures
should be found in the system [C4mim][NO3]-D,0 water rich region
(0.7-0.9 mol. D;0) by the formation of “water pockets” [19,67]. For bet-
ter water structure understanding of water structure in the “water
pockets”, two discontinuities on added water content were identified
for YMHB band relative integral intensity change. The boarders of
“water pockets” formation were set in Fig. 4. The lower boarder at
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0.6 M D0 ratio was depicted as the blue and upper one at 0.86 M D,0
ratio as the red lines. In this concentration region the constant integral
intensity of YMHB band was noticed. The number of water molecules
involved in distorted water network with anions remained unchanged
and by this result other bands behavior was analyzed as primary process
to identify fingerprints of “water pockets” formation. Discontinuities in
concentration dependencies of OD stretching bands relative integral in-
tensities indicated the processes which occurred in the water confine-
ment called “water pockets”. Together with vMHB, the vWSHB band
relative integral intensities did not change in the region where water
was confined. Differently clear decrease in integral intensity was regis-
tered for the band vWHB while at the concentration region vSHB
band integral intensity showed the increase. This outcome was consid-
ered as a regroup of sporadic water molecules from the isolated ones to
highly ordered water structures and well fitted with MD simulations
suggested model [3]. The boarders identified on YMHB band relative in-
tegral intensity change could be used as spectral evidences of water
confinements in RTIL. It was also noted that all three vSHB, vMHB and
VWHB bands had a different concentration dependencies of Raman

' \ Samples at 153 K
[ —NeatD,0
L ——0.83 D,0 in [C,mim][NO,]
——0.48 D,0in [C,mim][NO]

Raman intensity

2100 2200 2300 2400 2500 2600 2700
Wavenumber/cm”

Fig. 5. Raman spectra of [C;mim][NO5]/D,0 mixtures at different D,O molar ratio
registered with different polarization at 153 K. Sloid line spectra VV and dash lined
spectra VH polarization. From the top to the bottom neat D,0, 0.83 and 0.43 M D,0
fraction.

shift during the [C4;mim][NOs] dilution with D,0. The vWHB band
Raman shift was constant (2643 + 3 cm ™) and did not change much
in whole concentration range. The different situation with vMHB and
VSHB bands was found and depicted in Fig. 6. The YMHB band totally
blue shifted by 32 cm™" from 2544 to 2511 cm ™' and this shift as
well as the relative integral intensity distribution of O-D stretching
band was discontinuous. Two discontinuities, at the same concentra-
tions as previously, were identified by monitoring the Raman band
assigned to different water clusters shifts. The extent of “water pockets”
formation was set in Fig. 6 adding boarders as lines at 0.6 M D,0 ratio
(lower, blue line) and at 0.86 M D0 ratio (upper, red line). The distribu-
tion of vSHB band parameters was slightly different from vMHB and
VSHB. The band was totally red shifted only by 10 cm~" from 2390 to
2380 cm ™. The distinct crossover point in a band shift at 0.6 M D,0
ratio was registered. At the water concentration range 0-0.6 mol. D,0O
the band blue shifted by 42 cm~" from 2390 to 2432 cm ™' and at the
water concentration range 0.6-1.0 mol. D,0 the red shift from 2432 to
2380 48 cm ™~ was found (Fig. 6, lower part, left). As a comparison the
constant relative integral intensity increase of vSHB was registered in
all mixture concentrations. Multiple water molecules interactions with
RTIL and other water molecules were indicated at different concentra-
tions in mixtures. The blue shift in mixtures when water concentration
was increased from 0 to 0.6 mol. D,0 represented the destruction of
highly ordered water structures. Water—water aggregates were
changed by the anionwateranion complexes. Different view was
found for the system when water concentration was increased from
0.6 to 0.999 mol. D,0. The red shift showed the increase of H bond
strength. The stronger H bond was associated with closer water
water interactions in “pockets” when the intermolecular interactions
changed from anionwateranion to water-anionwater. Moreover
the same discontinuities in concentration dependencies were registered
for the Raman band FWHM parameter (see in Fig. 6, lower part, right).
The increase in FWHM from 90 to 115 cm ™" with crossover point
value 140 cm~" at 0.6 M D,0 fraction was registered and supported
our previous results.

One more OD stretching band fit was found when the low tempera-
ture Raman experiment with different laser polarizations was per-
formed for various [C;mim][NO3]-D,0 concentrations and neat D,0.
The low frequency (at around 2250 cm~!) shoulder was reported as
VSHB [69]. This band was hardly seen in Raman spectra of [Cymim]
[BF4]-D,0 mixtures without formed “water pockets” at room tempera-
ture. During the fitting we involved this band to our procedure, but
the relative integral intensity of this band was only up to 0.035 counting
to all OD stretching bands and deeper analysis of the band was not
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performed. Worth to mention, that VSHB band was totally depolarized
at low temperature (153 K) measurements, where crystallization of
the nano-confined “water pockets” is not induced even if the outer IL
crystallizes [70] (see the band at around 2260 cm™" in Fig. 5). Further-
more both VSHB and SHB [68] bands were not found bellow “water
pockets” concentration boarder at 0.48 (see in Fig. 5, vibrational bands
at 2300 and 2260 cm™*).

3.4. Conformational equilibrium changes (Region 1)

Conformational equilibrium of the [Cymim]* cation (see in Fig. 7)
was investigated by monitoring the combination of the ring deforma-
tion and the CH; rocking bands [38]. Two Raman bands in different
neat ionic liquids were many times investigated as conformers vibra-
tional modes corresponding to GT at lower frequency (601 cm™') and
TT (624 cm™ ). The intensity ratio of these Raman bands was consid-
ered as a number-density ratio of the respective vibrations. The relative
intensity of the band at 601 cm ™" to the band at 624 cm ™~ was propor-
tional to the GT/TT population ratio (Ig1/l). The discontinuous change
in Igr/I7r ratio was reported with addition of heavy water in ionic lig-
uid/water mixture. The similar concentration dependence was also re-
ported for 1 butyl 3 methylimidazolium Tetrafluorborate-D,0
mixtures. The anomalous conformational changes were discussed and
deuteration in this mixture was denied [45,70]. In our case no changes
in Raman spectra were monitored after the samples were prepared
and hold for 60 days. The deuteration was not registered in [C4mim]
[NO3]-D,0 mixtures. Moreover, the hypothesis on external base neces-
sity for deuterium exchange to occur in ionic liquids with coordinated
and non-basic anion such as tetrafluorborate BF, [72] was approved.
The ratio of GT and TT conformers was found being discontinuous
upon the increase of water content in aqueous ionic liquid mixtures.
The discontinuities in concentration dependency with crossover point

were noticed in [C;mim][NO3]-D,0 mixture at around 0.84 D,0 molar
fraction. The same dependency with the same crossover point was
found in [C4ymim][NO5]-H,0 mixtures and let us approve the previous
experimental results [73] that H/D exchange does not occur in
[C4mim][NO3] and D,0 mixtures. In previous study [71] it was noticed
that H/D effect could take some time to occur. For this case the time de-
pendencies of GT/TT Raman bands integral intensity ratio (Fig. 8A) and
percentage of H/D exchange (Fig. 8B) at different molar D,0 content

E 580 590 600 610 620 630 640 .
32l © H,0/[C,mimlNO;l
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Fig. 7. Area ratio between the gauche and trans peaks with of [C;mim][NOs]/H,0 (red
dots) and [C4mim][NOs]/D,0 (black squares) plotted as a function of the D,0 molar
fraction in the mixtures. In the inset Raman spectra of [C;mim][NO5]/D,O mixtures at
different water concentrations in spectral Region 1. Crossover point marked by red
arrow corresponds to the upper boarder of “water pocket” formation. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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in [Csmim][NO5] 0.99 (triangles), 0.4 (dots) were measured. These re-
sults confirm previous studies findings. The constant Igr/lrt ratio at
low water concentrations confirmed the hypothesis that water mole-
cules does not interact with cation tail at low water concentrations.
The hydrogen bonds were firstly formed with anion and imidazolium
ring. At higher water concentrations when the crossover point at ap-
proximate 0.84 M D,0 ratio was passed, the increase of Igy/Ir ratio
was registered. lonic liquid molecules lost the molecular packing, be-
cause of ionic liquid solvation with the localized “water pockets”. The
increase in size of “water pockets” determine the merge of them and
bulk water formation in whole sample, the same as reported in [3].

4. Concluding remarks

The water clusterization process called “water pockets” in [C4qmim]
[NOs]-water system was investigated using Raman spectroscopy.
Some of Raman band parameters were changing with added D»0 in
ionic liquid and D,0 mixtures and discontinuities in concentration de-
pendences were found. They let us to determine boarders of the
“water pockets” process. The extent of “water pockets” was measured
to be between 0.60 and 0.86 D,0 molar fraction. This result well corre-
lated to the values found using other (SANS, SAXS and DSC) methods at
0.7-0.9 M D,0 ratio. The boarders of “water pockets” extent determined

by our experiment are slightly shifted to lower D,0 concentration re-
gion. This difference could be influenced by experimental and fitting er-
rors. One more explanation could be various delays in dynamic
response detection of applied SANS, SAXS and Raman techniques. Differ-
ent wavelengths of excitation source are used for Raman, SANS and SAXS
techniques. In SAXS and SANS techniques more precise view of “water
pockets” are registered in nanometers scale while Raman technique al-
lows to see more generalized view in hundreds of nanometers scale.

The Raman shifts, relative integral intensities and FWHM of the vi-
brational bands were found to be sensitive to added D,0 content. Dis-
continuities in concentration dependences of vibrational band
parameters were found for NO3~ stretching, NO3~ bending and OD
stretching modes of different water clusters. These discontinuities
were considered as the lower boarder indication of the “water pockets”
formation process. Furthermore, discontinuous concentration depen-
dences of previously mentioned vibrational band parameters were
found for imidazolium ring C(2)-H and C(4,5)-H asymmetric and C
(4,5)-H symmetric stretching vibration modes as well as different
water clusters OD stretching modes. Moreover, the changes of integral
intensities ratio of Raman vibrational bands corresponding to GT and
TT conformers was registered in the same concentration region. All
these discontinuities in concentration dependences were indicated as
the end of “water pockets” formation process (upper boarder).

The changes in Raman spectral parameters which could prove the
deuteration process in [C4mim][NO3]-D,0 mixtures were not found.
Imidazolium ring C(2)-H stretching mode behavior was monitored at
different D,0 concentrations in studied mixtures but C(2)-D vibrational
band formation was not registered. The time dependence of C(2)-H vi-
brational band did not show any changes which possibly could be ex-
pected from previous work when different IL-D,0 mixtures were
studied. Other suggested method to check for the H/D exchange was
monitoring the integral intensities ratio of Raman bands corresponding
to vibrations of GT and TT conformers [14,71]. Using this method the
same distribution of GT and TT bands ratio in both [C4mim][NOs]-D,0
and [C4mim][NOs]-H,0 mixtures was found [73]. Our results proved
previously published results that deuteration does not occur in
[C4mim][NO5]-D,0 mixtures.

Low temperature and polarization measurements of [C4mim][NOs]-
D,0 Raman spectra at different D,O content in the mixtures let to ascer-
tain the precise OD stretching band assignment to the very strong,
strong, medium and weakly hydrogen bonded water Raman bands [21].
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The cation-anion interactions present in the 1-butyl-3-methylimidazolium nitrate ionic liquid [BMIm]
[NO3] were studied by using density functional theory (DFT) calculations and the experimental FT-Raman
spectrum in liquid phase and its available FT-IR spectrum. For the three most stable conformers found in
the potential energy surface and their 1-butyl-3-methylimidazolium [BMIm] cation, the atomic charges,
molecular electrostatic potentials, stabilization energies, bond orders and topological properties were
computed by using NBO and AIM calculations and the hybrid B3LYP level of theory with the 6-31G* and
6-311-++G** basis sets. The force fields, force constants and complete vibrational assignments were also
reported for those species by using their internal coordinates and the scaled quantum mechanical force
field (SQMFF) approach. The dimeric species of [BMIm][NOs] were also considered because their pres-
ence could probably explain the most intense bands observed at 1344 and 1042 cm™! in both experi-
mental FT-IR and FT-Raman spectra, respectively. The geometrical parameters suggest monodentate
cation-anion coordination while the studies by charges, NBO and AIM calculations support bidentate
coordinations between those two species. Additionally several quantum chemical descriptors were also
calculated in order to interpret various molecular properties such as electronic structure, reactivity of
those species and predict their gas phase behaviours.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The structures of the ionic liquids are based on organic cations,
such as the imidazolium, pyridinium, pyrrolidinium, tetraalky-
lammonium and phosphonium cations [1—17] which are weakly co-
ordinated to inorganic or organic anions, being the most used anions
bis(trifluoromethane sulfonyl)amide, trifluoromethanesulfonate,
hexafluorophosphate, nitrate, dicyandiamide, tosylate, or n-alkyl
sulfates among others [1,2]. The observable properties of these ionic
liquids are related directly to the presence of intra- or inter-molecular
interactions in their structures and, also to the orientations of cation
and anion, as evidenced by using electrochemical studies for 1-butyl-
3-methylimidazolium dicyanamide at the platinum-liquid interface
by Aliaga and Baldelli [13]. For these reasons, the structural studies of

* Corresponding author.
E-mail  addresses:  sbrandan@fbqgfuntedu.ar, brandansa@yahoo.com.ar
(S.A. Brandan).

https://doi.org/10.1016/j.molstruc.2018.03.100
0022-2860/© 2018 Elsevier B.V. All rights reserved.

these species are of great interest to explain their behaviour in
different media and, especially when these species interact with
other [1,3,4,6,9,13,15]. For the same reasons, the vibrational studies of
these ionic liquids are of great significance to identify interactions
between cation and anion, as reported by Wang et al. [ 14] for 1-butyl-
3-methylimidazolium hexafluorophosphate ionic liquid by using the
3P NMR and FT-IR spectra. So far, the structural and vibrational
studies of 1-butyl-3-methylimidazolium nitrate were not reported
and, only the infrared spectrum and some bands were identified by
Gruzdev et al. [17] while their conductivity, density and viscosity were
recently reported by Bennett et al. [3]. The preparation of 1-butyl-3-
methylimidazolium salts and their intra-molecular interactions
were also studied by Gruzdev et al. [17] while the water effect on
physicochemical properties of 1-butyl-3-methylimidazolium were
published by Grishina et al. [18]. In this context, the aims of this work
are: (i) to know the different types of interactions that present 1-
butyl-3-methylimidazolium nitrate, such as ionic interactions
(cation-anion) or of hydrogen bonds because for this ionic liquid so far
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they are not reported NBO and AIM studies [19—21], (ii) to know the
structural properties of this ionic liquid because the atomic charges,
bond orders, molecular electrostatic potentials, stabilization energies,
topological properties were not studied for this ionic liquid and, (iii) to
perform the complete vibrational assignments in order to identify
this ionic liquid by using the vibrational spectroscopy and to report
their force fields and force constants. Here, the theoretical calcula-
tions, based on the density functional theory (DFT) by using the
hybrid B3LYP method with the 6-31G* and 6-311++G** basis sets are
also useful to predict the infrared and Raman spectra which were later
compared with the corresponding experimental ones in order to
perform the complete assignments. The properties for the 1-butyl-3-
methylimidazolium cation were also predicted in order to compare
them with those obtained for their ionic liquid. The complete vibra-
tional assignments of ionic liquid and their cation were performed
taking into account their internal coordinates and corresponding
force fields calculated at the same levels of theory by using the SQMFF
methodology and the Molvib program [22,23] and, by using the
experimental available infrared spectrum [17]. Here, the experi-
mental Raman spectrum for [BMIm][NOs] in the liquid state was
recorded by us. A 1-butyl-3-methylimidazolium nitrate dimeric
species was also considered in order to explain the strong intensities
of some bands observed in the vibrational spectra. This work was
completed with the calculations of frontier orbitals [24,25] and
quantum chemical descriptors for the ionic liquid and their cation
[26—28]. After that, all properties were totally evaluated and
compared for the cation and their ionic liquid.

2. Experimental section

FT-Raman spectra of 1-butyl-3-methylimidazolium nitrate
[BMIm][NO3] were typically measured at room temperature
(298 K) using the Bruker MultiRAM FT-Raman spectrometer with
the motorized xyz-sample stage and with the high-sensitivity
liquid nitrogen cooled germanium detector. The 1064 nm wave-
length beam of the pulsed Nd:YAG laser (500 mW) as the excitation
source using the 180° scattering geometry was employed in the
experiments, while the resolution of the spectrometer was set to
the 2 cm~. The FT-Raman spectrum was recorded with 400 scans
between 4000 and 70 cm ™. To avoid the background, samples were
prepared and measured in Silica cells.

3. Computational details

The GaussView program [29] was used to model the initial
structures of [BMIm][NOs] and their [BMIm] cation while the
hybrid B3LYP method with the 6-31G* and 6-311++G** basis sets
were employed together with the Gaussian 09 program Revision
A.02 [30] to optimize both structures. It is necessary to explain that
the position of the NO3 anion confined in the initial structure of
[BMIm][NO3] was taken in accordance to those reported in the
literature for other ionic liquids [15,16,31]. The potential energy
surfaces (PES) for [BMIm][NOs] by using both levels of theory were
studied for variations of the dihedral N2-C12—-C15—-C18,
C12—C15—C18—C21 and C1-H25—026—N27 angles. Hence, four
structures, named C1, C2, C3 and C4, with energies minima were
found on the PES where C2 presents a global minimum by using the
B3LYP/6-31G* level of theory while C1 and C3 also present global
minima by using the 6-311++G** basis set, as it is observed in
Table S1 and Figure S1. On the other hand, from Table S1 we clearly
observed that C2 presents practically the same energy than C4 with
the greater basis set and, for this reason, their properties are basi-
cally the same and, hence, the properties for C4 were not consid-
ered in this work. Fig. 1 shows the most stable structures C1, C2, C3
and C4 of [BMIm][NOs] while in Fig. 2 is presented the electronic

1% 3
c1 ,(: &yfs 2

C3 ? 2 C4

Fig. 1. The B3LYP/6-311++G** optimized molecular structures of all conformers of 1-
butyl-3-methylimidazolium nitrate ionic liquid with the atoms numbering.

structure of [BMIm] cation in accordance to that reported for imi-
dazolium cation by Bennett et al. [3]. The atomic natural pop-
ulations (NPA) and the Mulliken charges were studied for those
three structures including the cation while the Merz-Kollman (MK)
charges were employed to calculate the corresponding molecular
electrostatic potentials (MEP) [32]. The topological properties were
calculated employing the AIM2000 program [20] while the, bond
orders expressed by Wiberg's indexes and the acceptor-donor in-
teractions energies were obtained from NBO calculations [19].
SQMFF methodology [22] and the Molvib program [23] were used
together with the corresponding normal internal coordinates in
order to obtain the harmonic force fields for all species. The
vibrational assignments were performed from the force fields by
using the Potential Energy Distribution (PED) contributions > 10%
and the experimental available FT-IR spectrum of [BMIm][NO3] [17]
and their experimental FT-Raman spectrum collected for only one
sample -1-butyl-3-methylimidazolium nitrate by us. At this point,
the dimeric structure of [BMIm][NO3] with the two nitrate anions
linked to the C—H bonds belong to the rings [31] was also consid-
ered, as shown in Fig. 3. The assignments for the dimeric species
were performed with the aid of the GaussView program [29]. Now,
the predicted infrared and Raman spectra for the dimeric structure
are similar to the experimental ones. Here, it is very important to
mention that the calculated geometrical parameters and wave-
numbers by using both basis sets were compared with the corre-
sponding experimental values by using the root-mean-square

34
N T N
Butyl ~ 5 4 5 ~Methyl
1

Fig. 2. Molecular theoretical structure of 1-butyl-3-methylimidazolium cation and the
atoms numbering by using the B3LYP/6-311++G** method (upper). A scheme of their
electronic structure is also presented (bottom).
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Fig. 3. The geometrical structure of dimer 1-butyl-3-methylimidazolium nitrate ionic
liquid calculated by using B3LYP/6-311++G"* level. Intramolecular H-bonds are rep-
resented with dashed lines.

deviation (RMSD) values in order to find the best results and
method in order to perform the corresponding assignments. For all
species the volumes in gas phase were computed by using the
Moldraw program [33]. The gap values for all species were calcu-
lated with the frontier orbitals [24,25] while their reactivities and
behaviours were predicted by using global descriptors, as reported
in the literature [26—28].

4. Results and discussion
4.1. Structural study in gas phase

In Table 1 the calculated total and relative energies are sum-
marized, together with dipole moments, volume values and pop-
ulations for the four most stable conformers of [BMIm][NO3] and,
for both cation and dimer. The results by using the B3LYP/6-31G*
method show that C2 is the most stable conformer of [BMIm]
[NOs] with higher population while C1 and C3 are the most stable
species when the 6-311++G** basis set is used. Besides, C1 presents
higher relative energy and dipole moment but low population in
gas phase by using the B3LYP/6-31G* method. However, when the
other basis set is used, their dipole moment and population in-
creases from 12.64 to 13.94 D and from 10.26 to 29%, respectively.

Table 1

Calculated total (E) and relative energies (AE), dipolar moment (j), volume (V) and
population values for the most stable conformers of 1-buthyl-3-methyl imidazolium
nitrate and their cation in gas phase.

Conformers  E (Hartrees) ~ 4E (k]/mol) u (Debye) V (A®) Population%
B3LYP/6-31G*method/Gas phase

1-buthyl-3-methyl imidazolium nitrate

C1 —703.6701 420 12.64 2226 10.23
(@] —703.6717  0.00 11.86 221.1  56.82
a —703.6707 2.62 11.67 2190 19.88
Cc4 —703.6703 3.67 12.04 223.1 13.07
1-buthyl-3-methyl imidazolium species

Cation —423.1781 5.04 188.2

Dimer —1407.3829 6.31 454.9
B3LYP/6-311++G**method/Gas phase

C1 —703.8838 0.00 13.94 2283 29
(@] -703.8835  0.79 13.51 2267 21
a —703.8838 0.00 13.84 2243 29
Cc4 —703.8835 0.79 13.89 2265 21

1-buthyl-3-methyl imidazolium cation

—423.2869 491 191.3
—1407.8013 5.68 458.1

Cation
Dimer

On the other hand, the pairs of conformers C1 and C3 and, C2 and
C4 have the same populations and total and relative energies by
using the 6-311++G** basis set. The orientations and directions of
the dipole moments vectors corresponding to the four conformers
change strongly in relation to the cation, as observed in Fig. 4.
Obviously, the presence of two nitrate anions in the dimer
evidently modifies the cation structure and, for this reason, also
their properties. Hence, when two units of [BMIm][NOs] are
considered by using the 6-31G* basis set the dipole moment value
decreases in the dimer to 6.31 D while its volume increases at
4549 A3,

The calculated geometrical parameters for [BMIm][NOs] by us-
ing the 6-31G* level of theory compared with those obtained to the
[BMIm] cation by using the RMSD values can be seen in Table 2
while in Table S2 the values for the other basis set are presented
In general, the RMSD values for C1 with the 6-31G* basis set are
different from those calculated for C2 and C3 where, obviously the
better correlations are observed for C2 and C3 but, when the
greater basis set is used, C3 clearly presents better correlations for
bond lengths and angles (0.008 A and 1.3°). Carefully evaluating the
results, we observed that the N2—C3, C3—C4, C4—N5 and N5—C1
bond lengths practically do not change for one of the two NO3
anions of the dimer. However, the values of some parameters for
the second nitrate group significantly change, particularly the
dihedral angles, as observed in Table 2 and S2. Besides with both
basis sets, it is observed that in both monomeric and dimeric spe-
cies the C1—N2 and N5—C1 bond lengths present practically double
bonds characters having in the cation the same values while
slightly change in the conformers of ionic liquid. On the other hand,
the differences observed in the N2—C12 and N5—C8 bond lengths
for the ionic liquid and their cation probably indicate that these two
distances are strongly dependent on the length of side chain, thus,
when the N atom is linked to the methyl group the value for N5—C8
of C2 is lower by using the 6-31G* basis set (1.467 A) than N2—C12
whose N atoms are linked to the butyl group (1480 A), as observed
in Table 2 and S2. When the C1—H25 distances are analyzed for all
species, we observed that the cation value is lower than those
corresponding to the three conformers of [BMIm][NOs], as it was
expected, because the incorporation of the nitrate group to the
cation generates H bond interaction between the H25 and 026
atoms and, as a consequence the enlargement of the C1—H25 bonds

9 %

a v c4

Fig. 4. Magnitudes and orientations of dipole moment vectors corresponding to the
most stable conformers of 1-butyl-3-methylimidazolium nitrate and their cation in gas
phase at the B3LYP/6-311++G** level of theory.
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Table 2

Calculated geometrical parameters for 1-buthyl-3-methyl imidazolium nitrate monomer and dimer compared with those corresponding to the cation.

B3LYP/6-31G* Method®

Parameters Cation 1-buthyl-3-methyl imidazolium nitrate

Monomer Dimer

1 2 3 2
Bond lengths (A)
C1-N2 1.338 1.342 1.340 1.339 1.342/1.338
N2-C3 1.382 1.384 1.385 1.386 1.386/1.382
C3-C4 1363 1362 1362 1362 1363
C4—-N5 1.382 1.384 1.383 1.384 1.382/1.383
N5-C1 1339 1.339 1.338 1.338 1.338/1.341
N2-C12 1.484 1478 1.480 1.476 1.480/1484
N5-C8 1.469 1.467 1.467 1.466 1.470/1.466
C1-H25 1.079 1112 1.107 1.106 1.090/1.098
H25-026 1.744 1.758 1.751 1.977/1.872
N27-026 1.287 1.283 1.283 1.267/1.280
N27-028 1.268 1.269 1.269 1.266/1.254
N27-029 1.233 1237 1.236 1.252/1.249
RMSD 0.012 0.010 0.010
Bond angles (°)
C1-N2—-C3 108.2 109.0 108.9 108.9 108.4/108.7
N2-C3-C4 107.3 106.9 107.0 106.8 107.5/107.1
C3—-C4-N5 107.0 106.8 106.8 106.9 106.3/106.9
C4-N5-C1 108.3 109.2 109.1 109.0 109.4/108.7
N5-C1-N2 109.0 107.8 108.0 108.1 108.1/108.4
N5-C1-H25 1254 126.9 125.2 127.2 126.3/126.5
N2-C1-H25 125.5 125.1 126.6 1244 125.1/124.9
C4—N5-C8 125.7 126.7 1273 1275 125.1/126.7
C1-N5-C8 1259 1239 1233 1233 125.3/124.5
C1-H25-026 168.6 167.2 158.3 146.1/162.6
RMSD 11 12 14
Dihedral angles (°)
H25-C1-N2—-C12 -23 12 21 -0.7 3.7/-34
H25-C1-N5-C8 -03 -13 0.5 -0.6 —6.3/2.7
C1-N2—-C3-C4 -0.1 -0.2 -0.1 -03 —-0.0/0.2
C3—-C4-N5-C1 -0.0 -0.0 -0.1 -0.2 0.4/0.0
C12-N2-C3-C4 -178.1 -179.5 -179.1 -175.3 —177.5/-179.4
C8—N5-C4-C3 -179.3 1794 176.2 176.3 -179.7[-179.5
RMSD 1464 145.1 145.2

#Values corresponding to the second nitrate group.
¢ This work.

is observed in the three conformers. In relation to the nitrate
groups, we observed that the coordination modes of these groups
with the cation is clearly monodentate because the N27—028 and
N27—029 bond lengths have lower and different values than the
N27—026 bonds by using both basis sets. Hence, partial double
bonds characters are observed in those first two bonds, especially
by using the 6-311++G** basis set, while the N27—-026 bonds
lengths present simple bond characters because these bonds are
coordinated to the cations by means of the C1—H25 bonds.
Analyzing the bond angles, it is observed that for the cation all the
angles by using both basis sets are practically different from those
observed in the three conformers of [BMIm][NO3]. Hence, the three
conformers practically show better RMSD values by using the 6-
311++G** basis set. Higher differences are observed in the dihedral
angles showing better correlations when the 6-311++G** basis set
is employed. Such differences can be easily attributed to the
different signs and values that present the H25—C1—N2—C12 and
C8—N5—C4—C3 dihedral angles. Hence, the length of the side chain
has clearly notable influence on the geometrical parameters and,
especially on the dihedral angles. Hence, these values also change
in the other nitrate group of dimer. Finally, the best approximation
to the experimental values was obtained by using the 6-311++G**
basis set.

4.2. Charges, molecular electrostatic potentials and bond orders
studies

In this section, we have studied the atomic charges, molecular
electrostatic potentials and the bond order values for [BMIm]
[NOs] and their cation these properties are important due to their
ionic nature and to the different interactions expected for these
species. Thus, the atomic Merz-Kollman (MK) and Mulliken
charges were investigated for all species as a consequence of the
nitrate ions present in the ionic liquid. Thus, in Table 3 the
calculated MK and Mulliken charges are presented for the most
stable conformers of 1-buthyl-3-methyl imidazolium nitrate
together with the corresponding to the cation by using the B3LYP/
6-31G* level of theory. Table S3 shows those calculated charges by
using the 6-311++G** basis set. Note that the MK charges values
for the four species by using both basis sets are completely
different from the Mulliken ones including for a same atom the
values and signs are completely different. For instance, the MK
charges on the N2 atoms of the four species by using the 6-31G*
basis set have positive signs although the Mulliken ones in these
species show negative signs but, by using the 6-311++G** basis
set all charges on the N2 atoms have positive signs in all species.
On the other side, contrary results can be observed on the C3 and
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Table 3

Calculated MK and Mulliken charges for the most stable conformers of 1-buthyl-3-methyl imidazolium nitrate compared with the corresponding to the cation.

B3LYP/6-31G* Method?®

MK Mulliken
Atoms Cation Atoms C1 2 a Cation c1 2 a
1C —0.067 1C —-0.137 0.000 —0.058 0.302 0.283 0.297 0.292
2N 0.108 2N 0.242 0.140 0.083 —-0.381 —-0.417 -0.413 —0.404
3C -0.133 3C —0.256 —0.292 —0.198 0.034 0.017 0.018 0.016
4C -0.164 4C -0.196 —0.165 -0.238 0.031 0.018 0.019 0.020
5N 0.191 5N 0.226 0.185 0271 —0.390 —0.403 —0.400 —0.398
6H 0.227 6H 0.202 0.200 0.210 0.234 0.191 0.192 0.191
7H 0.209 7H 0.224 0235 0219 0.235 0.192 0.192 0.192
8C -0.374 8C —-0.318 —0.359 —0.380 —0.346 —0.359 —0.349 —0.348
9H 0.175 9H 0.200 0.202 0213 0214 0.271 0.260 0.259
10H 0.184 10H 0.140 0.154 0.158 0.230 0.182 0.179 0.182
11H 0.181 11H 0.115 0.130 0.126 0.230 0.182 0.186 0.185
12C —-0.233 12C -0.317 —0.147 —0.140 -0.195 —-0.155 —-0.160 —-0.182
13H 0.136 13H 0.134 0.095 0.128 0.201 0.192 0.185 0214
14H 0.145 14H 0.103 0.082 0.093 0.205 0.161 0.163 0.166
15C 0.046 15C 0.231 0.107 —0.044 —-0.263 —0.291 —-0.301 —0.262
16 H 0.050 16H 0.001 0.016 0.018 0.186 0217 0.147 0.133
17H 0.020 17H —-0.023 0.000 0.037 0.156 0.143 0.209 0.152
18C 0.154 18C 0.052 0.022 0.266 -0.271 —-0.257 —-0.260 -0.274
19H 0.002 19H 0.010 0.004 0.001 0.150 0.145 0.115 0.157
20H —-0.019 20H —0.009 0.041 —0.015 0.137 0.126 0.161 0.186
21C —-0.368 21C -0.279 —-0.302 —0.450 —0.447 —0.447 —-0.457 —0.447
22H 0.115 22H 0.079 0.085 0.129 0173 0.146 0.143 0.173
23H 0.101 23H 0.084 0.069 0.087 0.166 0.175 0.130 0.130
24H 0.097 24H 0.064 0.098 0.101 0.158 0.144 0.200 0.138
25H 0.220 25H 0.240 0.183 0.184 0.250 0.322 0.307 0.309
260 —-0.576 —0.553 —0.566 —0.520 —0.506 -0.516
27N 0.827 0.820 0.848 0.705 0.688 0.693
280 —0.588 —0.566 —0.590 -0.521 —-0.507 -0.513
290 —0.473 —0.476 —0.492 —0.442 —0.438 —0.445

C4 atoms with both basis sets. Very important results are obtained
regarding the total sum of the MK and Mulliken charges on the C1,
N2 and N5 atoms that belong to the imidazole ring, in accordance
to the scheme proposed in Fig. 2. We observed that the total sum
of the MK charges on those three atoms result in positive values by
using both basis sets while the total sum of the Mulliken charges
generate negative values for the three conformers of [BMIm][NOs3]
with both basis sets, including the cation. Hence, the scheme
presented in Fig. 2 where the ring has positive charge is better
represented with the MK charges, as compared with the Mulliken
ones. The Mulliken charges on the 026 and 028 atoms belong to
the nitrate groups and predicted practically the same values by
using 6-31G* basis set but slightly different from those observed
on the 029 atoms. Hence, this level of theory suggests bidentate
coordinations of the nitrate groups in the three conformers.
However, a different result is observed from the MK charges,
because these charges on the 026 and 028 atoms are unlike be-
tween the three O atoms.

In Table 4 the molecular electrostatic potentials (MEP) are
summarized for the three conformers of [BMIm][NO3] and their
cation by using the B3LYP/6-31G* level of theory while these values
by using the other basis set is presented in Table S4. The mapped
surfaces for all species are represented graphically in Fig. 5. The
results of Table 4 shows clearly that the MEPs values on all atoms
slightly change from cation to the three conformers but the most
significant changes are observed on the C1, N2 and N5 atoms
located in the rings, in accordance with the corresponding MK
charges. Besides, the H25 atoms belong to the C1—H25 bonds also
change significantly due to the H bonds formed as a consequence of
the coordination of those atoms with the nitrate groups. Here,
another very important result is observed in the similar MEP values
on the 026, 028 and 029 atoms by using both basis sets indicating
probable monodentate coordination for the nitrate groups. If now,

we analyzed the different colorations observed from Fig. 5, we
observed that the expected blue color that is observed on the cation

Table 4
Calculated molecular electrostatic potentials for 1-buthyl-3-methyl imidazolium
nitrate compared with the corresponding to the cation.

B3LYP/6-31G* Method?

Atoms Cation Atoms c1 2 a
1C —14.474 1C —14.642 —14.640 —14.641
2N —18.090 2N —18.231 —18.232 —18.233
3C —14.523 3C —14.652 —14.654 —14.655
4C —14.523 4C —14.654 —14.655 —14.654
5N —18.083 5N —18.229 —18.231 —18.231
6H —0.900 6H —1.025 —-1.026 —-1.026
7H —-0.902 7H -1.024 -1.026 —-1.026
8C —14.528 8C —14.676 —14.674 —14.672
9H —0.928 9H —1.082 —1.081 -1.078
10H -0.934 10H -1.073 -1.070 —-1.069
11H —0.935 11H -1.075 -1.074 -1.073
12¢C —14.533 12¢C —14.659 —14.659 —14.663
13H —0.946 13H -1.076 -1.076 -1.077
14H —0.947 14H —1.068 -1.070 -1.074
15C —14.599 15C —14.726 —-14.729 —14.719
16H —0.986 16H -1.117 -1.111 -1.106
17H —0.987 17H -1.111 -1.120 —-1.106
18C —14.616 18C —14.728 —14.740 —14.747
19H —1.009 19H -1.122 -1.131 -1.139
20H —1.008 20H -1.121 -1.135 —1.142
21C —14.645 21C -14.747 —14.765 —14.756
22H -1.027 22H -1.127 -1.143 -1.139
23H -1.027 23H -1.130 —1.143 -1.135
24H —-1.026 24H -1.127 -1.149 -1.136
25H —0.870 25H -1.039 -1.039 —1.040
26 0 -22.377 —22.371 —22.374
27N —18.148 —18.143 —18.146
280 —22.379 —22.372 —22.375
290 —22.380 —22.374 —22.377
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C3

Fig. 5. Molecular electrical potential surfaces of 1-butyl-3-methylimidazolium nitrate
and their cation obtained from B3LYP/6-311++G**. Color ranges, in au: from
red —0.090 to blue +0.090 and isodensity value of 0.005. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

clearly represents electrophilic sites while the red and green col-
ours indicate nucleophilic and inert sites, respectively. Here, the red
colours observed on the nitrate groups of the three conformers
indicate nucleophilic places due to the anionic characteristics of
those groups while on the C—H bonds of the rings and, on part of
the C—H belong to the CH3 groups blue colours are observed
because these sites are electrophilic places. Finally, on the butyl side
chain green colours are observed indicating clearly that these sites
are completely inert.

In relation to the bond orders, in Table 5, the bond orders (BO)
expressed by Wiberg's indexes for 1-buthyl-3-methyl imidazolium
nitrate are given in Table 5 together with the cation while in
Table S5 these values are presented by using the other basis set. The
bond order values were calculated with the NBO program [19]
because they are very useful to indicate the characteristics of the
different bonds. In general, the addition of nitrate group to the
cation clearly increases the BO of some atoms, as observed by using
the 6-31G* basis set. However, when the other basis set is used few
atoms decrease their values, as can be seen in Table S5. The BO
values for the 026 and 028 atoms belonging to the nitrate groups in
the three conformers have approximately the same and low BO
values (O—N—O) than those corresponding to the 029 atoms (N=
0) which present higher values by using the 6-31G* basis set. But
when the other basis set is employed the three O atoms present
approximately the same BO values. Evidently, here different coor-
dination modes by using both basis set are predicted for the nitrate
groups.

4.3. Energy interactions and topological studies

The above studies by using MK and Mulliken charges, MEPs and
bond orders have suggested different coordination modes of the
nitrate groups in the three conformers of [BMIm][NO3] and, for
these reasons, the donor-acceptor energy interactions and the to-
pological properties for all species are necessary in order to eluci-
date the type of interactions that is present in these species. Hence,
NBO [19] and AIM calculations were performed to analyze the
stabilities of these species by using the topological properties
calculated with the AIM2000 program [20] and the Bader’ theory

Table 5

Calculated bond orders expressed, as Wiberg indexes by atoms, for the three con-
formers of 1-buthyl-3-methyl imidazolium nitrate compared with the correspond-
ing to the cation.

B3LYP/6-31G* Method®

Atoms Cation Atoms c1 2 a
1c 2.747 1cC 3.730 3.742 3.738
2N 2.649 2N 3.514 3513 3514
3C 2.897 3C 3.876 3.875 3.876
4C 2.883 4C 3.877 3.876 3.877
5N 2.669 5N 3.523 3.523 3.517
6H 0.800 6H 0.935 0.935 0.935
7H 0.802 7H 0.935 0.935 0.935
8C 2.990 8C 3.710 3.715 3.718
9H 0.751 9H 0915 0918 0917
10H 0.734 10H 0.943 0.943 0.943
11H 0.734 11H 0.945 0.944 0.944
12C 3.078 12C 3.811 3.811 3.801
13H 0.739 13H 0.937 0.937 0.929
14H 0.740 14H 0.945 0.945 0.942
15C 3.110 15¢C 3.880 3.879 3.902
16 H 0.745 16H 0.928 0.942 0.951
17H 0.742 17H 0.948 0.931 0.942
18C 3.145 18C 3.905 3.904 3.889
19H 0.735 19H 0.948 0.956 0.947
20H 0.738 20H 0.953 0.946 0.938
21C 3.060 21C 3.843 3.837 3.848
22H 0.749 22H 0.946 0.947 0.939
23H 0.745 23H 0.943 0.955 0.955
24H 0.744 24H 0.951 0.937 0.953
25H 0.797 25H 0917 0918 0917
260 1.852 1.863 1.860
27N 4.076 4.077 4.077
280 1.858 1.866 1.861
290 1.989 1.977 1.975

[21]. These donor-acceptor energy interactions for the three con-
formers of 1-buthyl-3-methyl imidazolium nitrate compared with
the corresponding to the cation can be seen in Table 6 while in
Table S6 their values are observed with the other basis set. These
energy interactions are calculated from the NBO program by using
the Second Order Perturbation Theory Analysis of Fock Matrix in
NBO Basis, which are expressed as E(2). The deep analysis of these
results clearly shows the differences that present the three con-
formers of [BMIm][NO3] and their cation. Obviously, the cation is a
charged species and, for this reason, it is an unstable species with
low donor-acceptor energy interactions, as compared with the
neutral species. A total of six interactions are observed for the three
conformers but in the cation the AET;p_, , and AET;_ , in-
teractions related to the nitrate groups are not observed, as it is
expected. Here, the total energy donor-acceptor energy interactions
values for C1 and C2 conformers by using both basis sets are higher
than those corresponding to C3, being the most stable the C1
conformer by using the 6-31G* basis set but C2 is the most stable
species by using the other one. Here, higher stabilities of C1 and C2
are clearly attributed to the m C1—N2—LPN5 and 7C3-C4— LPN5
interactions which are not present in C3. Probably, these results
could in part be justified by the higher dipole moment values which
are observed for both C1 and C2 species and by the higher values of
the C1—H25—026 bond angles observed from Table 2 for those two
species (168.6° in C1, 167.2° in C2 and 158.3° in C3). When the
greatest basis set is used a new 4ET,_, ,+ interaction appears which
can only be observed in C3. Thus, the total energies support high
stabilities for the three species but specifically for C1 by using the 6-
31G* basis set and for C2 by using the greatest basis set.

The atom in molecules (AIM) Bader's theory is useful to analyze
the intra-molecular and inter-molecular interactions that present
different species by using their topological properties [21]. Hence,
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Table 6

Main donor-acceptor energy interactions (in kj/mol) for the three conformers of 1-
buthyl-3-methyl imidazolium nitrate compared with the corresponding to the
cation.

B3LYP/6-31G*

Delocalization Cation C1 2 [}

7 C1-N2—LPN5 95.60 90.33 89.37

mC3—C4— LPN5 0.00 549.00 547.75

AET; . 1p 95.60 639.33 637.12
7C1-N2—-7*C3—C4 71.48 77.96 76.91 76.49
m(C3-C4—m* C1-N2 62.41 49.07 48.91 48.24
AET; ., 133.89 127.03 125.82 124.73
LPN5— m*C1-N2 332.10 326.63 328.76 326.33
LPN5 — 7'(3—C4 125.07 136.98 137.40 136.90
LPO26 — w*N27—029 404.42 304.76 276.97
LP0O28 —m*N27—-029 484.09 339.79 306.02
AETip. o+ 457.17 1352.10 1110.71 1046.21
LPO26 —*C1—H25 111.48 87.82 87.11
LP026 —c*N27—-029 61.78 67.59 67.17
LP028—0*026—N27 53.17 53.92 54.38
LPO28— g*N27-029 69.56 68.84 67.84
LP029—c*026—N27 83.47 80.76 80.47
LP029—¢*N27—-028 79.55 78.79 79.50
AETip_. 4 459.01 437.73 436.48
7*C1-N2 - n*(3—C4 70.98 104.04 102.91 104.67
T*N27—-029— w*N27—-029 48.03 45.48 43.68
AET; . o+ 70.98 152.07 148.39 148.35
T*N27—-029— ¢*N27—029 104.79 141.08
AET; . 4 104.79 141.08
AErota 757.63 272954 2564.55 1896.85

the electron density, p(r) and the Laplacian values, V2p(r) were
calculated for the three conformers of [BMIm][NOs] and their
cation in the bond critical points (BCPs) by using the AIM 2000
program [20]. The results of those two properties obtained for all
species can be seen in Table 7 while in Table S7 the results for the
other basis set are summarized. Here, only the interactions for the
three conformers were presented because there are not observed

Table 7
Analysis of the topological properties for the three conformers of 1-buthyl-3-methyl
imidazolium nitrate compared with the corresponding to the cation.

B3LYP/6-31G*

cl

Parameter (a.u.) H9---028 H16---026 H25---026
p(re) 00202  0.0122 0.0459
V2p(re) 0.0644 0.0380 0.1338
Distances (A) 2.1030 2.3820 1.7440

2
Parameter (a.u.) H9---028 H17--026 H25---026 H24---029 H20---028

p(re) 0.0173 0.0121 0.0443 0.0075 0.0032
v2p(re) 0.0542 0.0384 0.1307 0.0260 0.0134
Distances (A) 2.2030 23960 1.7580 2.5800 3.0100

c3

Parameter (a.u.) H9---028 H25---026 H20---029

o(re) 0.0152 0.0451 0.0066
V2p(rc) 0.0494 0.1357 0.0265
Distances (A) 2.2550 1.7510 2.7060

interactions for the cation. It is necessary to clarify that in Vzp(r) >
0 and |A1|/23 < 1 the interactions are of the H bonds, in accordance
with the Bader's theory [21]. Here, the eigenvalues (11, 12, 13) of the
Hessian matrix were no presented. Table 7 and S7 show H bonds
formations in the three conformers; having C1 and C3 three H
bonds of different characteristics while in C2 the number of H
bonds increases to five. Note that by using the 6-31G* basis set the
H9---028 and H25---026 interactions are present in the three
conformers and, that the density observed for the H25---026
interaction is higher in the C1 conformer probably because the
distance between those two atoms is lower. With the other basis set
the number of interactions decreases for C1 from 3 to 2 and for C2
from 5 to 3 while for C3 the number of interactions does not
change. Those two interactions clearly support the bidentate co-
ordination for the three conformers. Clearly, C2 has the higher
number of H bonds and, as a consequence, higher stability is ex-
pected for this conformer by using the 6-31G* basis set but, when
the other basis set is employed C2 presents the same stability than
C3. Obviously, the basis set has notable influence on the H bonds
interactions and, hence, on their stabilities.

4.4. Evaluation of gap energies and global descriptors

The energy difference between the HOMO and LUMO frontier
orbitals (gap) is important to predict the reactivities of diverse
species, in accordance to Parr and Pearson [24] and Brédas [25].
Thus, the HOMO and LUMO orbitals, defined as highest occupied
molecular orbital and the lowest unoccupied molecular orbital
respectively, are also practical to calculate useful descriptors that
are necessary to predict the behaviour of the species in different
media [26—28]. Hence, in Table 8 the calculated frontier orbitals,
energy band gap, chemical potential (u), electronegativity (x),
global hardness (1), global softness (S), global electrophilicity index
(w) and global nucleophilicity index (E) for [BMIm][NO3] and their
cation are compared with the values obtained for p-xylylenedia-
minium bis(nitrate) and their cation [34]. Then, in Table S8 the
values by using the 6-311++G** basis set are presented. If first, the
gap values for the three conformers and their cation are compared
by using the 6-31G* basis set, we observed the same values for C2
and the cation (—4.36 eV) and for C1 and C3 (—4.3764 eV) where
the two first have lower values than the second ones, for these
reasons, these two C1 and C3 species have slightly low reactivities
as compared with those two species. When these gap values are
compared by using the B3LYP/6-311++G** method the cation and
C2 are the most reactive species but the three conformers of ionic
liquid are more reactive than their cation and than the p-xylyle-
nediaminium and their cation [39]. Note that the p-xylylenedia-
minium cation is less reactive than the [BMIm] one by using the 6-
31G* basis set but on the contrary is observed with the other basis
set. Analyzing the descriptors, we observed that despite C2 and the
[BMIm] cation and C1 and C3 have the same gap values all species,
they show different softness values by using both basis sets. In
relation to the electrophilicity and nucleophilicity indexes, it is
observed that the cations of both nitrate species present higher
indexes than the corresponding neutral species but these values are
higher for p-xylylenediaminium bis(nitrate) in relation to the ionic
liquid probably because this species has two nitrate groups in their
structure while the ionic liquid presents only one nitrate group.
Both cations are positively charged species and electrophilics and,
for these reasons, they have higher electrophilicity indexes. These
descriptors are compared in Table 8 and S8 with other reported for
species with different properties, such as, the two antimicrobial
tautomers of 1,3-benzothiazole, thione and thiol [35], the antiviral
thymidine [36] and with the toxic species CN~, CO and saxitoxin
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Table 8

Calculated HOMO and LUMO orbitals, energy band gap, chemical potential (x), electronegativity (x), global hardness (n), global softness (S), global electrophilicity index («) and

global nucleophilicity index () for [BMIm][NO3] and their cation.

B3LYP/6-31G* method?

B3LYP/6-311++G**"

Frontier [BMIm] [BMIm][NO?] p-Xylylenediaminium p-xylylenediaminium bis(nitrate)
orbitals Cation Cc1 2 a3 Cation neutral
(eV)
HOMO —11.6033 —-5.0336 —5.1743 —5.0980 —14.4150 —7.5729
LuMO —4.8613 —0.8388 —0.8143 -0.7216 —8.5800 —1.8621
GAP —4.3600 —4.3764 —4.3600 —4.3764 —5.8350 —5.7108
Descriptors (eV)
v 3.3710 2.0974 2.1800 2.1882 29175 2.8554
n —8.2323 —2.9362 —2.9943 —2.9098 —11.4975 —4.7175
n 33710 2.0974 2.1800 2.1882 29175 2.8554
N 0.1483 0.2384 0.2294 0.2285 0.1714 0.1751
[0} 10.0520 2.0552 2.0564 1.9347 226551 3.8970
E —27.7511 —6.1584 —6.5276 —6.3672 —33.5440 —13.4703
B3LYP/6-31G*
Frontier Thionec Thiol® Thymidine! CN ¢ co*® Saxitoxin®
orbitals
(eV)
HOMO 6.4443 6.8847 6.9621 21.0491 10.1077 13.656
LuMO —2.7918 —2.6194 —1.4443 —18.8917 —0.5926 —7.1273
GAP —3.6525 —4.2653 —5.5178 —2.1574 —9.5151 —6.5287
Descriptors (eV)
Va —-1.8263 -2.1327 —2.7589 -1.0787 —4.7576 —3.2644
n —4.61805 —4.7521 —4.2032 —19.9704 —5.3502 —10.3917
n 1.8263 21327 2.7589 1.0787 4.7576 3.2644
N 02738 0.2345 0.1812 0.4635 0.1051 0.1532
5} 5.8388 5.2943 3.2018 184.8600 3.0083 16.5403
E —8.4337 —10.1345 —11.5962 —21.5421 —25.4536 —33.9220
[E(LUMO) - E(HOMO)]/2; p = [E(LUMO) + E(HOMO)]/2; n = [E(LUMO) — E(HOMO)]/2.

N w =220 E = p'n.
2 This work.

b From Ref [34].

€ From Ref [35].

4 From Ref [36).

© From Ref [28].

[28]. Here, we observed that the electrophilicity index values for
the three conformers of the ionic liquid by using both basis sets are
closer to the values observed for CO while their cation also presents
nucleophilicity index closer to toxical agent CO [28]. Note that the
nucleophilicity indexes for the three conformers with the 6-
311++G** basis set are closer to thione [35]. With the greater basis
set, C2 is the most reactive conformer including those two
compared species while the compared cations have high values of
electrophilicity and nucleophilicity indexes. These latter indexes
calculated with the 6-311++G** basis set are closer to the value
observed for thione [35]. Thus, these results clearly evidence that
the basis set has remarkable influence on the reactivities and be-
haviors of these species in gas phase.

5. Vibrational analysis

In this analysis, the optimized structures in gas phase of the
three conformers of [BMIm][NO3] with monodentate coordination
and their cation were considered by using the B3LYP/6-311++G**
method, in accordance to their calculated low RMSD values for
both geometries and wavenumbers. Hence, all monomeric struc-
tures were optimized with C; symmetries where the monomers
and their cation present 81 and 69 vibration normal modes,
respectively and, where all modes present activity in both spectra.
The FT-IR spectrum was taken from that reported for [BMIm][NO3]
in liquid phase by Gruzdev et al. [17] while their FT-Raman

spectrum was recorded by us. Both spectra are respectively given
in Figs. 6 and 7, compared with the corresponding predicted for the
most stable monomers C1 and C3 and the dimer. In those two
figures we observed good correlations among the experimental and
the predicted spectra when the dimeric species are considered. In
particular, the Raman spectra shows a very good correlation when
the predicted spectrum expressed in activities are corrected to in-
tensities by using equations reported in the literature [37,38]. The
band observed in the infrared spectrum at 3490cm~' can be
assigned to the OH stretching modes of water, as reported by
Gruzdev et al. [17] because during the preparation of this ionic
liquid the reactives are dissolved in water. On the other hand, the
band at 2386 cm ™! is clearly attributed by Gruzdev et al. [17] to the
cation-anion interaction between the imidazole ring and the ni-
trate groups. Here, the very strong band observed in the IR spec-
trum at 1344 cm ™, which is assigned to vibrations NO3 by Gruzdev
et al. [17], is predicted with low intensity in the IR spectra of the
monomer while the intensity of this band is increased in the dimer.
In the same way, the band at 1362 cm™' predicted in the Raman
spectrum with low intensity is clearly increased in the dimer. Be-
sides, the groups of bands located in the higher wavenumbers re-
gion in the Raman spectrum of the monomer are visibly predicted
with higher intensities than in the dimer. Hence, the presence of
the dimer could probably justify the strong intensities of those
bands in both spectra. On the other side, the strong Raman band at
1417 cm ™! could also justify the presence of the dimer because a
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Fig. 6. Comparison of experimental FTIR spectrum [17] with predicted (B3LYP/6-

311++G**) gas phase infrared spectra for the most stable monomers C1 and C3 and the
dimer of the most stable conformer of 1-butyl-3-methylimidazolium nitrate.
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Fig. 7. Experimental Raman spectrum of 1-butyl-3-methylimidazolium nitrate
compared with the predicted for the most stable structures of monomer and dimer in
the gas phase at B3LYP[6-311++G** level of theory.

symmetric CH3 deformation mode is predicted in this species at
1416 cm™'. Here, the differences observed between both

experimental and predicted spectra can be in part attributed to the
calculations because they were performed in gas phase where the
packing forces were not considered. The force fields of those
monomer and cation species were computed by using the internal
coordinates and the SQMFF procedure [22] with the Molvib pro-
gram [23] and considering harmonic force fields. The scale factors
used in the refinement process to obtain the harmonic scaled force
fields were those reported in the literature [22]. In Table 9 the
observed and calculated wavenumbers are presented together with
assignments for the monomers and dimer of 1-buthyl-3-methyl
imidazolium nitrate and their cation in gas phase by using the
B3LYP/6-311++G** level of theory. Here, the better approximations
are obtained with that method because the initial RMSD values for
C1, C2, C3 and their cation are respectively 46.70, 45.21, 48.20 and
68.12 cm ! while the final values decrease up to 19.73, 19.01, 18.03
and 24.14cm™ !, respectively. These values are also presented in
Table 9. The complete assignments for the three monomers and
their cation were performed using the potential energy distribution
(PED) contributions >10% and the corresponding experimental
spectra while for the dimer the assignments were performed with
the GaussView program [29]. We have discussed below only the
assignments performed for the most important groups of [BMIm]
[NOs] and their cation (see Table 9).

5.1. Bands assignments

5.1.1. C—H modes

For the three conformers of [BMIm][NOs] and their cation are
expected the stretching, in-plane and out-of-plane deformation
modes due to the C1—-H25, C3—H7 and C4—H6 groups that belong
to the imidazoline rings. Here, in the three conformers and their
cation the C3—H7 and C4—H6 stretching modes are predicted
coupled between them by SQM calculations in the 3156-3139 cm ™"
region while in the dimer these modes are predicted between 3203
and 3007 cm™! and, for these reasons, those modes are assigned
between 3170/3163 and 2942/2941 cm ™. As expected, in the four
species the symmetrical modes are assigned to the Raman band of
medium intensity at 3163 cm~! while the corresponding antisym-
metric modes can be assigned to the IR bands at 3147 and
3101 cm ™. Note that in the three conformers of [BMIm][NOs] the
C1-H25 stretching modes are predicted at 2793 and 2717 cm ™,
hence, they are easily assigned to the IR and Raman bands at 2743
and 2738 cm™, respectively. In the cation, the C1—H25 stretching
mode is predicted at 3142cm™" and assigned to the IR band at
3147 cm ™. Obviously, the presences of the nitrate groups shift
these modes toward lower wavenumbers in the three conformers.
However, the C1—H25 in-plane deformation modes are predicted
in all conformers between 1312 and 1307 cm™! while in the cation
this mode is predicted at 1134cm™. Hence, those modes are
assigned in the predicted regions by SQM calculations. The other
C3—H7 and C4—H6 in-plane deformation modes are predicted in
the cation to higher wavenumbers (1272/1095 cm ™) than the three
conformers (1081 and 1078 cm™1). Thus, these modes are assigned
between 1272 and 1078 cm™ ", In the dimer these modes are pre-
dicted between 1319 and 1191 cm ™.

5.1.2. CH3 modes

In the monomers and cation a total of 18 vibration normal
modes are expected because there are two CHs3 groups in their
structures. Hence, the antisymmetric modes were predicted be-
tween 3033 and 2959 cm™~! while the symmetric modes between
2942 and 2893 cm ™. Hence, the Raman bands of the medium in-
tensities at 2941, 2913 and 2874 cm ™! are assigned to those sym-
metrical modes. The deformation modes are predicted in species
containing these groups between 1474 and 1366 cm ™' [26,36,39],

212



(| ovol (82)FHDd L901 (82)FH2I €L01 (82)fHDd 0LoL (82)¢HOI 6901 SAZYOL
-0 7901 (120)*Hod Lot (82)*HDJ*(122)*HD.J 0801 (S1D)°HIM2(122)#HD .0 vL0L (120)*HD.d SL0L SAZYOL M8y0L
CON* zL0L LH—€DY'9H—1DY 8L01 9H-¥D9'LH—€2¢ 1801 LH—€9'9H—¥Dd 6L01 81D-510A(12)fHDd £801 ysLsolL
£HDd 6011 (122)eHdd 7601 (122)eH2d ¥601L 9H—¥I¢ S601 MOGOL Us6601L
£HDd it (122)¢HDd SOLL (8D)¢HD.d SLLL MLLLL MBLLL
£Hdd ov1L (82)fHD.d (4288 (82)¢HD.d (4281 (82)¢HD.d 201 STH-129 yeLL UsoELL
€HDJ 8911 T1D-ZNA'STH— 129 6Ll STH-9Z0'STH— 102 1901 80—GNA L1l M89L L 6911
H-29 1611 (z1d)*Hd L611 (212)?Hdd Lozl (212)°Hdd T61L (212)?Hdd 8811 mzizL
ZHdd LETL (S12)Hdd LETL (S12)?HDd 0sz1L 9Z0—LTNA el MySTL 4s99zL
ZHdd 124} (z12)?H2d 6vTL ZONA'9ZO—LZNA LsTl (S12)?HDd seTl MySTL Us99zL
2Hdd 6LT1 (212)°H2d*(812)°HDd A48 LH—€24 (4440 useszlL ys9szl
2Hdd 78Tl 8D—GNA(81D)°HDd €621 (812)?HDd 6821 (S1D)°HOBeM [4:14% (812)?HOd z621 yseszl ys9szl
STH-12 L0€1 TID—TNA'STH-122 Lo€L (S12)2HD9'(812)?HDI 20¢1 00€1 uszogl
H-29 SlEL (812)°Hd oLel STH-129 (4531 TID—TNA z0eL (510)(810)°HI%em 00€L uszoelL
H-2d 61EL (S12)?HD3em 9LEL (812)?HD3em LzEl 9H-¥2¢'STH— 124 [4£31 uszLEL
ZON"AD—NA i3l [D—GNA evel £D—TNA ovel 1D—-SNA yhel (81D)°HO%em 9LEL weel SAVVEL
CON*AD—NA LSEL (120)*HD% pSEL (z10)°Ho%em Tsel (120)*HD*e £5€L (z10)°HO%em PSeL wgeel SAVYEL
ZON®AD-NA 09€L (122)FHD% 8GEl (129)FHD% 19€1L wgEEL SAPYEL
= ZON®AMD—NA voEL (z12)*Hd3em LLEL (81D)?Hd3em 89¢1 (812)(z12)*Hd3em £9€1 wgeel SAPVEL
X “HD%em 88€L (810)°HO%em L8€1 (s10)(210)*HI%em 88€l (212)°HDBem S8eL (S10)°HO%em SLEL w/8eL
= ZHD3em 00¥L (82)EHD%Q 66€1 (S12)?HD3em 96€1 £I—TNA'LD—TNA 96€L £-TNA 16€L w/8EL usgopL
S “Hd%em Loyl 1D—ZNA(Z1D)*HDd ooyl (8D)°HD*Q vl (8D)*HD%e oovlL (8D)°HD*Q 96¢1 w/gel Ussov L
g £HD%Q 9IvlL (S12)°HdQ L1yl (S12)°HDQ yivl SLIVL
& (812)°HdQ vyl (S12)?HDQ €Tyl (82)¢HD"e [4aql SLIPL
® HDSem Leyl (122)*HD"¢ [Uag (S1)°HDQ (4348 (812)°HDQ 8yl SLIYL
2 (122)FHI"e elagt (122)FHD"¢ 9EVL (129)°HD"¢ sevl (812)7H2Q 44 SLIYL
g ZONA orpL ZON"A orpL ZON"A Lepl (212)?HDQ(122)eHD"Q 8evl (z12)°Hde 4341 w oSyl sGopL
2 CON*A 0SPL (82)FHD"¢ 8241 (Z12)°HOQ [a44" CON*A ovbL (122)fHD"Q fa48 wosyl SS9V L
= £HDQ 6971 (z10)*Hde Tyl (8D)¢HD%¢ Lyvl (82)EHD% a4t wosyL SS9VL
s 2HDQ 88vL (812)°HQ ei448 (122)¥HD"¢ shylL (S1D)°HDQ(812)?HDQ syl (122)*Hd"¢ (441 wosylL SSOvL
s CHDQ S6v1L (82)FHD"¢ 0S¥L (82)FHD"¢ [o[5148 (82)FHD"Q 0SPL (82)FHD" G448 wosyl SS9v1
s N=DAD=Dr 7851 1D-TNA €651 1D—ZNA'PD—EDA 6€SL STH-12 yESL 1D-TNA 6€SL ME9ST S6LS1
m N=D4D=D1 6651 $O—€00 0ss1 [D—SNA 0sS1 pO—EN 0ss1 1D-SNA'PI—€I4 8vS1 MEISL S6LSL
3 N=JAD=DA 8091 Mz99L Moy9L
= STH-10A €6LT STH-1 L1z STH-1DA 3244 MBELT MEYLT
s (SID)PHD* 882 (812)2HI™ 28T (812)2HD™ 5887 (812)°HI™ 7882 w8z SGL8T
g (120)*H* £68C (SID)eHD™ L68T (S1D)eHD* 168C (SID)eHD™ 868¢ w87 SSL8T
g (812)7HO*™ L68T (122)EHD* 0062 (122)FHD* 868¢C (122)FHD* L06T wer6e usyz6T
2 (S1D)?HD" 816C (81D)FHD 606C (81D)°HO* L16T (81D)2HD 606C weleT usyz6C
m (8D)fHD* 1262 (8D)FHD™ S16T (8D)¢HD* 0z6T w e Usvz6T
= (812)PHI 43574 (Z12)2HD* 626C (Z12)?HD* ze6T (S12)2HD™ LE6T w $6C usTY6T
(Z1D)eH* 0¥6T (SID)EHD £V6T (SID)eHO* 6T (82)FHD* 6T W y6T uszy6e
(21D)°HD™ 1562 USES6T
ZHD* 866T (122)EHD" SS6T (122)EHD™ 096C (122)EHD®* 656C (122)EHD™ L96T wz96T ST96T
ZHO* €00€ (122)*H" L96T (12D)EHD* 696C (122)FHD" L96T (12D)EHD" 6L6C wz96z ST96C
H-DA L00E (Z10)H" £667 (Z12)PHD™ LL6T (Z10)HI"™ 7667 (Z12)PHD™ S66T Us886T Usg86T
ETRR 050€ (82)EHI" 810€ uszzoe UsLS0E
CHO*
EHD"A lele (82)fHD" 000€ (8D)FHD™ 866¢ (8D)FHD" 000€ (82)fHD" £€0€ MI0LE s1ole
H-OA prle (82)¢HD" €10€ (82)EHD" L00E (82)¢HD" L10e H-D" 6elE MIOLE sLoLe
H-OA 151 H-D" LELE H-D" 6eLE H-2" LELE STH—1 Tle UszylE w/ple
EHD" €91€ H-D% pS1E H-D% 9s1€E H-D% SSIE H-D% 9s1€E wegre usoLLE
H-Dn €02€ wegle usoLLE
Auawugissy e Auawugissy SNDS Auawudissy JWOS Auawugissy JNDS Auawudissy JNDS 2 Al
e€d i) 1D Juone)y
LJawig J9WOUON [eauawLadxg

10

~aseyd seg ur Jawp pue Uoned 1Y} pue LNIU WNIjozZepiuI [AYIdW-¢-]AYINg-1 JO SISULIOJUOD J[qeIS IO Y] 10j syuawudisse pue (

3

WD) SI9qUINUIABM PaJR[NI[ED PUB PIAIISAO

6 d1qeL

213



‘poyIaw ,,.5++11€-9/dA1€d Woid |,

‘poylawl , O+ _.Mvm\n_>|_mm PI2Y 9210 Sotueydawr wmuenb pajeds woiyg ,
[£1] 394 worg 4

SHOM SIUL

J. Kausteklis et al. / Journal of Molecular Structure 1164 (2018) 1-14

“ILNAWWAS ‘s d1nauAsnue ¢ 1PULIOJIP ‘Q :SUnSIM] ‘M2 :Sunjpol ‘d tuoisio] ‘2 :Suigdem ‘Sem :Suryaans ‘Asuoneirdiqqy
€081 1061 €L61 4844 (,-wd) asg
H-02 €1 STH—970% 6 STH—920% 2
H-02 14 STH-970% 1 9ZOSTHI¢ L1 IN-TIOM 61
—oma 8T 9ZOSTH1¢ 24 9Z0—LTNY 8T SZTH—920%'SZH—1D% 9z
—Dma LE IN—Z1OM2'9Z0—LTN> 3 IN-ZIOML €€
H-D2 8y 9ZOSTH129'LZNIZOSTHY [ STH-9Z0'STH— 10> St STH—1D2'LTNIZOSTHY 0s
H-D% 09 9TOSTHI%¢'LZNITOSTHY 09 9TO—LTINY 95 (82)*HOM2 85
STH-102 69
0-N2 [ STH-122 oL 810-G1J1'S1D-T1D2 oL S13-210% YL 8J-GNA 99
0—N2 8L SID—C1D¥'81D-61D2 8L SID—C1D¥'81D-G1D2 SL Usys
> 98 STH—9ZOV'STH—1DY 98 STH-1D% 78 Usp8
NOH¢ yoL LTNIZOSTHY S6 LTNIZOSTHY oot SOLL
NOHQ'OHOQ szl 9ZOSTHI¢'LZNITOSTHY €11 8106102 So1 SOLL
fHOM Tl (8D)sHOM2 vEL (82)fHOM 9€L
EHOM2 g [AREE/NA ps1 (82)eHOM2 548 [AREEANA 148
€HOM2 91 9ZO—GZHA LS1 9Z0—SZHA $91 9Z0—STHA €91
> A8 STH-9ZOV'STH—1DY 9Ll Usg6lL
EHOM2 y0T (122)eHOM2 v0T 8151071%¢ 661 815171°9'80~GNA S61 8)—GNA'8125171%¢ 10z usg61
O-NA 61T 8D—SNA(12D)FHOM2 61T (120)HOM2 £2T (12D)FHOML [1)k4 (120)HOM2 |44 ussiz
JD-NA £5C 8D—-GNA 544 8D-GNA 152 81J510Z1°¢'8D—SN4 i444 8GN/ 144 MAST
O-Ng ¥6C T1D—TNg'8D—SNd 662 TID—TNA'ZID—TNg v6T 8D-SNg 182 12081051°¢ [4:14 MAGBT
DDNEDDDQ 1€€ SIDZIDTNY 12815179 813 SIDZTIDTNQ 8l€E TID—TNA SIE SIDZTIDTNG oze mIzE
J-Ng oty T1D-TNg'8D-SN¢ L1y 83—SNg 214 10—y 607 T1D-TNg'8D—-SN¢ oLy MSLy
2000 661 812S1021°%¢ 98Y 12081051°¢ 105 SIDZIDTNQ' 122815179 [434 81251021°%¢ £:i4 M00S
‘g 765 TID—TNA 185 TID—CNA 8LS TID—TNA 0Ls ML09 Mp09
' 009 Red 019 ML09 My09
8 S€9 g S19 RIEEY S19 R 8 819 253 €19 Mm109 Mp09
R 179 RiE) 9€9 NGZH- 102 9€9 RiE) ¥€9 MPZ9 wyzy
g €99 T1D-TNA 059 M859 M85y
RiEd [4Z] 8D—GNA €L9 8D—GNA(81D)eHOML €19 (S1D)¢HOML 699 8D—GNA 899 uszL9
J—NA 90L (810)°HOM2 (44 Us669
ZONQ SIL ZONQ 90L ZONQ L0L ZONQ 90L MIOL MZOL
(81D)cHOM2
ZONQ 91L ZoNd oLL ZoNd oLL ZONd o1L M90L MZOL
ZONQ LiL ZoNd [472 (812)2HOM2 1oL usiiz
ZONe ozL TID—CNA £ MEEL usieL
H-D4 ShL H-DsA LzL H-Dsk 6CL H-Dsh Lzl MEEL UsLeL
ZHOM2 09L (812)°HOM2 oL H-Dsk L MZGL useyL
ZHOM2 yoL 810614 8LL 81D—G1DM(ZID)HOM 9LL 810—G1DM(ZID)*HOM2 VLL w9z
ZONA 88 ZONA vig ZONA L18 ZONA ¥1i8 M8 ysszs
ZONA 9€8 H—Dek 6€8 H—Dek o8 H—Dek 8¢8 STH-104 1z8 m9z8 w/e
(S1D)°HOM2 8 (122)¥HD.J(S1D)°HOML L¥8 (S1D)°HOM2 w8 MA098 Usz98
H-O4 858 H-O% L98 MAQ98 Usz98
ZHOMY 168 810—G100(12D)¥Hdd 888 mess
H-DA 126 (z10)°HOM2 116 (z10)eHOM2 016 (120)*HD.d*(z10)?HOMY £68 (122)FHDd 806 M906 UsL68
ZHOML LS6 S12-210n 656 S13-2I0A LS6 MLYG MAZSE
H-OA 686 120-81JA'G1D—TIDA 296 S1D-ZIon 9L6 MyLG MAZ86
-0 £66 STH-104 £66 STH-1D4 766 MABS6
J-onhyg 666 $D—-SNARIY 666 gD —SNA 666 SN 866 MABSE
1208104 Lot STH-9Z0'STH— 10> y1oL 1208104 €001 wezol MSZOL
g 1E0L STH-1D4 L101 120-8IDA'8ID—G1DA L101 wezol M8zol
g 4201 9ZO—LZNACONA 1z01 STH-9ZO'STH—1D2 szol ZON*n 1201 PI—-SNARIY €101 SATPOL
g 8£0L £D—TNACYY og0L i) Lzol g vzolL g €201 SAZYOL

214



12 J. Kausteklis et al. / Journal of Molecular Structure 1164 (2018) 1-14

Table 10

Comparison of scaled internal force constants for the most stable conformers of 1-buthyl-3-methyl imidazolium nitrate and their cation in gas phase.

B3LYP Method

Force constants 6-31G**

6-311++G™* 6-311++G

1-buthyl-3-methyl imidazolium 1-buthyl-3-methyl

imidazolium nitrate

<

p-xylylene-diaminium bis(nitrate)” Chromyl nitrate"

Cation Cc1 2 a
f(vN=0) 8.50 830 830 9.74 15.83
flvN—0) 6.80 6.90 6.90 4.25 322
flvC—H) 5.50 5.16 5.23 5.20
f(vCHz2) 4.80 4.78 4.78 4.81
flvCH3) 497 4.88 4.88 4.90
f(vrC—N)g 6.75 6.75 6.82 6.75
f(vC-N) 425 445 4.50 4.50
fve=0) 7.70 7.80 7.80 7.80
forec=C) 4.00 4.03 4.03 4.03
f(6CH2) 0.80 0.80 0.80 0.80
f(6CH) 057 0.60 0.58 0.55
f(6NO) 1.60 1.60 1.60 153
Force constants 6-311++G* 6-311++G™ 6-311++G
1-buthyl-3-methyl imidazolium 1-buthyl-3-methyl p-xylylene-diaminium bis(nitrate)” Chromyl nitrate®
imidazolium nitrate
Cation c1 2 a
flvN=0) 8.00 8.00 7.95 9.74 15.83
flvN—0) 6.50 6.50 6.50 4.25 322
flvC-H) 5.40 5.10 5.14 5.13
flvCHy) 473 4.73 4.71 4.73
f(vCH3) 4.87 4.82 4.80 4.82
fC—N)g 6.60 6.57 6.60 6.60
f(vC-N) 4.15 435 435 435
foc=0) 7.60 7.60 7.60 7.60
fvre—c) 3.93 393 393 393
f6CH3) 0.77 0.8 0.80 0.80
f(6CH3) 0.52 0.52 0.53 0.52
f(6NO,) 1.60 1.60 1.60 153

Units are mdyn A" for stretching and mdyn A rad 2 for angle deformations.
# This work.
b From Ref, [34].
© From Ref, [41,42].

in the three conformers they are predicted between 1450 and
1396 cm ™! and, for this reason, those modes were clearly assigned
in this region, as detailed in Table 9. The symmetric CH3 deforma-
tion mode predicted in the dimer at 1416 cm~! can be easily
assigned to the strong Raman band at 1417 cm~'. The rocking
modes are predicted in different regions and in some cases coupled
with other modes, thus, in the cation they are predicted between
1118 and 908 cm™!, in the three conformers between 1132 and
847 cm™! while in the dimer between 1168 and 1109 cm ™. Hence,
the bands observed in those regions are assigned to these vibration
modes.

The twisting modes are predicted for all species in approxi-
mately the same regions, and in particular, in C3 one of them is
predicted coupled with the out-of-plane deformation mode. In the
cation, these modes are predicted in 221 and 58 cm 1 while in the
monomers between 223 and 134cm™ ', as in species with similar
groups [26,36,39]. In the dimer these modes are predicted between
204 and 142 cm ™', as indicated in Table 9.

5.1.3. CHz modes

The antisymmetric and symmetric stretching modes expected
for the three CH, groups of cation and the three conformers of
[BMIm][NO3] are predicted between 2993 and 2872 cm ™' while in
the dimer, they are predicted between 3003 and 2998 cm™ !, hence,
the IR and Raman bands observed in these regions can be assigned
to those vibration modes. Note that the symmetric modes were

assigned to the Raman bands of medium intensities at 2962, 2941,
2913 and 2874 cm ™!, as observed for other species containing these
groups [26,27,36,39]. The deformation, wagging, rocking and
twisting modes expected for these species were predicted in the
expected regions [26,27,36,39] and for this reason, they were
assigned to the IR and Raman bands at 1450/1417, 1417/1283, 1302/
1112 and 952/672 cm™, respectively.

5.14. Nitrate groups

Here, the nitrate groups in the three monomers and dimer of
[BMIm][NO3] were considered with monodentate coordinations
because the N—O bonds were predicted by SQM calculations with
different values (see Table 2) because one of the tree bonds is
predicted with lower value (N—O) than the other ones (0=N=0),
as observed in similar nitrate species [35,40—43]. For instance, the
N=O stretching modes are observed between 1672 and 1460 cm
[40—42] but, in NbO(NO3)3 these modes were assigned between
1763 and 1753 cm ™' [43]. Considering bidentate coordination in p-
xylylenediaminiumbis(nitrate) [34], the NO, antisymmetric
stretching modes were assigned at 1313 cm 1 while the N=0
stretching modes were assigned at 1536 cm ™. Here, we expected
for the nitrate groups of monomers two NO, antisymmetric and
symmetric stretching modes and only one N—O stretching mode.
The strong IR band at 1465cm™" is clearly assigned to the NO,
antisymmetric stretching modes for the three monomers while in
the dimer these modes are assigned to the strong IR band at
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1344 cm™!. However, the corresponding symmetric modes are
predicted in different regions in the three species, thus, these
modes in C1 and C3 are assigned to the very strong Raman band at
1042cm~! while in C2 that symmetric mode is predicted at
1257 cm™ ! coupled with the N27—026 stretching mode. In the
dimer the symmetric stretching mode is predicted at 1072 cm ™!
but assigned to the strong Raman band at 1042 cm ™. In p-xylyle-
nediaminiumbis(nitrate) [34] the deformation modes were pre-
dicted by calculations at 783 cm~' while the two O=N=0
deformation modes in the monomers and dimer species are pre-
dicted between 720 and 706 cm ™. Here, these deformation modes
were assigned to the Raman bands between 733 and 706 cm™!
while the rocking modes were also assigned to the shoulder at
711 cm™! because these modes are predicted in this region. The
wagging modes were assigned to the weak Raman bands at 826 and
811cm~! because they are predicted by calculations at 836/
814 cm™. The torsion modes were assigned as predicted by cal-
culations at 78/28 cm™’, as detailed in Table 9.

5.1.5. Skeletal modes

The N5=C1, N2=C1 and C3=(C4 stretching modes were pre-
dicted in the three conformers and the cation in different regions,
and, for these reasons, these bonds present different double bond
characteristics, as observed in Table 9. Thus, in the cation, these
modes are predicted at 1548 (N5=C1, C3=C4) and 1539 (N2=C1)
cm ™! and with double bond characters while in C1 are predicted at
1550 (C3=C4), 1396 (N2=C1) and 1344 (N5=C1) cm™', where
clearly only the two latter have partial double bond character. In C2,
the three bonds have double bond characters because they are
predicted at 1550 and 1539 cm~! while in C3, the C3=C4 and N2=
C1 stretching modes are predicted with double bond characters at
1550 and 1533 cm ™! while the N5=C1 stretching mode is predicted
with partial double bond character because it is predicted at
1343 cm~ . Evidently, the presence of the anion and the position of
the side chain modify in part the nature and characteristics of these
bonds. The N5—C8 stretching modes, in species containing the
N—CH3 group, such as tropane species, are predicted at 1128-
1031 cm™ ! [44—46). Here, the N5—CHs stretching modes of the four
species are predicted in different regions, hence, in C1 is predicted
at 1147 cm~! while in the cation, C2 and C3 are predicted between
673 and 668 cm ™. The other N2—C12 bonds are linked to the buthyl
groups, as it is expected due to their longer chain in the lower
wavenumbers region. Thus, in the cation that mode is predicted at
570cm™, in C1 at 315cm™, in C2 at 578 cm™! while in C3 at
581 cm™ . Later, they were assigned in these regions, as can be
observed in Table 9. The C—C stretching modes corresponding to
the butyl chain are predicted with simple bond characters, as it is
expected and, for this reason, they are assigned between 1017 and
778cm™ !, as predicted by calculations. The two expected de-
formations (Br1 and PBr2) and torsions (try and Tg2) rings, for the
imidazoline rings were assigned as predicted the SQM calculations
and, as reported for similar species with five members rings
[44—46].

6. Force constants

In Table 10, for the three conformers of [BMIm|[NOs]and their
[BMIm] cation, the calculated force constants are presented
compared with those reported for p-xylylene-diaminium bis(ni-
trate) [34] and chromyl nitrate [41,42]. They were computed from
their corresponding harmonic force fields calculated at by the using
6-31G* and 6-311++G** basis sets and with the SQMFF method-
ology [22] and the Molvib program [23]. Analyzing the force con-
stants values for the three conformers at by the using 6-31G* basis
set we observed that the f(vN=0) and f(vN-O) constant values

practically do not change in C2 and C3 but in C1 the values are
slightly different from C2 and C3. On the other hand, the f{vxC—N)g
and f(vC—N) force constants related to the rings and to the side
chains are completely different, as it is expected because the bonds
related with these constants that belong to the rings present double
bonds characters and, for this reason, they have higher values than
the other ones. And, for the same reason, the f{rC=C) and f(vC—C)
force constants present different values. When the other basis set is
used the values undergo clear diminishing with exception of the
f(6CH>) and f(6NO,) force constants probably because their corre-
sponding bond angles do not change when the size of the basis set
increases. When the values for the f{yN=0) and f(vN—0) constants
are compared with those reported for p-xylylene-diaminium bis(-
nitrate) [34] and for chromyl nitrate [41,42] we observed different
values. In the first case, probably the observed differences can be
justified by the two nitrate groups present in p-xylylene-dia-
minium bis(nitrate) [34] while in the second case the presence of
strong bidentate coordinations with the Cr atom can explain those
differences observed.

7. Conclusions

In the present work, we have studied the cation-anion in-
teractions of the 1-butyl-3-methylimidazolium nitrate ionic liquid
in gas phase by using the hybrid B3LYP/6-31G* and B3LYP/6-
311++G** calculations and the experimental Raman spectrum.
From the four C1, C2, C3 and C4 conformers found in the PES for this
ionic liquid, by using both levels of theory, only three of them were
studied because C2 and C4 have practically the same energies and
properties. The results obtained for C1, C2 and C3 show better
correlations in geometries and wavenumbers when the 6-
311++G** basis set is employed, as evidenced by their corre-
sponding RMSD values. Here, the atomic charges, molecular elec-
trostatic potentials, stabilization energies, bond orders and
topological properties were computed for those three most stable
isomers. The MK charges suggest coordination monodentate for the
three conformers while the studies by means of the Mulliken
charges, MEPs and BO clearly support the coordination bidentate
for the nitrate groups of [BMIm][NOs]. Besides, the total sum of the
MK charges on the C1, N2 and N5 atoms evidence positive sign on
the imidazole ring, a result different from that obtained for the
Mulliken ones. The NBO study shows clear differences among the
three conformers being the more stable C1 by using 6-31G* basis
set and C2 with the other basis set. Besides, the NBO study evi-
dences high stability of the neutral species as compared with the
cation. Evidently, the nitrate groups strongly stabilize the [BMIm]
cation in the ionic liquid. The AIM study reveals the high stability of
the C2 conformer of [BMIm][NO3] and clearly supports the biden-
tate coordination for their three conformers. Both NBO and AIM
calculations support the high stability of C2 by using the B3LYP/6-
311++G** level of theory. The SQMFF procedure was employed
together with the normal internal coordinates and the experi-
mental available FTIR and FTRaman in order to perform the com-
plete vibrational assignments of all species. The force constants
were also reported for the monomers and their cation by using both
levels of theory. The presence of the dimeric species of ionic liquid
supports the strong bands observed in both experimental infrared
and Raman spectra at 1344 and 1042 cm™ !, respectively. The study
by the frontier orbitals reveals that the ionic liquid is slightly less
reactive than the cation probably due to the low values of nucleo-
philicity and electrophilicity indexes of the ionic liquid. Finally, the
reactivities and behaviour of these species in gas phase slightly
change when the size of the basis set increases.
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Two-dimensional Raman spectroscopy study of
ionogel phase formation in long-chain ionic
liquid/water systems

Jonas Kausteklis, Vytautas Balevicius and Valdemaras Aleksa*

The phase behavior of the imidazolium-based room t ature ionic liquids (RTILs) 1-decyl-3-methyl-imidazolium bromide and
chloride ([C;omim][Br], [C,,mim][Cl]) were studied by 2D Raman correlation spectroscopy and principal component analysis. The
hydrogen-bonded network changes and the liquid crystalline ionogel phase formation were observed when water content was
continuously increased in the system, and the Raman shift of C-H stretching modes in spectra was monitored. The extent of liquid
crystalline ionogel phase was determined from the discontinuities in the concentration de?endencies. The focus to the Raman
bands origi d from the imidazolium ring C-H stretching mode region (3000-3200cm™ ') when water content in the IL was
increased allowing to determine the lower border of ionogel phase formation in RTIL/water systems. The upper border of the
ionogel phase was determined when main attention was carried out to the Raman bands originated from the O-H stretching
vibration region (3200-3800cm ). The hypothesis of weaker hydrogen bonds involving the C(4)-H and C(5)-H groups and

stronger hydrogen bonds of the C(2)-H groups was supported by Raman results. Copyright © 2016 John Wiley & Sons, Ltd.

Keywords: ionogel; ionic liquids; hydrogen bonding

Introduction

In many fields of application, room temperature ionic liquids (RTILs)
are involved as solvents. Important research field persists physical
and chemical properties, their assurance of stability, and variation
identification. Water significantly changes the properties of IL.
Electrical conductivity, solubility, viscosity, and polarity can be
changed by impurities, especially water.""’ Therefore the IL/water
system behavior must be carefully analyzed in order to broaden
the understanding of ionogel phase formation in RTILs/water
systems.? Raman spectroscopy was used to study RTILs/water
systems, while water content was continuously increased from 0
to the 30% mass fraction of water. At this concentration range some
of imidazolium-based RTILs with long alkyl chains can form various
liquid crystalline (LC) ionogel phases in water solutions.*~* lonogel
have attracted considerable attention in the areas of biomaterials,
electro-optics, and as templates for the preparation of mesoporous
materials and ordered thin films." In certain cases, ionogel can be
considered to behave as ‘smart’ material; it possess an intrinsic
ability to sense and definitely to respond to various external stimuli
in a predictable way.”! ILs carry different properties; therefore,
structures with water are differently formed; in the case of
[Ciomim][Br], phases were determined precisely, being lamellar
(L)) and hexagonal (H;) ones” and for the [C;omim][Br], it was
identified as the LC ionogel.*®' Various methods were used to
study LC phases and heterogeneities of them in neat ILs and ionic
RTIL/water mixtures"'"'”) Vibrational spectroscopy, Fourier
transform infrared spectroscopy (FTIR) and Raman, can be a
particularly powerful method to study the states of imidazolium
ring C(2)-H, C(4)-H, and C(5)-H interaction with water in the
IL/water mixtures."®" The 2D Raman spectroscopy was employed
as a tool of precise determination of LC phase lower border at the

[Ciomim][Br] and [C;omim][Cl] and explained the role of anion in
this process.

Experimental

The 1-decyl-3-methyl-imidazolium bromide and chloride from
Merck KGaA Darmstadt and from lonic Liquids Technologies GmbH
(the structure and atom numbers are shown in Fig. 1) were dried
under vacuum at 80°C for 1day. The water used in experiment
was freshly distilled. The samples of [C10mim][Br]/water and
[CTOmim][Cl)/water ~systems were prepared by weighting
(£0.1 mg) the components. In the cases of extremely viscous gel
formed, those RTIL/water mixtures were weighted and mixed
homogeneously by standing the samples at 23 °C for half an hour.
For the Raman spectra obtainment, the Bruker MultiRAM FT-Raman
spectrometer with the motorized xyz-sample stage and with the
liquid nitrogen-cooled germanium detector was used. The
1064 nm wavelength beam of the pulsed neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser (500 mW) as the excitation
source and the 180° scattering geometry was employed in the ex-
periments, while the resolution of the spectrometer was set to
the 2cm ™. Average of the 400 Raman spectra were recorded to
get better signal to noise ratio at spectral range 70-4000cm '
when the temperature at 23°C was continuously maintained. To
avoid background, samples were prepared and measured in silica

* Correspondence to: Aleksa Valdemaras, Faculty of Physics, Vilnius University,
Saulétekio 9-3, LT-10222 Vilnius, Lithuania.
E-mail: valdemaras.aleksa@ff.vu.lt
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Figure 1. Molecular structure and carbon numbering of [C10mim][X], [X]=Br, Cl.

cells. While neat IL spectra were measured, low background level
was found and allowed us to obtain both qualitative and quantita-
tive information only used for spectrum normalization and linear
baseline subtraction processing. The FT-Raman spectrometer
control and experimental data digital processing were performed
using the OPUS 7.0 and the Origin 8.0 software program packages.
Principal component analysis (PCA) and 2D Raman correlation
analysis was carried out using the MathCAD program written in
the Laboratory of Raman Spectroscopy at Vilnius University.

Results and discussion

During the work with ILs/water mixtures, we have encountered
various well-known phenomena in phase behavior and
aggregation (micellization) process, which were observed in
some of imidazolium-based IL [C,mim][X] with long alkyl chains
(n=8-18).221 When the little water content (0.1% w/w of H,0)
added to [C;,mim][Cl] and [C;,mim][Br] water molecules tends to
interact with anions rather than self-aggregate, complexes
anion"H-O-H"anion with symmetrical H bond between anions
and water molecules were formed.”® Such network formation
apparently serves to enhance the segregation of the hydrophilic
and hydrophobic segments of the [C;omim*], thereby leading to
the regions of confined water and, ultimately, to the onset of gel
formation." The simultaneous appearance of a smectic LC phase
indicates that the formation of H bonds between imidazolium rings,
mediated by a channel of water, provides enhanced ordering of the
parallel molecular layers! Previous NMR, quantum chemistry
calculations, and vibrational spectroscopy studies claim that the
most pronounced dependence of chemical shift on amount of
water was observed for H-bonded C(2)-H""Br bridge proton, while
the weakest effect was detected for the terminal methyl group,
C(16)-H3.2>*4 Further addition of water caused IL/water system
conversion from liquid to the gel phase. Gelation is unlikely raised
from 2D alkyl chain packing effect. Authors™® discussed various
imidazolium-based RTILs with long alkyl chain phase formation
models in water and provided the structures of them. For
[C1omim][Br], it was identified as LC ionogel,"? while the coexisting
mesophases in [C;,mim][Br] were identified as lamellar (LR) and

hexagonal (H1).*'2%* Moreover, depending on the temperature
and sample composition, the regions of various coexisting phases
were measured on the phase diagram, and the model suggested
that gels are created by noncovalent interactions among the
constituent molecules At the higher content of water (~5%
w/w of H,0) IL/water mixtures, the phase changed from thick liquid
into hardened gel. The phase transition could be seen by the eye,
but the exact border was measured in our work. The formation
of the gel caused the experimental challenge with homogenous
sample preparation, which was solved with the usage of mechani-
cal and ultrasound mixing techniques. [C;omim][Brl/H,O and
[C1omim][Cl)/H,0 ionogels were found to be stable over range of
~5-40% w/w of H,0.2% In order to check the anion influence for
the ionogel phase formation, long-chain ILs, IL/water samples with
different water content were prepared and investigated. Main
attention was focused to the imidazolium ring Raman vibrational
modes at the region 3000-3200cm ™' where the wavenumber
changes induced by the addition of water were observed.
Raman spectra of [Ciomim][Cl] and [C;omim][Br] depicted in
Fig. 2 with vibrational wavenumbers of the imidazolium ring

0.25
[C, miml[Cl]
0.20 -
= [C, mim](Br]
4 015
2
£ L
-
o
E 010+
T
o
005 - C(4,5)-H
: .

. L
2900 3000 3100 3200 3300
Wavenumber/cm”

0.00 (l 1
2600 2700 2800

Figure 2. High-frequency range of Raman spectra of neat [C10mim][Cl]
(upper) and [C10mim][Br](lower).
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C(2)-H and C(4,5)-H stretching modes, marked mode ‘names’ (refer
also to Table 1). Raman band structure of ILs, similar to RTILs
investigated in our work, was resolved in previous studies.?”2
The wavenumber correlation was found in experimental data
where the assignment was made to the vibrational mode vC(2)-H
of the Raman band at around 3080 cm ™' and to the vibrational
mode vC(4,5-H of the Raman band at around 3150cm™’
(Table 1). LC phase formation and the strength of the cation-anion

interaction through hydrogen bonding were investigated monitor-
ing the wavenumber of Raman spectra bands assigned to the
[Cyomim]™ cation C-H stretching vibrational modes of imidazolium
ring at the carbon positions 2, 4, and 5% According to the
literature, the hydrogen bond involving aromatic C-H on the
imidazolium ring classified as red shift H bond.**" In Fig. 3, Raman
band shift of C(2)-H and C(4,5)-H imidazolium ring stretching
modes was depicted with various water mass fractions in

Table 1. Broad vibrational bands in CH region

Refference Experiment [27]

lonic liquids [CemimI[Cl] [Cemim][Cl] [Cyomim][Cl] [Ciomim][Br]
Raman shift Wavenumber/cm '

C-H stretching (position 2) 3062 3070 3043 3060
C-H stretching (positions 4 and 5) 3142 3143 3147 3144

Experiment [3] Our experiment Our experiment

Raman intensity

0.4408
0.3907

0.2704
T ——0.1925
—0.1265
—0.0929
0.0711

—— 0.0543
0.0405
0.0342
0.0296
———0.0224
0.0181
0.0145
00117
—0.0088

& 0.0073

T T T
2600 2700 2800 2800

Raman intensity

T T
3000 3100

Wavenumber/cm’

\‘f\\:\:.:,w ——0.0286
VNt —— 0.0219

A 0.0159
0.0110
' 0.0080
TN et —— 0.0043

0.0013

T T T
2500 2600 2700 2800 2800

—0
3300

| " —— L
3000 3100 3200

Wavenumberfcm'1

Figure 3. Raman spectra of [C10mim][Cl]/water (upper A) and [C10mim][Br]/water (lower B) mixtures with changing water concentration (w/w). Water

concentration values are listed in right side insert.
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water—IL mixtures. The observed blue shifts of corresponding bands
indicated that water weakens the C-H-- anion hydrogen bonding
interactions of [C;omim][X] when the water content was increased
from ~0 to 12 % w/w in IL-water mixtures. Regular disorganization
of hydrogen bonds was perturbed at 3% w/w for [C;omim][Cl] and
at 3% w/w for [C;omim][Br] (Figs. 4 and 5) exactly at the same time
when phase from thick liquid into hardened gel was changed.
Our results and previous studies’ results suggest that gelation arises
from diminution of hydrogen bonding between the imidazolium
ring and the anion (bromide, chloride) and the concomitant
formation of an H-bonded network comprising water, anion, and
the imidazolium cation,” which was analyzed in our previous
studies.®® The discontinuity at water concentration value ~3%
w/w showed the lower border of the LC ionogel phase formation;
this value strongly correlates with the LC phase concentration of
[Comim][Br]/H,O mixtures (~5% w/w) detected by small-angle
X-ray scattering (SAXS), differential scanning calorimetry (DSC),
and polarized microscopy." The upper border of LC ionogel phase
was determined in our previous studies of OH stretching modes of

3095

-1

3090 — -

3085 =

3080 ~

3075~

3070+

C(2)-H strech peak position / cm

3065 ~

o

3060 T T T T T T
0.00 0.02 004 0.06 0.08 0.10 0.12

Figure 4. Determinating the lower border of LC ionogel phase in
[C10mim][CII/H,0O: from the concentration dependence of the Raman
bands C(2)-H (A) and C(4,5)-H (B) shifts and from the scores of the first and
second PCs (C). More comments in text.

3085

C(2)-H strech peak position / em!

T T T T
0.04 0.08 008 0,10 012
X

w

Figure 5. Determinating the lower border of LC ionogel phase in
[C10mim][Brl/H,0: from the concentration dependence of the Raman
bands C(2)-H (A) and C(4,5)-H (B) shifts and from the scores of the first and
second PCs (C). More comments in text.

water in RTIL/H,O mixtures.”! Combining information from two
Raman spectral regions, CH stretching modes at 3000-3200 cm ™'
and OH stretching modes at 3200-3800 cm ' allows to determine
the full extent of LC ionogel phase behavior in RTIL/H,O systems.
The comparable behavior observed for the C(4,5)-H Raman band
shifts at both [C;omim][ClI/H,O mixtures 13cm™' from the
3147cm ™" to the 3160cm™' and [Ciomim][Brl/H,O mixtures,
18cm ' from the 3144cm ™' to the 3162cm ™. Nevertheless, the
C(2)-H band shifts strongly differ for long-chain ILs with different
anions. For the [C;omim][ClI/H,O mixtures, the shift of 30cm ™"
was observed from the 3062cm ™' to the 3092cm ™" and for the
[Cyomim][Brl/H,O mixtures 22cm™ " the shift from 3062cm ™' to
the 3084cm™". The different Raman shift behavior of the C(4,5)-H
and the C(2)-H bands indicated that forming the LC ionogel phase
water molecules mediated hydrogen bonds with the ring protons
and anions differently. Very large blue shift of the C(2)-H band rep-
resented the higher imidazolium ring proton-water interactions as
the consequence of ionic dissociation. This can be attributed to
the stronger hydrogen bond of the C(2)-H- anion than that of
the C(4,5)-H--anion. Our results correlate with hydrogen bond
network strength measurements using Coherent anti-Stokes
Raman spectroscopy (CARS).*? It was found that the degree of het-
erogeneity for investigated systems 1-decyl-3-methyl-imidazolium
bromide/water and chloride/water were not influenced by the an-
ion type. Only temperature and water content could change the
heterogeneity of mixture.””!

The dynamic spectra for the 2D correlation analysis were con-
structed from the spectral intensity variation upon external
perturbation.*>** Many reasonable measure of a physical quantity,
such as temperature, mechanical deformation, or concentration,
could be used as an external stimulus. At the preset work, ‘water
concentration’ (X) was used as the external variable continuous per-
turbation of the Raman spectra. The Raman spectra (raw spectra, or
spectrum vectors) lw, X), j=1,..., m of [Cemim][Br] and
[Ciomim][Cl] in aqueous systems were measured when water
content was increased in the system. Total m=18 spectra was
registered for the [C;omim][Cl] and m=12 for the [C;omim][Br].
These data corresponded to various sample compositions listed in
the inserts of Fig. 3. The original spectra were baseline corrected
and renormalized to the CH, Raman band which intensity
and wavenumber were constant during measurements. The
dynamic spectra Ig(e, Xj) were constructed from the spectrum
vectors l(w, Xj) subtracting the reference spectrum. This selection
is somewhat arbitrary. It is usually set to be the averaged spectrum,
although other forms may be chosen.®* However, the results of 2D
correlation analysis could be weakly influenced by the choice of the
reference. Therefore, in the present work, the zero Raman intensity
(after baseline correction) was used as the reference. The
experimental data using the 2D Raman correlation spectroscopy
(2DCOR) and the PCA were processed and realized in
following steps. The data matrix D was composed placing the
spectra Iq(w, X)) (e, X)) in m rows. The corresponding covariance
matrix was obtained when multiplied D by its transpose D":

Z=D'D. m

In this case, i.e. the so-called variable-variable approach,** the
covariance matrix was coincident with the synchronous correla-
tion spectrum used in the traditional Noda formalism of
2DCOR®*: ®~Z, whereas the asynchronous correlation spectrum
Y was calculated as

¥~D'HD, (2
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Figure 6. 2D Raman asynchronous correlation spectra in the contour plotting (upper) and loadings on the first and second principal components (lower): in

[C10mim][CI]/H,0 on the left and in [C10mim][Br]/H20 on the right.

where H is the Hilbert transform matrix. In the next steps, the load
(p;) vectors were obtained when solved

Zp; = 4ip;. ©)]

where J; is the eigenvalue associated with the eigenvector p;*!
The score vectors (t;) were calculated as

t; = Dp;. (4)

The number of the statistically significant principal components
was evaluated using the argument of the physical changes versus
nondeterministic variation proposed in.>”?

It was found that first two PCs practically captured the
total amount of variation in the Raman spectra in the range of
3000-3200 cm ™" upon dilution: for [C;omim][Cl] ~96.8% (PC1) and
~2.8% (PC2), respectively (Fig. 6 lower part left and right) and for
[Ciomim][Br] ~99% (PC1) and ~0.8% (PC2). For both studied ILs,
the scores for the third PC (<0.1%) looked like noise, and therefore,
PC3 was further not analyzed. The PC1 and PC2 score concentration
dependence (Fig. 4 and 5 C parts) results strongly correlate with
obtained blue shift of C(2)-H and C(4,5)-H bands when the water
content in the IL/water mixtures was increased. The lower border
of LC ionogel formation was indicated at the same point as other
studies obtained [4]. The results of 2DCOR analysis of Raman
spectra of [C;omim][Cl]/water and [C;omim][Br]/water mixtures are
shown in Fig. 6 (upper part). The vibrational C-H bands of IL
imidazolium ring was analyzed in the literature solving a broad
variety of structuring problems in the systems with H,O and other
solvents as one of the components [4]. It is quite common to
decompose broad vibrational bands in CH region into two
components, assigning them as listed in Table 1.°%/ 2DCOR Raman
results correlate with the data obtained using standard Lorenzian
band shape approach and the nonlinear curve fitting procedure
very well. More fine structures of the bands envelope at the
3000-3200cm " can be resolved in the loadings of the principal
components as well as in the asynchronous 2D maps (Fig. 6).
Namely, the six cross-peaks could be assigned to the three Raman
vibrational mode shifts during the increase of water in IL/water
mixtures. Two cross-peaks (Fig. 6, square in blue) show the shift

of C(2)-H stretching mode at around 3100cm . Other four
cross-peaks (squares in black) could be assigned to the symmetric
and asymmetric C(4,5)-H stretching vibration mode shifts to 3140
and 3173cm™' for [Comim][Cll/water and to 3139 and
3168cm ™' for [Cyomim][Brl/water, respectively. Moreover, the
PCA and the 2DCOR analysis allowed getting into more details.
The blue shift for C(4,5)-H stretching vibration modes is less for
the [C;omim][Cl]/water mixture. The unambiguous result could be
obtained only analyzing data with both methods 2DCOR and
PCA. PCA provided clearly expressed discontinuous concentration
changes, and 2DCOR analysis helped to distinguish the number
of Raman band in broad region.

Conclusions

The discontinuous changes in the spectral parameters of
imidazolium ring Raman C-H stretching modes in the region
3000-3200cm ' showed different IL and water structural
organization in IL/water mixtures at different water content.
Monitoring of the Raman band shifts of imidazolium ring C2-H,
C4-H, and C5-H vibrations, when water content was increased in
the mixtures of 1-decyl-3-methyl-imidazolium bromide and
chloride with water, provided reliable method to determine the
extent of LC ionogel phase formation. Combining the information
from two Raman spectral regions, CH stretching modes at
3000-3200cm " and OH stretching modes at 3200-3800 cm ™~ '©¢!
allow to determine the lower and the upper borders of the LC gel
phase formation in RTIL/H,O system. The anion type did not
influence the onset of ionogel phase formation for both systems.
Different imidazolium ring Raman shifts for C2-H, C4-H, and C5-H
vibrational modes were found, and the result supports hypothesis
that long-chain ILs and water molecules form weaker H bonds in
positions C4 and C5 than in position C2 with imidazolium ring.
The results allow to ascertain that when water was added to IL, it
firstly interacts with anion forming hydrogen-bonded network
anion’"H-O-H anion. The advanced mathematical processing of
spectral data using 2DCOR and PC analysis allowed looking deeper
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into the different intermolecular interactions between IL and water
molecules. For the investigated 1-decyl-3-methyl-imidazolium
bromide/water and chloride/water systems, the degree of
heterogeneity was not influenced by the anion type.

References

[1
[2]
[3]
[4]

[5]
[6]

[8]

[9]

[10]
11
[12]
[13]
[14]

[15]
[16]

S. Cha, M. Ao, W. Sung, B. Moon, B. Ahlstrém, P. Johansson, Y. Ouchi,
D. Kim, Phys. Chem. Chem. Phys. 2014, 16, 9591-601.

D. R. MacFarlane, N. Tachikawa, M. Forsyth, J. M. Pringle, P. C. Howlett,
G. D. Elliott, J. H. Davis, M. Watanabe, P. Simon, C. A. Angell, Energy
Environ. Sci. 2014, 7, 232-250.

T. Singh, A. Kumar, J. Phys. Chem. B 2007, 111, 7843-7851.

M. A. Firestone, J. A. Dzielawa, P. Zapol, . A. Curtiss, S. Seifert, M. L. Dietz,
Langmuir 2002, 18, 7258-7260.

T. Inoue, B. Dong, L.-Q. Zheng, J. Colloid Interface Sci. 2007, 307, 578-81.
B. Dong, X. Zhao, L. Zheng, J. Zhang, N. Li, T. Inoue, Colloids Surf. A
Physicochem. Eng. Asp. 2008, 317, 666-672.

Y. Zhao, X. Yue, X. Wang, X. Chen, J. Colloid Interface Sci. 2013, 389,
199-205.

M. A. Firestone, P. Thiyagarajan, D. M. Tiede, Langmuir 1998, 14,
4688-4698.

M. A. Firestone, P. G. Rickert, S. Seifert, M. L. Dietz, Inorg. Chim. Acta
2004, 357, 3991-3998.

S. A. M. Noor, P. M. Bayley, M. Forsyth, D. R. MacFarlane, Electrochim.
Acta 2013, 97, 219-226.

G. Zhang, X. Chen, Y. Xie, Y. Zhao, H. Qiu, J. Colloid Interface Sci. 2007,
315, 601-606.

X. W. Li, J. Zhang, B. Dong, L. Q. Zheng, C. H. Tung, Colloids Surf. A
Physicochem. Eng. Asp. 2009, 335, 80-87.

A. M. Moschovi, S. Ntais, V. Dracopoulos, V. Nikolakis, Vib. Spectrosc.
2012, 63, 350-359.

S. Chen, S. Zhang, X. Liu, J. Wang, J. Wang, K. Dong, J. Sun, B. Xu, Phys.
Chem. Chem. Phys. 2014, 16, 5893-5906.

W. Jiang, Y. Wang, G. A. Voth, J. Phys. Chem. B 2007, 111, 4812-4818.
H. Weingértner, C. Cabrele, C. Herrmann, Phys. Chem. Chem. Phys. 2012,
14, 415-26.

[17]
18]
[19]
[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]

[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]

[37]
[38]

J. Kausteklis, V. Balevicius and V. Aleksa

Y. Ji, R. Shi, Y. Wang, G. Saielli, J. Phys. Chem. B 2013, 117, 1104-9.

W. Kiefer, J. Raman Spectrosc. 2007, 38, 1538-1553.

Y. Jeon, J. Sung, D. Kim, C. Seo, H. Cheong, Y. Ouchi, R. Ozawa,
H. O. Hamaguchi, J. Phys. Chem. B 2008, 112, 923-928.

L. Cammarata, S. G. Kazarian, P. A. Salter, T. Welton, Phys. Chem. Chem.
Phys. 2001, 3, 5192-5200.

X. Shen, Q. Chen, J. Zhang, P. Fu, Supramolecular Structures in the
Presence of lonic Liquids, lonic Liquids: Theory, Properties, New
Approaches, (Eds: A. Kokorin), InTech, 2011, pp. 427-482.

M. Blesic, A. Lopes, E. Melo, Z. Petrovski, N. V. Plechkova,
J. N. Canongia Lopes, K. R. Seddon, L. P. N. Rebelo, J. Phys. Chem. B
2008, 712, 8645-8650.

V. Balevicius, Z. Gdaniec, K. Aidas, J. Tamuliene, J. Phys. Chem. A 2010,
114, 5365-71.

B. A. Marekha, M. Bria, M. Moreau, |. De Waele, F-A. Miannay,
Y. Smortsova, T. Takamuku, O. N. Kalugin, M. Kiselev, A. Idrissi, J. Mol.
Lig. 2015, 210, 227-237.

S. Saouane, F. P. A. Fabbiani, Cryst. Growth Des. 2015, 15, 3875-3884.
V. Aleksa, J. Kausteklis, V. Klimavicius, Z. Gdaniec, V. Balevicius, J. Mol.
Struct. 2011, 993, 91-96.

R. W. Berg, M. Deetlefs, K. R. Seddon, I. Shim, J. M. Thompson, J. Phys.
Chem. B 2005, 7109, 19018-19025.

T. Singh, A. Kumar, Vib. Spectrosc. 2011, 55, 119-125.

N. Yaghini, J. Pitawala, A. Matic, A. Martinelli, J. Phys. Chem. B 2015, 119,
1611-1622.

J. Joseph, E. D. Jemmis, J. Am. Chem. Soc. 2007, 129, 4620-4632.
Q.G.Zhang, N.N.Wang, S. L. Wang, Z.W. Yu, J. Phys. Chem. B2011, 115,
11127-11136.

C. Roth, S. Chatzipapadopoulos, D. Kerlé, F. Friedriszik, M. Liitgens,
S. Lochbrunner, O. Kiihn, R. Ludwig, New J. Phys. 2012, 14, 105026.

Y. O. Isao Noda, Two-dimensional correlation spectroscopy, 2004.

1. Noda, Appl. Spectrosc. 2000, 54, 994-999.

V. H. Segtnan, $. Sasi¢, T. Isaksson, Y. Ozaki, Anal. Chem. 2001, 73,
3153-3161.

C. Thibault, P. Huguet, P. Sistat, G. Pourcelly, Desalination 2002, 149,
429-433.

B. Czarnik-Matusewicz, S. Pilorz, Vib. Spectrosc. 2006, 40, 235-245.

O. Russina, B. Fazio, G. Di Marco, R. Caminiti, The Structure of lonic
Liquids, (Eds: R. Caminiti, L. Gontrani), Springer, 2014, pp. 39-61.

wileyonlinelibrary.com/journal/jrs

Copyright © 2016 John Wiley & Sons, Ltd.

223

J. Raman Spectrosc. (2016)



Journal of Molecular Liquids 235 (2017) 1-6

journal homepage: www.elsevier.com/locate/molliq

Contents lists available at ScienceDirect

Journal of Molecular Liquids

NMR and FTIR studies of clustering of water molecules: From

@ CrossMark

low-temperature matrices to nano-structured materials used in

innovative medicine

Kristina Kristinaityte ?, Laurynas Dagys %, Jonas Kausteklis ?, Vytautas Klimavicius ?, Iryna Doroshenko °,
Valeriy Pogorelov °, Nomeda Rima Valeviciené ¢, Vytautas Balevicius **

@ Faculty of Physics, Vilnius University, Sauletekio 9-3, LT-10222 Vilnius, Lithuania
Y Faculty of Physics, Taras Shevchenko National University of Kyiv, Volodymyrska Str., 64|13, 01601 Kyiv, Ukraine
© Faculty of Medicine, Vilnius University, Santariskiu 2, LT-08661 Vilnius, Lithuania

ARTICLE INFO

ABSTRACT

Article history:

Received 6 September 2016
Accepted 12 November 2016
Available online 1 December 2016

Keywords:

Water

H-bond clusters

Matrix isolation

Nano-structured calcium hydroxyapatites
NMR spectroscopy

Infrared spectroscopy

H-bond clustering of water molecules confined in an argon matrix and in nano-structured calcium hydroxyapa-
tites (Ca;0(PO4)s(OH),, CaHA) was studied by means of FTIR and 'H MAS NMR spectroscopy. FTIR spectra of
water in matrix were measured from T = 9 K to 40 K stepping by 2 K with sequent 2D correlation analysis
(2DCOR) carried out in the range of O-H stretching vibrations 3000-3800 cm™'. The peaks of monomer,
dimer and the H-bond clusters from trimer to hexamer as well as the surface (dangling) modes were resolved.
Some peaks in 2DCOR spectra drop out from the water clustering scheme. They were related to the enhancement
of vibration-rotation motion due to increasing temperature and volume of the cavities in argon matrix. Water
clusters were revealed in nano-CaHAs in FTIR spectra for the first time. Beside the sharp peak at 3570 cm ™! of
the stretching vibration of O-H ™ ion in the bulk, the bands of water dimer, tetramer, hexamer and several surface
0-H and P-O-H modes were resolved at 2900-3900 cm ™~ '. They were assigned comparing with the spectra of
water in argon matrix and in hydrophobic solvent (CCl4). The cluster structure and the size depends on the hy-
dration level. Hexamer- or even higher structures were observed only in the samples containing significant
amount of adsorbed water. The amount of adsorbed water in the studied nano-CaHAs was probed using the in-
tensity of the broad 'H signal at ca 5.1 ppm normalized respect to OH™ peak at 0 ppm. Two narrow signals ob-
served in 'H MAS NMR spectra at 0.8 and 1.3 ppm are originated from the surface structured H,0 molecules.

The NMR data perfectly correlate with those obtained by FTIR spectroscopy.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Water is the third most common molecule in the Universe, after H,
and CO [1]. Moreover, amorphous solid water is the most abundant
water ice ubiquitous in the interstellar medium and postulated in the
Earth's upper atmosphere [2]. Water vapor in our atmosphere is the
dominant absorber of incoming sunlight and the most important green-
house gas. Water plays an extremely important role in many biological
and chemical systems and has long provoked interest due to its role in
the formation of molecular key to the origin of life [3 and refs therein].
The exploration of structural and binding properties of small water clus-
ters provides a key for understanding anomalous properties of water in
the liquid, from ambient to deeply supercooled, as well as in solid
phases [4-6]. At low temperatures these properties deviate particularly

* Corresponding author.
E-mail address: vytautas.balevicius@ff.vu.lt (V. Balevicius).

http://dx.doi.org/10.1016/j.molliq.2016.11.076
0167-7322/© 2016 Elsevier B.V. All rights reserved.

strongly from those of a normal liquid. Although the anomalies are ex-
treme in the supercooled regime they are also present even at ambient
temperatures, where most of physical, chemical and biological process-
es occur [4]. Hence, an unabated interest to water properties in each of
its phases is easily tracked in the literature revealing more and more tre-
mendous scientific challenges [4-10].

On other hand water can be considered as convenient and at the
same time rather complex model to investigate the cooperative interac-
tions and the structural organization of molecular clusters sized over the
nano- and mezzo-scales. This can be done by isolating water molecules
in low-temperature matrices [11-14], dissolving them in hydrophobic
solvents [15], confining in carbon nanotubes [16] or in other mesopo-
rous carbon materials [17,18]. In restricted geometries water molecules
can interact with surfaces through hydrophobic and hydrophilic inter-
actions and hydrogen-bond interactions. The competition between the
surface-liquid and liquid-liquid interactions can lead to the appearance
of interesting new structures and dynamical features of the water that
are not observed in bulk water [18].
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Hence the nano-structured materials provide a novel possibility for
molecular isolation putting molecules in unusual conditions never met
before. Moreover, some of those materials, like e.g. calcium hydroxyap-
atite (Ca;o(PO4)s(OH),, further - CaHA), have found many applications
in innovative medicine. The knowledge about water states and struc-
tures present therein can be useful creating the series of nano-materials
as well as correlating the short range order effects with macroscopic
properties, like, strength, flexibility, aging effects etc., and maybe even
with biocompatibility. Therefore it is challenging to obtain more novel
data on the states of water and the clustering phenomena in these
materials.

In the present work we have used FTIR and 'H MAS NMR spectrosco-
py to study the H-bond clustering of water molecules confined in an
argon matrix and in nano-CaHAs. In order to determine the correct
number of spectral bands and to be sure no fine details were missed
we have applied 2DCOR analysis as the novelty to study water in
argon matrix. The knowledge about water clustering in inert matrices
then were applied recognizing and assigning the water clusters and
explaining FTIR and NMR features of water in series of nano-CaHAs
(home-made and commercial ones).

2. Experimental
2.1. Samples

The water used was deionized and freshly triple-distilled. The nano-
structured CaHAs were derived in Department of Inorganic Chemistry of
Vilnius University applying the sol-gel synthesis routes using various
complexing agents. The steps and conditions are detailed in Refs. 14,
15. The commercial CaHA was used from Aldrich, synthetic, 99.999%.
All materials were characterized by scanning electron microscopy
(SEM) and energy-dispersive X-ray analysis (EDX) using a Helios
NanoLab 650 scanning electron microscope coupled with energy-dis-
persive X-ray spectrometry system, etc. [19,20].

The sample preparation for the matrix isolation experiments and the
setup was based on the experience of our studies of propanol in argon
matrix [21,22]. The samples were prepared mixing the gaseous water
obtained by natural evaporation from the liquid with argon (99.995%)
in the approximate ratio 1:1000, as measured by standard manometric
techniques. The obtained mixture was deposited at 9 K onto a Csl win-
dow during 1 h. The deposition rate was 5 mmol of matrix mixture
per hour.

The samples containing the water confined in nano-structured
CaHAs (each in amount of ca 2 mg) were mixed in the ratio of 1:100
with KBr powder and pressed into a pellet using 10 tons pressing of
manually operated hydraulic press Specac.

2.2. FTIR measurements

FTIR measurements in the case of matrix samples were carried out at
temperatures from 9 to 50 K using Bruker IFS 113 FTIR spectrometer. A
liquid-N,-cooled mercury cadmium telluride (MCT) detector was used.
The stabilization of temperature was provided by a closed-cycle Leybold
Heraeus RW2 He cryostat. The temperature was controlled with a Si
diode sensor and Lakeshore temperature controller with accuracy
0.1 K. Spectra were recorded with optical resolution 0.5 cm™'. In
order to increase the signal-to-noise ratio each spectrum was taken as
an average of 512 scans.

FTIR experiments with CaHAs samples were performed at 298 K on
Bruker VERTEX 70 spectrometer. FTIR transmission measurements
were acquired with 2 cm ™ spectral resolution using globar light source
and liquid nitrogen cooled MCT detector. Total 128 interferograms were
averaged and transformed into spectrum applying the Blackman-Harris
3-Term apodization function and the zero filling factor of 2.

2.3. NMR experiments

NMR experiments were carried out on Bruker AVANCE IIl HD spec-
trometer operating at resonance frequencies of 400 and 162 MHz for
H and 3'P, respectively (magnetic field of 9.4 T). All MAS (magic
angle spinning) measurements were performed using Bruker 4 mm H/
X CP-MAS probe-head, which is capable to spin the sample up to
15 kHz rate. NMR MAS measurements were performed at the spinning
rate of 10 kHz for "H Bloch decay experiments. For all "H MAS experi-
ments the 90° pulse length was 2.5 s, 64 scans were accumulated
with a repetition delay of 3 s, respectively. NMR spectra were processed
using Topsin 3.2 software. Additionally the signal shapes were proc-
essed using Microcal Origin 9 and Mathcad 15 packages.

3. Results and discussion

Water in matrix isolation using FTIR spectroscopy have long lasting
traditions and the great experience has been accumulated [10-14,
23-26 and Refs cited therein]. It makes the attribution of certain absorp-
tion bands to the main water clusters (H,0), more or less sturdy up to
n < 6. In the present work we have applied 2DCOR analysis [21,27] as
the novelty to study water in argon matrix. This allows revealing the
correct number of overlapping bands being sure no fine details were
missed. Namely, FTIR spectra for 2DCOR analysis have been measured
using thermal perturbation by heating the sample from T = 9 K to

v, and
rotation/librations

47 K
9K ! ! ! L L
3000 3200 3400 3600 3800
om™!
B | 45K
Surface
(dH dangling)
modes

40K

9K 3
3660

3740

em™!

3680 3700 3720

Fig. 1. Part A: measured FTIR spectra of water in argon matrix in O-H stretching region
over the temperature range 9-40 K (from bottom to upper, by stepping AT = 2 K). The
base line was corrected drawing the line through the end points of this range. The
spectra at 45 K and 50 K were added to support the assignment of surface (dangling)
modes. Part B: the zoomed range 3660-3740 cm ™' in order better to display the
peculiar thermal evolution of these modes. More comments in text.
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40 K stepping by 2 K. The main attention was concentrated to the region
of O-H stretching vibrations at 3000-3800 cm ™' (Fig. 1).

The mathematical formalism and the further steps of 2D FTIR ab-
sorption correlation analysis were the same as in the earlier matrix iso-
lation work on 1-propanol [21]. The synchronous 2D correlation
spectrum was obtained by the inner product of two spectrum vectors
(1D spectra, Fig. 1), while the asynchronous correlation spectrum
(Fig. 2) was calculated by a cross product of the spectrum vector and
its Hilbert transformation [21,27].

The band maximum positions determined from the cross peaks po-
sitions in 2D asynchronous spectrum (Fig. 2) were used as the initial
input parameters of the non-linear curve fitting routine and were re-
fined during the next iterations for each temperature. The fitting result
is shown in Fig. 3. The peaks of monomer, dimer and higher clusters up
to hexamers have been perfectly resolved and easily identified compar-
ing their positions with those in other works determined experimental-
ly and supported by high-level theoretical calculations [11,13,23-26].
The spectral range 3600-3900 cm ™' (Fig. 1) contains the information
about the monomer symmetric and antisymmetric stretching (v; and
v3) as well as about the vibrations of free (terminal) O-H group in
some clusters [23,26]. However these data are difficult to process due
to the presence of the vibration + rotation/libration peaks [23]. There-
fore more detailed attention was paid to the range 3000-3600 cm !
where the bound O-H...0 bands appear.

The bands of water H-bond clusters of various size are indicated in
Figs. 2 and 3 by the red bolls. Some peaks (see the blue bolls therein)
drop out from the general water clustering scheme. Most probably
they are related to the enhancement of vibration-rotation motion due
to increasing temperature and the cavities' volume in argon matrix, or

dimer
T=27K
L
tetramer  trimer
pentamer
hexamers
(prism, cage, chair)

3000 3100 3200 3300 3400 3500 3600 cm’

Fig. 3. Non-linear curve fitting of vO-H spectral contour by Lorentz functions (T = 27K, as
example) in the spectral range of 3000-3600 cm™'. The maximum positions obtained
from the cross-peaks in 2D correlation analysis were used as the zero-order approach
for the fitting parameters. The refined values are given in Table 1. The meaning of red
and blue bolls is the same as in Fig. 2.

can be assigned to be from higher multimers or overtones [26] or
noted as the lines, which grow rapidly in annealing/diffusion experi-
ments [13].

These knowledge about water clustering processes in inert matrices
can be very helpful assigning the bands and recognizing the states of
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Fig. 2. 2D asynchronous FTIR correlation spectrum of water in argon matrix in vO-H region. Note, the huge number of points (4096) in each 1D spectrum (Fig. 1) was reduced decimating
by factor of 8, and thus the correlation matrix 512 x 512 was processed. The correlation squares and the vertices, that correspond to water H-bond clusters of various size, are indicated by
red bolls and lines and those, that drop out from the general clustering scheme, are shown by blue bolls and lines. The spectral feature at 3695-3701 cm ™" having very peculiar thermal

evolution (see Fig. 1) is marked as yellow rhomb.

226



4 K. Kristinaityté et al. / Journal of Molecular Liquids 235 (2017) 1-6

water in terra incognita, i.e. in much less investigated cases - water in
nano-structured and other advanced/smart materials. However it has
to be noted that the matrix isolation experiments are carried out at
very low temperatures, whereas the main interest for many processes
and innovative technologies lays in the range around room tempera-
ture. It was shown [15] that small water clusters can be detected at
room temperature by FTIR spectroscopy dissolving water in hydropho-
bic solvent CCly. Beside the water monomer, a dimer, a cyclic trimer, a
cyclic tetramer, and a large hydrogen-bonded structure (supposed - a
cage hexamer) were found. These data can be useful moving from
very low- to ambient temperature range. However, before doing this,
some revision of the assignment of the bands seems to be necessary.
First of all it looks that the attribution of the band at 3615-3616 cm ™"
to v, is rather doubtful and sequent the sizes of clusters (H,0),
assigning all other peaks were diminished per 1, i.e. trimer — dimer,
tetramer — trimer, etc. The following arguments can be given: i) the in-
tensity of v, is too strong comparing with vs; ii) the slope of its maxi-
mum vs temperature 1 cm™ /40 K [15] is comparable with that for
water dimer in matrix (~0.5 cm~'/30 K, see Table 1); iii) the band
assigned as ‘dimer’ is too broad and its maximum position has too
strong dependency on temperature 50 cm™~'/40 K, i.e. almost one
order higher than for the dimer in matrix; iv) the huge frequency shifts
of band maxima in CCl4 comparing with the gas phase or in liquid
helium droplets (~100-200 cm ™' for trimer to hexamer) seems to be
hardly can be explained by media/temperature effects. For these rea-
sons we have revised this assignment heightening the cluster size:
dimer — trimer, trimer — tetramer, etc. After these corrections done
the much better coincidence between the matrix and hydrophobic sol-
vent experiments was achieved. The thermal and environmental effects
on the cluster band positions are now are <20-30 cm™ !, except the
cases of dimer and the clusters with n > 6 (Table 1). Note, the last
band is rather weak and very broad and thus the determination of its
position may contain significant errors. Besides CCl, data, the maxima
positions resolved, however not assigned, in FTIR spectrum of water
confined in the single wall carbon nanotubes [16] are presented in
Table 1 for comparison.

Table 1

Hydroxyapatites (HA) are widely applied in implantology, orthope-
dic and periodontal surgery, drug carriers or bone regeneration [28-31].
A special place in these applications occupies calcium hydroxyapatite
(CaHA), which shows close similarity to the mineral of hard tissues
(bone, enamel, dentin, etc.) and therefore has high biocompatibility
with them [30]. Two nano-structured CaHAs derived using various
complexing agents as well as commercial one were selected and studied
in the present work by means of FTIR and 'H MAS NMR spectroscopy.
The results are presented in Figs. 4, 5 and in Table 1.

Some of spectral features in the FTIR and NMR spectra are well-
known. Namely, a strong and sharp band in all FTIR spectra at ca
3573 + 1 cm™~ ' is assigned to the stretching of O-H™ groups inside
the columns along the c-axis in CaHA crystallites [32,33], i.e. vO-H ™ in
the bulk (Fig. 4). Its narrowness is indicative of the absence of hydrogen
bonding and it is consistent with the long distances between O-H™
groups inside the channels (0.344 nm) [32]. The peak of O-H™ protons
in the bulk is easily recognized also in the '"H MAS NMR spectra at
~0 ppm (Fig. 5) [31,34,35].

A special attention has to be paid to the origin of water modes in Ar
matrix assigned to the surfaces ones (Fig. 1). Note, the matrix experi-
ments were carried out heating the sample from 9 to 50 K. Thus the ma-
trix undergoes a drastic softening at these conditions and therefore the
site effect can be excluded. In the spectrum at 45 K (Fig. 1B) it is clearly
seen that the intensity of the band at 3965-3701 cm™ ' culminates just
before sublimation of argon, whereas other vibration-rotation bands of
monomers (3707 cm~' and above) and even the dimer peak
(3573 cm ') were already disappeared. After argon has sublimated
(50 K) the intensity of the band at 3965 cm ™! also drops down very sig-
nificantly. This could be explained assuming that just before matrix sub-
limation we observe at 3695-3701 cm~ ' the O-H modes on the
surfaces of many water droplets. In the ‘hard’ matrix, i.e. at 9-21 K
these droplets are not noticeable (Fig. 1B). However, the amount of
water molecules in the droplets increases at the further heating. These
droplets persist being weakly isolated by the reminders of the matrix
up to 50 K. They contain the water clusters of various size in the bulk
and a certain amount of water on the surfaces. These droplets combine
to form amorphous water when argon is gone. Thus billions of water

Water hydrogen bonded clusters and surface (dangling) modes (all in cm™") in various confinements (argon matrix and in series of nano-structured CaHAs (a, b, ¢) studied in present

work, hydrophobic solvent (CCly)) [15].

(H20), Argon matrix 9-40 K CCly Nano-structured CaHAs
[15]* 298 K
273-313 K
Dimer 3573-3573.5 3615-3616 3526 + 2 (a)
n=2 3574[23] 3591 + 4 (b)
3574.5 [25) 3598 + 1(c)
Trimer 3515-3520 3535-3587 B
n=3 3515 [11]
3516 [23,24]
3517 (?) [25]
Tetramer 3369-3374 3395-3433 3420 + 2 (a)
n=4 3372[11,13] 3439 + 2 (b)
3372 (2) [25] 3450 + 2 (c)
Pentamer 3327-3330 - -
n=>5 3325 (?) [11]
3330 [13]
Hexamer 3211-3214 3221-3254 3237 £+ 2(a)
n==6 3212 [11] -(b)
3211 [13] 3263 + 3 (c)
3327 (chair),
3212 (cage) [26]
nx6 3100-3160 3043-3074 -(a)
3144 [11] ~(b)
3140 [13] 2940 + 10 (c)
3150 (prism) [26]
Surface (dangling) modes 3695-3701 Absent or hidden upon monomer + libration modes (non-resolved) 3642, 3737, 3866 (a)

3698 and 3720 [2,3]

3640, 3737, 3848 (b)
~3651, ~3700 (c)

2 The revised assignment given in the table is based on the comments in text.
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Fig. 4. FTIR spectra of nano-structured CaHAs prepared via the sol-gel synthesis routes
using various complexing agents: a - ethylene glycol; b - tartaric acid; ¢ - commercial.

The base line was corrected drawing the line through the end points of this range. The
1

intensities were normalized respect to the peak of (O-H™)in the bulk at 3573 + 1 cm™".

bulk O-H
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adsorbed surface
water structured
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Fig. 5. "H MAS NMR spectra of CaHAs prepared via the sol-gel synthesis routes using
various complexing agents: a - ethylene glycol; b - tartaric acid; ¢ - commercial. The
intensities were normalized respect to the peak of O-H™ protons in the bulk at ~0 ppm.

molecules get together forming amorphous phase, however, the total
surface area decreases very drastically during this transition. This is
manifested on the intensities of the band at 3695 cm™' comparing the
spectra at 45 and 50 K (Fig. 1).

The group of the bands of vO-H of H-bonded clusters at 3000-
3600 cm ! transforms at 50 K to the broad spectral contour (Fig. 1A).
The whole spectrum reminds of the profile observed for amorphous
water with the characteristic dangling modes at 3720 and 3698 cm™ ',
denoted as dH [2,3,6]. Theoretical calculations, supported by experi-
mental studies, suggest that water molecules in the dH mode are bi-
or tri-coordinated, presenting one free OH bond dangling at the surface
[3]. Due to this similarity the band at 3695-3701 cm™ " was ascribed to
the surface (dangling) mode.

This mode can be recognized also in the FTIR spectra of water in
nano-CaHAs at 3640-3651 cm ™. Another spectral features within
3700-3850 cm™ !, which slightly shift depending on the samples
(Table 1), can be assigned to the O-H stretching vibration of the P-O-
H groups of surface HPO3 ~ and/or H,PO3 ions produced by the proton-
ation of PO3 ~ ions [32,33]. The presence of protonated ions on the crys-
tallite surfaces in the studied materials was confirmed by 'H-3'P CP
MAS kinetics experiments [20]. Note, the bands at >3800 cm ™' that ob-
served in the home-made CaHAs and not seen in the commercial sam-
ple, as far we know, were never reported in the literature. Thus, their
origin has to be studied in the future works. Several minor peaks in 'H
MAS NMR spectra at 0.5-3.0 ppm are often observed in various CaHAs
and related materials [35], also in the present case (Fig. 5). Since these
peaks do not appear in CP MAS NMR spectra, most probably, they are
originated from the highly mobile protons. However, their assignment
presented in literature was long time controversial. Only recently in
the work [31] it was shown that these peaks were originated to the
structured external water molecules stacking in continuity to the co-
lumnar O-H channels in CaHAs.

Note, the H-bonded O-H stretching band in FTIR spectra was identi-
fied in many works on CaHAs and related systems [32-35]. However
this band usually is taken as the unity without getting into its shape
and structure. Water clusters were revealed in nano-CaHAs in the pres-
ent work for the first time. The bands of water dimer, tetramer, hexamer
and in the commercial sample maybe even n > 6 were resolved at 2900
3600 cm ™! (Fig. 4). They were assigned comparing with the spectra of
water in argon matrix and in hydrophobic solvent (CCly). The size of
formed cluster depends on the hydration level. Hexamer- or even
higher structures were observed only in the samples containing signifi-
cant amount of adsorbed water (Fig. 4a, c). The amount of adsorbed
water in the studied nano-CaHAs was probed using the intensity of
the broad 'H signal at ca 5.1 ppm normalized respect to OH™ peak at
~0 ppm (Fig. 5). Thus the NMR data perfectly correlate with those ob-
tained by FTIR spectroscopy.

4. Conclusions

—_

. FTIR spectra of water in argon matrix have been measured from T =
9 K to 40 K. 2D correlation analysis (2DCOR) has been carried out in
the range of O-H stretching vibrations at 3000-3800 cm™ . The
peaks of monomer, dimer, as well as the H-bond clusters from trimer
to hexamer have been resolved in the spectra. The peaks that drop
out from the general water clustering scheme are most probably re-
lated to the of vibration-rotation motion enhanced at increasing
temperature and the cavities' volume in argon matrix.

. Water cluster structure was revealed by FTIR spectroscopy in nano-

structured CaHAs for the first time. The bands of water dimer, tetra-

mer, hexamer and several surface O-H and P-O-H modes were re-
solved at 2900-3900 cm~' and assigned comparing with the
spectra of water in argon matrix and in CCly.

The joint application of FTIR and NMR methods allowed to reveal

very fine details in the state of water and in the structural organiza-

tion of OH groups. This could not be achieved applying these

N

w
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methods separately either because of difficulties assigning the ob-
served spectral features or due to the overflow of information.
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Aqueous sol—gel chemistry route based on ammonium—hydrogen phosphate as the phosphorus pre-
cursor, calcium acetate monohydrate as source of calcium ions, and 1,2-ethylendiaminetetraacetic acid
(EDTA), or 1,2-diaminocyclohexanetetracetic acid (DCTA), or tartaric acid (TA), or ethylene glycol (EG), or
glycerol (GL) as complexing agents have been used to prepare calcium hydroxyapatite (Cajo(PO4)s(OH)2,
CHAp). The phase transformations, composition, and structural changes in the polycrystalline samples

were studied by infrared spectroscopy (FTIR), X-ray powder diffraction analysis (XRD), and scanning
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electron microscopy (SEM). The local short-range (nano- and mezo-) scale effects in CHAp were studied
using solid-state NMR spectroscopy. The spatial 3D data from the SEM images of CHAp samples obtained
by TA, EG and GL sol—gel routes were recovered for the first time to our knowledge.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Development of a morphologically controllable synthesis of
different functional materials is urgently important to answer the
demand for exploring the potentials of these compounds. For
example, well-controlled hierarchical nanostructures of manga-
nese cobaltates or lanthanum manganates revealed that high spe-
cific capacitance and magnetic properties of these compounds
depend on the morphological features and could be applied as
supercapacitor electrode materials [1,2]. The connection between
electrical and morphological properties of magnetocaloric nano
zinc/nickel ferrites was also recently demonstrated by Hemeda
et al. [3]. The importance of surface morphology of nanomaterials

* Corresponding author.
E-mail address: aivaras.kareiva@chf.vu.lt (A. Kareiva).
1 On leave: Laboratory of Inorganic and Physical Chemistry, Hasselt University,
Agoralaan D, B-3590 Diepenbeek, Belgium.

http://dx.doi.org/10.1016/j.molstruc.2016.04.046
0022-2860/© 2016 Elsevier B.V. All rights reserved.

to biological responses was revealed in Ref. [4]. The challenges and
opportunities of controlling the morphological characteristics of
phosphate materials were also put forward [5,6].

Calcium hydroxyapatite, Ca1o(PO4)g(OH),, commonly referred to
as CHAp, is one of the calcium phosphate based material which
makes up the majority of the inorganic components of human
bones and teeth. The specific chemical structural and morpholog-
ical properties of CHAp are highly sensitive to the changes in
chemical composition and processing conditions [7—10]. The solid-
state synthesis of CHAp from oxide or inorganic salt powders
usually requires extensive mechanical mixing and lengthy heat
treatments at high temperatures [11,12]. These processing condi-
tions do not allow facile control over micro-structure, grain size and
grain size distribution in the resulting powders. Several other
techniques such as polymerized complex routes, hydrothermal
synthesis, precipitation, microemulsions, spray-, and gel-pyrolysis
and sonochemical methods have been used to produce CHAp
phases [13—24]. Inhomogeneous CHAp having significant amount
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Fig. 1. A schematic diagram of the steps involved in the sol—gel processes used for the preparation of Ca;o(PO4)s(OH), samples.

of impurities was produced using most of these methods.

It has been well demonstrated that the sol—gel process offers
considerable advantages of good mixing of the starting materials
and excellent chemical homogeneity and stoichiometry of the
CHAp. Several sol—gel approaches, starting from nonaqueous so-
lutions of different precursors of calcium and phosphorus, have
been used for the preparation of CHAp powders. The major limi-
tation for its applications was found to be very low solubility of the
calcium alkoxides in the organic solvents and their low reactivity
which caused deviations from the stoichiometry of the final ma-
terials. The aqueous synthesis route of sol—gel preparation offers an
effective and relatively simple way to produce CHAp [25—28].

Over the last few decades, the sol—gel techniques have been
used to prepare a variety of mixed-metal oxides, nanomaterials and
nanoscale architectures, nanoporous oxides, organic-inorganic
hybrids [29—33]. The aqueous sol—gel synthesis technique for the
preparation of YBa;CuysOg superconductor was studied using two
different complexing agents with the same chemical composition,
namely L-(+)-tartaric (natural) acid and DL-tartaric (synthetic)
acid. The SEM micrographs of the Y—Ba—Cu—O acetate-tartrate gels
indicated the formation of monolithic gels with slightly different
morphological features [34]. The nature of complexing ligand used
in the sol—gel preparation of yttrium aluminium (or gallium) gar-
nets was found to be essential for the morphological properties of
sol—gel derived compounds [35,36]. Besides, aqueous sol—gel
chemistry routes using different complexing agents have been

developed to prepare calcium hydroxyapatite samples with
different morphological properties [7,28,37].

NMR and FTIR spectroscopy techniques provide the unique in-
formation on the local short-range (nano- and mezo-) scale effects.
Therefore these methods are most perspective to study structure
and dynamical changes in complex solids, such as calcium hy-
droxyapatites having different morphological features among them
[38—41]. These techniques have been applied in the present work
studying very fine structural details, viz., the surface effects and the
characteristic size profiles of sub-nano 3'P—'H,, spin clusters. Since
the NMR experiments sometimes are long-lasting and thus are
hardly applied in technological routes, a hunt around correlations
with FTIR data has a definite sense. It would allow to apply FTIR
spectroscopy as a very rapid and powerful tool searching for the
best complexing agents, controlling and optimizing fine surface
and structural features as well as the perfectness (uniformity) of
synthesized nano-structures in series of related materials.

These results have initiated the present work on the impact of
the nature of the gelation agent used in the sol—gel process on the
CHAp formation process and it's morphological features. Five
different complexing agents were selected to be used in the sol—gel
processing experiments: EDTA, DCTA, tartaric acid, ethylene glycol
and glycerol. The aim of this work was to elucidate the impact of the
nature of the complexing agent on the calcium hydroxyapatite
formation process, phase purity and morphological properties.
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Fig. 2. XRD patterns of CHAp powders obtained after calcination of Ca—P—O precursor gels synthesized using DCTA, EDTA, TA, EG and GL in the sol—gel processing. The molar ratio

of complexing agent and Ca was 2 or 1. Impurity phases: Ca3(PO4), (*) and CaO ().

2. Experimental
2.1. Materials and preparation

In the sol—gel process, calcium acetate monohydrate, Ca(CHs-
C00),-Hy0, and ammonium—hydrogen phosphate, (NH4),HPOy4,
were selected as Ca and P sources, respectively, in Ca/P molar ratio
1.67. Firstly, calcium acetate monohydrate (0.03 mol) was dissolved
in distilled water under continuous stirring at 65 °C. In order to
obtain water soluble calcium complexes and thereby avoid unde-

sirable  crystallization ~ of  calcium phosphates,  1,2-
ethylendiaminetetraacetic acid, CjoNaHi0s (EDTA), or 1,2-
diaminecyclohexanetetraacetic acid monohydrate,

C14H22N20g-H,0 (DCTA), or tartaric acid, C4HgOg (TA), or ethylene
glycol, C;Hg0;, (EG), or glycerol, C3HgO3 (GL) were dissolved in
100 mL of distilled water, and afterwards added to the initial so-
lution. The amount of complexing agents in the sol—gel processing
was used the same as Ca (0.03 mol) or twice as many (0.06 mol).
The resulting mixture was stirred for 1 h at the same temperature.
Then, (NH4);HPO4 (0.018 mol) dissolved in distilled water was
added to the above mentioned solution. The pH of the solution was
adjusted to ~9.0 using a solution of 10% NH3 (aq). Finally, after slow
evaporation under continuous stirring at 65 °C, the Ca—P—0 sols
turned into transparent gels. The oven dried (100 °C) gels powders
were ground in an agate mortar, heated up to 1000 °C with heating
rate 10 °C min~"' and calcined at this temperature for 5 h in air. The
flow chart of the sol—gel synthesis of calcium hydroxyapatite is
presented in Fig. 1.

2.2. Characterization

The calcination products were characterized by infrared

spectroscopy (FTIR), X-ray powder diffraction (XRD) analysis and
scanning electron microscopy (SEM). The FTIR spectra were recor-
ded on a PerkinElmer Spectrum 100FT-IR spectrometer in the range
of wavenumbers of 4000—400 cm~'. More detailed FTIR mea-
surements were also performed at 298 K on Bruker VERTEX 70
spectrometer. The studied materials (each in amount of ca 2 mg)
were mixed in the ratio of 1:100 with KBr powder and pressed into
a pellet using 10 tons pressing of manually operated hydraulic press
Specac. FTIR transmission measurements were acquired with
2 cm~! spectral resolution using global light source and liquid ni-
trogen cooled MCT detector. Total 128 interferograms were aver-
aged and transformed into spectrum applying the
Blackman—Harris 3-Term anodization function and the zero filling
factor of 2. The XRD studies were performed on a Rigaku MiniflexII
diffractometer operating with Cu K, radiation (step size: 0.04;
time per step: 5 s). In order to study the morphology and micro-
structure of the ceramic samples scanning electron microscope
Helios NanoLab 650 was used. The approach by combining two
pictures of a specimen from two slightly different angles was used
for the reconstruction of 3D SEM images using stereoscopic tech-
nique. Combination of two SEM images into an anaglyph was done
with freely available software AnaMaker [42]. Extrapolation of
spatial data was done from three or more sample images using
visual reconstruction software applications. Solid-state NMR ex-
periments were carried out on Bruker AVANCE III HD spectrometer
operating at resonance frequencies of 400 and 162 MHz for 'H and
31p, respectively (magnetic field of 9.4 T). All MAS (magic angle
spinning) measurements were performed using Bruker 4 mm H/X
CP-MAS probe-head, which is capable to spin the sample up to
15 kHz rate. NMR MAS measurements were performed at the
spinning rate of 5 kHz for 3'P and 10 kHz for 'H Bloch decay (BD)
experiments. For all 'H/3'P MAS experiments the 90° pulse length
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Fig. 3. FTIR spectra of CHAp samples synthesized at 1000 °C using different com-
plexing agents in the sol—gel processing: DCTA, EDTA, TA, EG and GL. The molar ratio
of complexing agent and Ca was 2 or 1.

was 2.5/1.8 ps, 64/16 scans were accumulated with a repetition
delay of 3/10 s, respectively. NMR spectra were processed using
Topsin 3.2 software. Additionally the signal shapes were processed
using the Levenberg—Marquardt method implemented in Microcal
Origin 9 and Mathcad 15 packages.
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Fig. 4. FTIR spectra of CHAp synthesized using various complexing agents (1 — GL, 2 —
EG, 3 — TA and 4 — EDTA) in O—H stretching region. The intensities of the absorption
bands are non-normalized; the spectra are shifted along absorbance axis for a more
convenient view. For other conditions see Experimental.

3. Results and discussion
3.1. Powder X—ray diffraction analysis

The XRD patterns of samples after calcination of Ca—P—O gels
obtained using different complexing agents are shown in Fig. 2. In
all cases the main synthesis product obtained after annealing the
precursor gels at 1000 °C is CHAp. However, in most of the cases the
impurity phases, such as Cas(PO4), (PDF [32—176]) and CaO (PDF
[28—775]) were formed. Obviously, the amount of impurities was
dependent on the concentration of complexing agent used in the
sol—gel processing. The higher amount of EDTA, DCTA and TA
promotes formation of purer CHAp. Contrary, the phase purity of
synthesis products obtained in the glycolate and glycerate sol—gel
routes is only slightly dependent on the amount of complexing
agent.

XRD analysis results also show that the products obtained after
annealing of different Ca—P—O gels at 1000 °C are different. The
sample synthesized using DCTA had relatively highest amount of
calcium phosphate and calcium oxide side phases. The intensity of
diffraction peaks belonging to desirable Ca;o(PO4)s(OH); phase is
almost the same in the XRD patterns of samples fabricated using
EDTA and TA as complexing agents. Finally, the polycrystalline
single-phase Cajo(PO4)s(OH), was obtained using glycerate sol—gel
route when molar ratio of Ca:Gl = 1. These XRD results are in a good
agreement with the reference data for Cajg(PO4)s(OH), (PDF
[72—1243]). In addition, there is only minor number of peaks cor-
responding to Ca3(PO4), phase in the case of glycolate synthesis.
The lattice parameters (a and c) of the synthesized Cajo(PO4)s(OH)2
samples were obtained from the diffraction patterns by fitting the
peaks of identified reflections. The volume (V) of the hexagonal unit
cell of each CHAp formulation was calculated using the relation
V = 2.589a%c. The hexagonal lattice parameters and cell volumes
determined for the samples were found to be in the ranges
a=945-932A,c=6.89 - 6.84 A, and V = 1593.00 — 1538.23 A3
that correspond to a stoichiometric calcium hydroxyapatite.

3.2. FTIR spectroscopy

FTIR spectroscopy is highly sensitive to the impurities and
substitutions in the structure of apatite [43,44]. The FTIR spectra of
CHAp samples obtained at 1000 °C in the sol—gel process using
different complexing agents and concentrations are shown in Fig. 3.
In the spectra of all samples a complex band of the asymmetric
stretching vibration of the phosphate group at 1000—1100 cm ™!
dominates. Fig. 3 also shows well-expressed asymmetric bending
v4 modes in the region of 660—520 cm™'. Moreover, the specific
OH~ vibration mode near 635—630 cm ™" is visible in our IR spectra.
The peak intensity at 630 cm ™~ assigned to OH vibration, as well as
the band of the stretch vibration of OH group at ~3600 cm~! in
hydroxyapatite spectra, remained unchanged for all specimens. At
the same time the intensity of the band at 3644 cm™! assigned to
Ca(OH), decreases. Two additional peaks are expressed at
1300-1225 cm~! in the IR spectra of CHAp samples synthesized
using CDTA and EDTA as complexing agents. Unfortunately, these
absorption peaks could not be assigned for vibrations in any groups
presented in apatite structure.

The representative synthesized materials were analyzed more
detailed respect to the presence of the structural manifolds of hy-
droxyl groups. The structural organization of —OH groups looks to
be very similar. Absorption bands could be attributed to adsorbed
water and structural hydroxyl groups (OH™). It can be concluded
from FTIR spectra (Fig. 4), that for all materials the amount of
structural —OH groups in is significantly higher than from adsorbed
water. The sharp strong peak at 3570 cm' attributed to the
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Fig. 5. SEM micrographs of CHAp samples synthesized at 1000 °C from the gels prepared with (from left): DCTA, EDTA, TA, EG and GL. The molar ratio of complexing agent and Ca

was 2 (at top) or 1 (at bottom).

stretching vibration of OH™ ions in the crystals [45,46] is clearly
seen in all these spectra, whereas the broad contour spread over
~3000—3400 cm !, that is typical for bulk water [47] and that was
dominant in the case of CHAp containing amorphous phosphate
phase [41], is practically absent in the present materials. Some
bands that are seen over 3100—3600 cm ™! range (Fig. 4) can be
recognized as those of small water clusters. These will be discussed
later.

3.3. Scanning electron microscopy

The CHAp samples were also investigated by scanning electron
microscopy. The morphological features of the heated samples of
DCTA, EDTA, TA, EG and GL gels are given in Fig. 5. The product of
calcination of DCTA gel derived when molar ratio of complexing
agent and Ca was 1 is made up of different size and shape particles.
The solids are composed of agglomerates of elongated particles
0.5—2.0 um in size, and some of them are necked to each other. The
higher degree of particles agglomeration could be observed when
double amount of DCTA was used in the sol-gel processing.
Moreover, partially amorphous material was obtained during this
synthesis route. Very weak crystalline particles could be observed
in the SEM picture of CHAp obtained using EDTA in the synthesis
(see Fig. 5). The particles of hardly identified shape are even more
aggregated. With increasing amount of EDTA, the particle size
obviously increases from 1 pm to 2—3 um. SEM micrographs of
CHAp samples synthesized at 1000 °C from the gel prepared with
tartaric acid are also presented in Fig. 5. When the molar ratio of TA
and Ca was 1 well-defined elongated particles with width of
0.2—0.5 pum and 1.0—1.5 pm in length have formed. However, these
elongated particles are almost fully covered by fine particles with
doubtful crystallinity. CHAp nanocrystallites with regular
spherically-shaped structure with 20—70 nm in size could be
identified when ethylene glycol was used in the sol—gel processing.
As seen, the amount of EG has no influence on the surface
morphology of CHAp. In both cases, highly agglomerated material
of rounded shape crystallites was formed. The monolithic solids of
CHAp formed of small particles have been fabricated during the
glycerate sol—gel synthesis route. The agglomerates of fine
(5—10 nm) and of the bigger rounded particles (20—50 nm)
construct nonporous structure of CHAp. It could be concluded from
the SEM measurements, that the nature and concentration of
complexing agent used in the sol—gel process have an essential
influence on the particles shape and size of CHAp. On the other
hand, the SEM pictures have not fully reveal the morphological
features of the synthesized materials. Obviously, the SEM images

are relatively complex and can be interpreted ambiguously.
Therefore, for a more detailed interpretation some of the specimens
were investigated by solid-state NMR spectroscopy. Moreover, the
obtained SEM results were used for the spatial 3D surface
reconstruction.

3.4. Spatial 3D surface reconstruction

The technique for recovering spatial data from the SEM pictures
is known as spatial reconstruction using structure from sample
motion (structure-from-motion). The SEM images of CHAp samples
obtained by TA, EG and GL sol—gel routes were taken from different
angles and subsequently analyzed for matching points, also the
camera position was approximated for each image. The 3D image of
CHAp synthesized with tartaric acid (TA:Ca = 1), reconstructed
from 12 SEM micrographs using spatial reconstruction is presented
in Fig. 6. The reconstruction software produces a cloud of points,
which has to be processed externally. Freely available applications,
such as MeshLab can be used to join the point cloud to a mesh and,
as a second step of reconstruction, apply surface properties to the
mesh polygons. Fig. 6 also displays the 3D CHAp surface recon-
struction steps, from point cloud, to mesh and surface. As shown in
Fig. 6, a dense microstructure that is composed of angular particles
was observed in CHAp sample. These images clearly demonstrate
that the elongated particles are forming the agglomerates
(10—30 um) having irregular shape. These aggregates are covered
by smaller particles and consist of porous microstructure. Fairly
similar microstructure could be observed for the CHAp sample
synthesized with double amount of tartaric acid (Fig. 7).

However, the CHAp powders prepared using ethylene glycol in
the sol—gel processing exhibited different morphological features
(Fig. 8, top). After calcination at 1000 °C independent on the
amount of ethylene glycol used, the round shaped and smaller
particles were obtained. Moreover, the sample could be charac-
terized having a narrow particles size distribution and the abun-
dance of small particles increased in comparison to TA route. Fig. 8
also shows that powders synthesized by EG procedures consist of
monoliths with a flat surface. Further statistical analysis could be
performed on the image analysis data to determine particle size
distribution and particle connectivity. Surprisingly, the spatial 3D
surface reconstruction of SEM micrographs of synthesized CHAp
samples by sol—gel glycerate route was problematic (see Fig. 8,
bottom). These samples showed different morphological features
compared with other routes. Thus, unique CHAp surface details
(smallest particles, spherical shaped, monolithic surface) make it
more difficult to detect matches in several images. Consequently,
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200 ym

Fig. 6. 3D CHAp synthesized with tartaric acid (TA:Ca = 1) surface reconstruction
steps, from point cloud (top), to mesh (middle) and surface (bottom).

during the research these specimens produced worst results
among other samples.

3.5. Solid-state NMR spectroscopy

The representative CHAp specimens were analyzed also by
means of 'H NMR spectroscopy. In all cases the structural organi-
zation of —OH groups looks to be very similar. The 'H NMR spectra
consist of broad signal at ~5 ppm and sharp peak at 0.0 ppm that are

235

Fig. 7. 3D CHAp synthesized with tartaric acid (TA:Ca = 2) surface reconstruction
steps, from mesh (top) to surface (bottom).

attributed to adsorbed water and structural hydroxyl groups (OH™),
respectively [40,41,45,48]. The determined ratio of integral in-
tensities of these signals in the range of ca (0.12—0.25)/1.0 for all
materials means that the amount of structural —OH groups in is
significantly higher than from adsorbed water.

31p NMR signal (Fig. 9) as well as 'H — 3'P CP kinetics curves for
the sample derived using glycerol as complexing agent drop out
from the whole series of data (Fig. 10) exhibiting certain peculiar-
ities. The asymmetry in the 3'P NMR signal shape can be caused by
the chemical shift anisotropy (CSA) [49]. However the two peak
structure survivals upon MAS, where CSA contribution to the signal
shape is removed or at least essentially reduced. The ratio of inte-
gral intensities of the overlapped peaks is slightly changing getting
from the static experiment to MAS (0.6/0.4 to 0.71/0.29, see Fig. 9).
This observation is thought-provoking that the present sample is
heterogenic. The processing of CP kinetic curves (Figs. 10 and 11)
confirms this assumption. Interestingly, the spatial 3D surface
reconstruction of SEM micrographs of CHAp samples synthesized
by glycerate route was not possible. The unique CHAp surface de-
tails of this specimen might be directly connected with sample
heterogeneity. Since glycerate derived CHAp samples were



S. Kareiva et al. / Journal of Molecular Structure 1119 (2016) 1—11 7

monophasic, the probability of formation of amorphous phosphate
phase in the end product is higher.

3.5.1. The models and the processing of CP kinetic data

In the case the I-S heteronuclear dipolar interactions are weak
(in the present case I denotes proton and S is >'P), e.g. spins being
remote or reduced by molecular motion, while the I-I homonu-
clear couplings are moderate or strong, the CP kinetics is likely to
follow the classical I-S model [38,39]. The kinetic curve, i.e. the
dependence of integrated signal intensity on the contact time, is
then described by

I(£) = Io (1 — Tep[T1p) " [exp(—t/T1p) — exp(—t/Tcp)], (M

where Ip is the signal amplitude, Ty, is the spin-lattice relaxation
time of protons in the rotating frame and T¢p is a CP time constant
that depends on the dipolar interactions of >'P spins with protons.

The CP kinetics observed for studied samples exhibit the more
or less blurred oscillations of intensity in the short contact time
range (Fig. 11). In such cases the CP kinetics can described in the
frame of the so-called non-classical I-I*—S (the asterisk denotes
protons in close neighbourhood to 3'P) kinetics by the following
equation [39,40,50]:

1(t) = Joe /T |1 — 2
(1= e 7 3 P(by/2)cos(2mbit/2) || @

where Ty is the spin-diffusion time constant, P (b/2) is the spin

Fig. 8. 3D surface reconstruction of CHAp synthesized with ethylenglycol (EG:Ca = 1)
at top and with glycerol (GL:Ca = 2) at bottom.

coupling distribution profile, b is the dipolar splitting (in Hz) and A
describes the distribution of polarization in the 3'P—('H), spin
cluster during the initial stage of CP. This parameter depends on the
cluster composition (A = 1/(n + 1) for a rigid lattice) as well as
molecular motion [39,45]. Thus A values must be refined for each
system during the fitting of the model curve to the experimental
data set. For very short contact times or in the case P (b/2) can be
approached by Gauss-shaped function, Eq. (2) can be simplified as

2
1(6) = Toe~t/Tw |1 — 2¢ 57 — (1 — Aye are 23|, 3)

where the time constant T, characterizes the dipolar 3'P—'H
coupling. Eq. (3) (further in the present work referred as T2-
averaging) is perhaps the most often used for the processing of
experimental CP kinetic data in the cases it was deduced that the
non-classical I-I"—S model to be more appropriate, compared to
the classical one (I-S model), see e.g. Refs. [38—40].

It came out during processing that the CP kinetics in CHAp
derived using glycerol as complexing agent cannot be fitted by the

Static sample

3.5 3.0

*'P chemical shift, ppm

Fig. 9. On the heterogeneity of CHAp derived using complexing agent glycerol: the
numbers indicate the relative integral intensities of overlapped >'P NMR signals
resolved using Voigt functions. More comments in text.
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Fig. 10. Comparison of the 'H — 3'P CP kinetics of synthesized CHAp using different
complexing agents in static regime and upon 5 kHz MAS.
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Fig. 11. The processing of CP kinetics in CHAp derived using glycerol as complexing
agent. The fitting was carried out using the sum of classical I-S (Eq. (1)) or non-
classical I-1'=S (Eq. (3)) models; the values of the weight parameter a was taken 0.6
or 0.4 that correspond to the relative integral intensities of overlapped *'P NMR signals
(see Fig. 13).
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Fig. 12. The processing of CP kinetic curves for CHAp derived using ethylene glycol as
complexing agent in static sample (the upper graph) and under 5 kHz MAS (the lower
graph).

single kinetic model. The shape of very peculiar kinetic curve was
more or less reproduced only by the fitting using the sum of two
kinetics, either the classical 1-S, or the non-classical I-I*-S
(Fig. 11). However, more rigorous decision concerning the validity
of the models was not possible because of huge number of the
fitting parameters. The standard errors for some parameters were
larger than their values. Thus it can be only stated that the using of
glycerol led to the formation of heterogeneity. Because of
complexity this material was removed from the further
consideration.

The CP kinetics curves for other CHAp (Fig. 10) were successfully
processed applying the non-classical model. The experimental data
were processed using both Egs. (2) and (3). In the case Eq. (2) was
applied, the spin coupling distribution profile P (b/2) was taken to
be the radial function approach P (b/2) ~ b~ 2/ [50]. The fitting
results are demonstrated on CHAp derived using ethylene glycol as
complexing agent (Fig. 12). The values of fitted parameters for all
studied materials are presented in Table 1. Note, T2-averaging is not
adequate in the case of MAS was applied because of decimation of
dipole—dipole interactions between remote spins [50]. This clearly
reflects on the fitting criterions R? and x? values (Table 1).

The spatial distributions of protons surround >'P nuclei in the
synthesized CHAp have been obtained processing "H —3'P CP ki-
netic curves and applying the Fourier transform formalism with the
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Table 1
CP kinetics fitting parameters for CHAp derived using various complexing agents.

Static regime

Complexing agent = GL EG TA EDTA
T2-averaging (Eq. (3))

Io, x 10" a, u. Heterogenic system; More comments in text 3.79 + 0.02 2.55 + 0.02 2.862 + 0.008
2 0.266 + 0.007 0.377 + 0.006 0.384 + 0.005
Taif, ms 29102 44 +03 275 +0.08
Tz, ms 0.182 + 0.003 0.190 + 0.004 0.224 + 0.003
Tip s © © =

R* 0.995 0.995 0.998

/lmax % 100% 1.49 1.5 0.9

Radial function approach (Eq. (2), with P (b/2) ~ b~2/3)

Io. x 10" a.u. 373 £0.02 2.46 +0.02 2.836 + 0.008
A 0.387 0.415 0.477

Taif, ms 1.8 39 22

Dimax, HZ" 4100 4600 3500

bsc, Hz" 700 300 500

Tip s ) © ©

R* 0.995 0.993 0.999

X /lmax x 100% 14 1.7 0.8

MAS experiment (5 kHz spinning, Hartmann-Hahn matching n = —1)

Complexing agent = GL EG TA EDTA
T2-averaging (Eq. (3))

Io, x 10"%a. u. Heterogenic system; More comments in text 62.6 + 0.2 233+02 2.16 + 0.01

A 0.990 + 0.005 0.952 + 0.002 0.587 + 0.001
Tair, ms 0.92 + 0.02 0.88 + 0.03 22+02

Tz, ms 0.16 + 0.03 0.190 + 0.004 0.18 + 0.02
Tip s o o o

R? 0.990 0.940 0.983

X /lmax x 100% 2 45 3

Radial function approach (Eq. (2), with P (b/2) ~ b~%3)

Io, x 10" a. u. 1.98 + 0.02 134 +0.02 141 +0.01

A 0.725 0.34 0.49

Taif, ms 14 2.7 4.7

bmax HZ* 3800 2200 3050

bsc, HZ* 470 600 520

Tip s o o o

R? 0.995 0.993 0.999

x/lmax x 100% 14 1.7 0.8

4 The model parameters in the radial distribution function approach that correspond the ‘shortest”*'P—"H distances (bmayx) and the effective extent of spin cluster (bsc) [50].

sequent recalculation of P (b/2) from b-variable to internuclear
distances (r) developed in Ref. 40. The results are shown in Fig. 13.
The spatial distribution profiles consist of 3 maxima at
0.21—-0.22 nm, 0.25—0.32 nm and at ca > 0.5 nm. The differences are
seen in their relative heights and in the resolution of the peaks.
Particularly interesting is the clear presence of the peaks at
0.21-0.22 nm in nano-CHAp (Fig. 13). They are better resolved upon
MAS. The distances of 0.21—0.25 nm are typical for P-O—H struc-
tures that are found in some related systems, as calcium phosphate
gelatin nano-composites [51], potassium- and ammonium dihy-
drogen phosphates [52]. In CHAp the protons are not part of the
phosphate group, and thus such short P ... H contacts should not be
met there. In pure crystalline CHAp each P atom has two protons
distanced at 0.385 nm, further two at 0.42 nm, while others are
0.6 nm or more away [38]. The P—O—H structural unit with P ... H
distances of 0.2—0.25 nm are present mainly on the surface layers
and therefore extremely hardly seen applying various other
experimental techniques because of highly disordered nature of
nano-structured CHAp. Some observations using FTIR and NMR
techniques confirm the presence of hydrogen phosphate units in
the nano-structured samples. It is a hard task because e.g. the FTIR
band of HPOZ  at ca 540 cm™! is strongly overlapped by the
intensive modes of PO3~ [45]. The possible presence 3lp_1y spin
pairs with the closest distance 0.22—0.25 nm in calcium phosphate
gelatin nano-composites was deduced only indirectly from the
simulation of CP kinetics [51].

The fact that the peaks at 0.21—0.22 nm are well resolved in the
spatial distribution profiles of studied CHAp (Fig. 13) can be un-
derstood taking into account the presence of large surface areas in
nano-structured materials. The spatial distributions correlate with
FTIR spectroscopy data (Fig. 4). Namely, beside the sharp peak at
3570 cm™! of the stretching vibration of OH™ ions in the 'bulk’
another much weaker peak at ca 3642 cm ™! band is noticeable in all
cases. These bands can be assigned to the surfaces modes of O—H
stretching vibration of P—O—H groups [46] and to some dangling
modes of water on the surface [53]. Moreover, despite the amount
of adsorbed water in the samples was rather similar, even this
difference was enough to form the water clusters different in size
and amount. The bands that are seen over 3100—3600 cm ™' range
(Fig. 4) can be compared and recognized as those of small water
clusters (up to hexamers) observed in the low-temperature matrix
experiments [54] as well as in FTIR spectra of water in hydrophobic
solvents [47]. The presence of various water clusters that are
trapped in nano-structured cavities or in surface potholes reflects
in the complex spatial distribution of protons surround >'P (Fig. 13).

4. Conclusions

Morphology and crystallinity-controlled an aqueous sol—gel
synthesis of calcium hydroxyapatite (Ca1o(PO4)s(OH),, CHAp) was
developed using different complexing agents, namely 1,2-
ethylendiaminetetraacetic acid (EDTA), 1,2-
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number of spins, a.u.

a.u.

number of spins.

0.2 0.4 0.6
°'P-"H), nm

Fig. 13. Spatial distributions of protons surround *'P nuclei in CHAp synthesized using
various complexing agents in the static sample (the upper graph) and under 5 kHz
MAS (the lower graph).

diaminocyclohexanetetracetic acid (DCTA), tartaric acid (TA),
ethylene glycol (EG) and glycerol (GL) in the sol—gel processing. The
XRD patterns of the samples after calcination of Ca—P—0 gels ob-
tained using different complexing agents in all cases showed for-
mation of CHAp as the main crystalline phase. Obviously, the
amount of impurities was dependent on the concentration of
complexing agent used in the sol—gel processing. The higher
amount of EDTA, DCTA and TA promotes formation of purer CHAp.
Contrary, the phase purity of synthesis products obtained in the
glycolate and glycerate sol—gel routes only slightly depended on
the amount of complexing agent. FTIR spectroscopy results
confirmed, that for all materials the amount of structural —OH
groups was significantly higher than from adsorbed water. The
CHAp solids were composed of agglomerates of elongated particles
(DCTA), aggregated of hardly identified shape particles (EDTA),
elongated particles (TA), nanocrystalline particles with regular
spherically-shaped structure (EG) and monolithic solids of small
particles (GL) with 0.5—2.0 um, 1-3 pm, with width of 0.2—0.5 pm
and 1.0-1.5 pm in length, 20—70 nm and 5-10 nm in size,
respectively. The spatial 3D data from the SEM images of CHAp
samples obtained by TA, EG and GL sol—gel routes were recovered
for the first time to our knowledge. Further statistical analysis could

be performed on the image analysis data to determine particle size
distribution and particle connectivity. The non-classical spin
coupling model with the radial distribution function approach
perfectly described the CP kinetics in nano-structured CHAp. The
P—O—H structural units with P ... H distances of 0.21—0.22 nm well
resolved in the spatial distribution of protons surround >'P nuclei
profiles for the studied CHAp can be understood taking into ac-
count the large surface areas in nano-structured materials. The
spatial distributions correlated with FTIR spectroscopy data.
Despite the structural manifolds of hydroxyl groups in the syn-
thesized materials were deduced to be rather similar, even small
differences were enough to form the water clusters different in size
and amount. The presence of various water clusters that are trap-
ped in nano-structured cavities or in surface potholes reflected in
the complex spatial distribution of protons surround phosphorus
atoms. Glycerol was found to be not a proper material as com-
plexing agent. The using of glycerol led to the formation of signif-
icant heterogeneity in the sample.
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ABSTRACT: The H/D exchange process in the imidazolium-based
room temperature ionic liquids (RTILs) 1-decyl-3-methyl-imidazo-
lium bromide- and chloride ([C;omim][Br] and [C;ymim][Cl]) in
D,0 solutions of various concentrations was studied applying 'H, *C
NMR, and Raman spectroscopy. The time dependencies of integral
intensities in NMR spectra indicate that the H/D exchange in
[Cyomim][Br] at very high dilution (10~* mole fraction of RTIL) runs
only slightly faster than in [C,omim][Cl]. The kinetics of this process
drastically changes above critical aggregation concentration (CAC).
The time required to reach the apparent reaction saturation regime in
the solutions of 0.01 mole fraction of RTIL was less 10 h for
[C,omim][Br], whereas no such features were seen for [C,,mim][Cl]
even tens of days after the sample was prepared. The H/D exchange
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was not observed in the liquid crystalline gel mesophase. The role of anions, self-aggregation (micellization), and mesophase
formation has been discussed. Crucial influence of Br~ and CI™ anions on the H/D exchange rates above CAC could be related to
the short-range ordering and molecular microdynamics, in particular that of water molecules. The concept of the conformational
changes coupled with the H/D exchange in imidazolium-based ionic liquids with longer hydrocarbon chains can be rejected in
the light of *C NMR experiment. The revealed changes in '*C NMR spectra are caused by the secondary (**C) isotope effects

not being the signal shifts due to the conformational trans—gauche transition.

H INTRODUCTION

Ionic liquids (ILs)/room temperature ionic liquids (RTILs) can
be considered as one of the most successful breakthroughs
creating smart materials and multifunctional compositions
possessing many appealing features important for the
applications in high technologies, including various artificial
sensors of new generation, electrochemistry, fuel cells and
batteries, (bio-) catalysis, etc.'™ Nevertheless, the processes
taking place in ionic liquids are not completely understood on a
molecular level and constitute one of the main challenges in
fundamental research. Hydrogen bonding between the anions
and cations in certain ILs can play crucial role. Localized and
directionally depending H-bonding disorder the Coulomb
network, and the system then deviates from the charge
symmetry.” This intensifies the ionic dynamics and results in
a significant decrease of melting points and viscosity. Hence,
some important macroscopic properties of ILs can be tuned by
adjusting the ratio between Coulomb- and the H-bond
contributions, even the latter being energetically less significant.

Tonic liquids are intriguing systems to study in respect of
purely H-bonding phenomena. In many of ILs the anions are
the conjugate bases of various acids, in certain cases, strong and
very strong, as for example, halogenides (Cl~, Br7),

A4 ACS Publications  © 2013 American Chemical Society

trifluoroacetate (CF,COO™), triflate (CF,SO;”), etc.® Hence,
some of ILs can be conceptualized as ionic pair systems A~
H'B created by very ‘deep’ proton transfer from the acid (A) to
the defined base (B). These ionic pairs are kind of ‘inverted’ in
respect of the traditional ones that appear in numerous H-bond
systems with proton transfer.” "% Such ILs structures can be
thought as the ‘ground state’ that can be disturbed by various
external stimuli (temperature, media effects, etc) reversing the
proton migration toward the anion and maybe even
culminating with the return of the system to the neutral H-
bond A—H--B. If this succeeded, the novel sort of phase
transitions could be expected that would create the hybrid state
of matter with the properties that occupy an intermediate place
between ionic and nonionic liquids. The studies of proton/
deuteron (H/D) exchange trying to determine the possible
pathways of this reaction and its kinetics would provide
extremely valuable information on the picture of H-bond in ILs,
including the large amplitude proton motion and thus
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evaluating the chances to provoke the reverse proton migration
by proper physically realizable stimuli.

The cation—anion interactions and various aspects of H/D
exchange reactions in some imidazolium-based ILs have been
studied by means of X-ray photoelectron, NMR, and Raman
spectroscopy techniques."’ ' Several intriguing findings can be
listed. For example, charge transfer is not related to H-bonding;
however, both H-bonding and charge transfer are seen to be
enhanced for small and more strongly coordinating anions;""
the relation between the slowdown of rotational dynamics and
the H/D exchange deactivation has been deduced;12 complex
dependency of the H/D exchange rates on RTIL concentration
in water has been observed;'> anomalous dynamics of ions at
very low ionic liquid concentration in D,O has been revealed;*
the H/D exchange has induced conformational changes of
ILs;"° the rate of H/D exchange, diffusion coefficients, and
spin—lattice relaxation time are affected by critical aggregation
of RTILs.'*

The purposes of present work were (i) to study the anion,
self-aggregation, and mesophase effects on the H/D exchange
in the 1-decyl-3-methyl-imidazolium bromide- and chloride
([Cpmim][Br] and [C,mim][Cl], respectively) in D,O
solution below and above critical aggregation concentration
as well as in the liquid crystalline gel mesophase by means of
the 'H, 3C NMR, and Raman spectroscopy and (ii) to check
the possibility of conformational changes induced by the H/D
exchange in imidazolium-based RTILs with longer alkyl chains.

B EXPERIMENTAL SECTION

The 1-decyl-3-methyl-imidazolium bromide and chloride from
Merck KGaA Darmstadt and from Ionic Liquids Technologies
GmbH (the structure and atom numbering are shown in Figure
1) were dried under vacuum at 80 °C for one day; D,0 (99%,
Aldrich) was used without additional treatment. The samples
were prepared by weighting (+0.1 mg) the components.
NMR experiments were carried out on Bruker Avance/400
and Bruker Avance/500 NMR spectrometers operating at
400/500 and 100/125 MHz for 'H and °C, respectively, using
S mm BBO probe-heads. The temperature of 298 K was

Figure 1. Molecular structure and carbon numbering of [C,omim][X],
X = Br, CL
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controlled with an accuracy of +0.5 K. The signals of D,0O
solution and DMSO in capillary insert were used as the
reference and then converted in -scale, with respect to TMS,
taking their chemical shift values from ref 17. The D,0 and
DMSO were also used for locking.

Raman spectra were obtained using Bruker MultiRAM FT-
Raman spectrometer with motorized xyz-sample stage and with
liquid nitrogen cooled germanium detector. The 1064 nm
wavelength beam of the pulsed Nd:YAG laser (500 mW) was
used as the excitation source. The 180° scattering geometry was
employed. The resolution of the spectrometer was set to 2
cm™", The Raman spectra were recorded in the 70—4000 cm™*
spectral range at 296 K. Some samples were cooled down up to
49 K. FT-Raman spectrometer control and experimental data
digital processing were performed using the OPUS 6.5 software
program package.

Bl COMPUTATIONAL DETAILS

Electronic structure calculations were conducted using
Gaussian09 program.'® Equilibrium geometries and harmonic
vibrational frequencies as well as Raman activities of the 1-
butyl-3-methyl-imidazolium cation isotopologues are based on
the calculations using the B3LYP exchange-correlation func-
tional'® and the 6-311++G** basis set.”* Bulk solvent effects
are accounted for by using a polarizable continuum model
(PCM).*! Default settings of PCM were utilized apart from
parameters ofac and rmim, which were assigned values of 0.8
and 0.5, respectively. Anharmonic analysis was performed at the
B3LYP/6-31G* level in vacuo using second order perturbative
appmach22 implemented in Gaussian09. 'H and *C magnetic
shielding tensors were calculated at the level of PBE0/6-311+
+G(2d,2p)/PCM. More details concerning this choice are
given in ref 6.

B RESULTS AND DISCUSSION

Phase Behavior and Sample Compositions. It is well-
known that some of imidazolium-based RTILs [C,mim][X]
with sufficiently long alkyl chains (n = 6—18) demonstrate a
broad variety of phenomena in the phase behavior*>~2° and the
aggregation (micellization) processr—:s.n*33 More details are
known regarding the studied compounds. The addition of
water to [C,omim][Br] causes its conversion from a viscous
liquid to a gel possessing the optical birefringence.”®> The
coexisting mesophases for closely related [Cj,mim][Br] were
identified more precisely being as solid, lamellar, and hexagonal
ones.”* At the higher content of water (~15% w/w of H,0),
both [C,ymim][Br]/H,0 and [C,ymim][Cl]/H,O solutions
convert into hardened gel, which resists flow upon gravity,
already at room temperature. Some serious technical problems,
such as difficulties to fill the NMR tubes with the hardened
substance, the inserting of the lock-capillary, and others, have
been met during experiments on gel samples as already
reported by us in ref 25. The mesophases disappear at further
dilution, and the viscosity of the solutions drops drastically.
This highly diluted state (below ~0.05—0.08 mole fraction of
RTIL) was called as the aqueous solution.”® The coexisting
solid and liquid phases can appear only below ~290 K.>*

It is obvious that the rates of H/D exchange process in such
RTILs can be crucially influenced by the phase behavior when
different molecular sites and peculiar environments in the
microscopic or mesoscopic scales appear. For example, the
imidazolium groups can get blocked inside of inverted
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hexagonal structures, if such formed, or the formation of the
regions with confined water (D,O as deuteron donor) is
enhanced due to the interplay between hydrophilic and
hydrophobic segments, as well as the formation of the layered
structures in the case of the lamellar phase.** In order to
segregate the pure H-bond-driven contribution to the H/D
exchange from possible phase/environmental effects, the
composition of the samples should be chosen that makes
sure that the systems are in the identical states. The aqueous
solution phase (i.e., the one that is by many physical features
very close to the ‘classical’ electrolyte (water + salt) system)
would be most suitable. Therefore, two highly diluted samples
of [Ciomim][Br] and [C;omim][Cl] in D,0 (107* mole
fraction of RTIL) have been first prepared and investigated.

Increasing the concentration in the aqueous solution phase
the self—aggregation of some RTILs via micelle formation can
take place, 7733 even the mesophase formation is still excluded.
This is important to study, as there are some indications that
the rates of H/D exchange, diffusion coefficients, and spin—
lattice relaxation time can sufficiently differ for the solutions
being below and above of critical aggregation concentration
(cac).'®

The C(2)—H--X~ bridge proton chemical shift dilution
curves can provide useful information when determining the
critical aggregation concentration, predicting structures of
aggreggtﬁe;g, etc., as it was done for some [C,mim][X]
series. In those cases, the dilution curves exhibit a typical
behavior with two linear dependencies of the chemical shift on
concentration whose intersection reminds a break point. The
corresponding concentration value is usually accepted as the
CAC. In the case of [C;ymim][Br] in H,O, the break point of
the chemical shift dilution curve was only roughly evaluated to
be less than ~0.01 mole fraction of RTIL> In the present
work, the CAC values have been determined more precisely for
both studied compounds. The corresponding '"H NMR shift
break points are shown in Figure 2. This allowed us to
determine the CAC values equal to 6.4 X 10™* mole fraction
and 9.9 X 10™* mole fraction of [C;ymim][Br] and [C,ymim]-
[Cl], respectively, which are in a perfect agreement with the
available literature data (Table 1). Therefore, the next couple of
samples of 0.01 mole fraction of RTIL in D,0 was prepared.
Such composition assures that both systems are close to the

8.730 - q

8.720

8.710

5 ppm

8.700

8.690 L . L L L L L
5

mole fraction (x1 0'4)

Figure 2. Determination of critical aggregation concentration (CAC)
of [C;mim][X], X = Br (black circles), Cl (blue squares) using
dependencies of chemical shift of C(2)—H:-X~ proton on
concentration in H,O.
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Table 1. Literature and Present Work Data on Critical
Aggregation Concentration (CAC) of [C,,mim][X], X = Br,
Cl in H,0 and D,0 at 298 K

[Cmmim] [Br] [Cmmim] [cl]

solvent and solvent and
CAC, M method ref CAC, M method ref
0.030—-0.032 D,0, NMR 29 0.055 H,0, 27
interfacial
tension
0.029 H,0, surface 32 0045  H,0, 27
tension fluorescence
0.033 H,0, 32 0.055 H,0, NMR 27
conductivity
0.04 H,0, 33 0.054  H,0, surface 30
potentiometry tension
0.060  H,O, 30

conductivity

CAC values recalculated to mole
fraction: (8 — 10) X 107*

CAC values recalculated to mole
fraction: (5.3 — 7.2) X 107*

64 x 107" H,0, present 9.9 x 107" H,0, present
mole NMR work mole NMR work
fraction fraction

midpoint between the onsets of aggregation and the gel
mesopase formation. Also note that the samples of same
composition were used studying the H/D exchange in some
other RTIL systems (e.g. [C,mim][X]/D,0, X =1, BE,).>*

[Cyomim][Br]/H,0 and [C;,mim][Cl]/H,O solutions
convert at higher content of water from a viscous liquid to
the anisotropic gel.**** This gel was found to be stable over the
range of ~5—40% w/w of water (i.e., 0.08 - 0.53 mole fraction
of RTIL). In order to check the influence of this mesophase on
the H/D exchange rate another two samples of 0.4 mole
fraction of RTIL in D,O were prepared and investigated.

Monitoring of H/D Exchange Using 'H and '*C NMR.
The experimental and calculated 'H and *C NMR spectra of
[C,omim][Br] in the neat RTIL as well as in various solvents
and mesophases have been previously reported.>*®** The 'H
and ®C NMR spectra of [Cymim][Br] and [C;gmim][Cl]
(Figures 3 and 4) are very similar, and "*C chemical shifts
appear to be less sensitive to the anions used. Similar tendency
has been observed for [Cgmim][X] series with X = Br and Cl
among those."" Instead of narrow symmetric peaks the broad
more or less asymmetrically shaped signals are seen in "H NMR
spectra registered in the gel phase (Figure 3). Such signal
shapes are common for anisotropic liquids.?® The greater
ordering and more anisotropic character molecular motion in
the gel phase is better pronounced in the spectrum of
[Cymim][Cl] (Figure 3). The degree of asymmetry of the
signal contours indicate that the biaxiality of this phase should
be rather close to 1.2

The most remarkable changes during the H/D exchange
have been observed for NMR signals of the imidazolium ring,
as it could be a priori expected. This is particularly clearly
manifested in '*C NMR spectrum (Figure 4), where the signal
corresponding to C(2) carbon atom splits into triplet
characterized by 'J(**C—H) = 33.6 Hz due to *C—H spin
coupling. The same value of 'J(**C—>H) was obtained for both
studied RTILs.

The kinetics of the H/D exchange was followed using the
relative integral intensity of the '"H NMR signal of C(2)—H
proton normalized in respect to the peak of —C(16)H; group
(Figure S). This choice differs from that applied in ref 13,
where the H/D exchange in [C,;mim][BF,]/D,0 mixtures was
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Figure 3. "H NMR spectra of [C;gmim][X] in D,O solutions: close to
the midpoint between the onset of aggregation and the gel formation
(0.01 mole fraction of RTIL), X = Cl (black) and X = Br (red); in the
gel phase (0.4 mole fraction of RTIL), X = Br (green) and X = CI
(blue); all at T = 298 K. The spectra below CAC are not shown
because they inessential differ from those at 0.01 mole fraction of

RTIL.
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Figure 4. Monitoring of H/D exchange in 13C NMR spectra of
[Comim][Br] in D,O solution (0.01 mole fraction of RTIL) at T =
298 K.

studied using the relative intensity of C(2)—H signal in respect
to HDO. In our opinion, the signal of the terminal —CH, group
is more appropriate because it provides more steady internal
reference to normalize the integrals. The intensity of HDO
peak can be affected by the H/D exchange between D,O (i.e.,
solvent molecules) and traces of H,O or other R—OH species
that may be present in the mixtures as impurities, e.g. adsorbed
from the air during the sample preparation when highly
hygroscopic RTILs are used.

The H/D exchange rates are very different and depending on
the sample composition (Figure S). The time dependencies of
integral intensities in 'H NMR spectra indicate that the H/D
exchange in [C,ymim][Br] at high dilution (10™* mole fraction
of RTIL) runs only slightly faster than in [C,,mim][Cl] (Figure
S, top graph). The kinetics of this process drastically changes

10214
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Figure 5. Kinetics of the H/D exchange reaction in [C,ymim][X], X =
Br (black circles) and Cl (blue squares) in D,O solutions at high
dilution (107* mole fraction of RTIL, top graph) and above CAC
(0.01 mole fraction, middle and bottom graphs) monitored using the
relative integral intensity of 'H NMR signal of C(2)—H proton respect
to the signal of the terminal —CH, group.

above CAC. The time required to reach the apparent reaction
saturation regime was less 10 h for [Cj;mim][Br] (Figure S,
middle graph), whereas this reaction runs extremely slowly in
[C,omim][Cl]/D,O solution (Figure S, bottom graph). Such
kinetics is comparable to that observed in [C,mim][BF,],
where the time necessary to reach the apparent equilibrium
state at certain D,O concentrations was determined to be up to
40 days.">'® Note these our observations significantly differ
from those in ref 16., where it was deduced that the fast H/D
exchange does not occur in the solutions below CAC.
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It is interesting to compare the reaction rates in RTILs
containing the same anions. According to the data reported in
the literature for [C,mim][Cl], the level of deuteration at C(2)
site of 91% was achieved in a 1:20 weight ratio (~ 0.0056 mole
fraction, i.e. close to the present work) in D,O solution in 24 h,
however, after rising the sample 'cemperatur&36 A much faster
kinetics observed in [C,ymim][Br]/D,O solutions is com-
parable with the literature data for [C,mim][I] reported in ref
33. The '"H NMR signal corresponding to the C(2)—H proton
disappears completely in 0.01 mole fraction solution in D,0
after 20 h.**

No changes in the intensity of "H NMR signal of C(2)—H
proton were noticed for the gel samples (0.4 mole fraction of
RTIL) during 48 days of observation from the sample
preparation. Thus, we can state that this reaction does not
run in the gel phase.

Comparison of other 'H integrals to that of —C(16)H,
resonance indicates that in imidazolium ring only C(2)-H
proton is involved in the H/D exchange under the present
experimental conditions. This is important to know because it
is quite often assumed that anions can bind to all three
imidazolium ring prv;)tc;ns‘ss”;é(a""I refs therein) and thus they could
also undergo the H/D exchange.

Secondary Isotope Effect on '3C Chemical Shifts. The
central line of the C(2)—D triplet is shifted in respect to the
3C NMR signal of C(2)—H (Figure 4). This is due to the so-
called secondary isotope effect, which has been studied in more
detail. The secondary isotope effect, that is, the change of
chemical shifts (§) upon H/D substitution, originates from
coupling of the proton and deuteron vibrational wave functions
to the rest of the system.>” In other words, the differences in
the geometry of the A—H(D)--B bridge slightly affect the
geometry and the local electron density in the rest of molecule
and is reflected in the corresponding chemical shift values. The
primary isotope effect 8y — Op, depending on the nuclei
involved and H-bond features, can be quite strong, for example,
reaching up to ~0.5—0.7 ppm in the case of strong and short
H-bonds, such as the intramolecular bonding in quinaldic- or
picolinic acid N-oxides, intermolecular complexes of carboxylic
acids with pyridine, etc.*”® The secondary isotope effects are
usually much smaller than the primary ones, although in certain
cases they can be comparable. For example, 10;; — dpl for some
BC resonances in picolinic acid N-oxide reaches 0.47—0.57
ppm (depending on solvent) in comparison to the primary one
of 0.48—0.78 ppm.*” It is quite remarkable that this huge effect
was observed for the carbon atom that is distant from the site of
deuterium substitution by five chemical bonds, whereas for the
carbons closer to the O—H(D)-+-O moiety the effect was much
smaller (0.02—0.23 ppm).

In the present work, the secondary deuterium isotope effect
on BC chemical shifts has been observed for H-bonded ionic
liquid systems for the first time. However, the deuterium
isotope effects on other nuclei have been already used for the
study of H-bond in ionic liquids.*® In a model system,
selectively deuterated [C,mim][Cl], this effect was found to be
very significant for the 3**’Cl resonances (1.0—1.9 ppm) and
practically negligible (0.002—0.004 ppm) for "H NMR signals.
For [Cjomim][X], X = Br, Cl used in these studies, it is most
pronounced for C(2) being 0.24—0.25 ppm (Table 2). This
effect is within 0.02—0.05 ppm for other imidazolium ring and
neighboring carbons and negligible for the rest of decyl chain
from C(8) to C(16). Hence, the magnitude of the effect differs
from that observed in the case of strong and short H-bonded
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Table 2. Chemical Shifts of Carbon Nuclei and Secondary
(3C) Isotope Effects 6 — 6y (in ppm) in [C;omim][X], X =
Br, Cl in D,O Solution at 298 K

[Cypmim][CI] [Cypmim][Br]
carbon no. HY D Sy — Op H D 8y — Op
C(2) 13623 13598 025 13628 136.04 024

C(4) 122.34 122.30 0.04 122.46 122.41 0.05

C(S) 124.03 123.98 0.04 124.01 123.97 0.04

C(6) 36.11 36.08 0.03 36.27 36.24 0.03

c(7) 49.72 49.69 0.03 49.78 49.76 0.02
“The label ‘H’ refers to the species with a proton in C(2)—H-X~
bonding, while ‘D’ refers to that with a deuteron.

systems.>”*® Also note that the sign of the secondary (3C)
isotope effect is the same (S — & > 0) for all carbons.

These data are very useful when discussing the possibility of
conformational changes revealed in other closely related RTILs
by Raman spectroscopy'>***** and also for the future
theoretical treatment of H-bond dynamics in ionic liquids
using 2D models with quantum averaging.

Monitoring of H/D Exchange Using Raman Spectra.
The sample composition of 0.01 mole fraction of RTIL in D,O
was high enough to carry out the registration of Raman spectra
at the same conditions as it was set in NMR studies. The
Raman studies are important in trying to reveal the possibility
of anomalous conformational changes around the C(7)—C(8)
bond (Figure 1) that seem to be coupled with H-bonding and
H/D exchange pmcesses.ls‘39

It is reasonable to suppose that the most comprehensive
information concerning the H/D exchange should be obtained
analyzing the band of C(2)—H stretching vibration (vC(2)—
H). However, this band is strongly overlapped with other vC—
H bands in the spectral range 2900—3100 cm™".>*** There is
also a significant discrepancy between experimental and
calculated vibrational frequencies at higher wavenumbers.*>*’
All these factors puzzle the reliable assignment of the modes, as
for example, the polemic in refs 41 and 42, and make the
processing of the band contours and the determination of their
parameters more cumbersome. Therefore, the H/D exchange
was monitored using the time evolution of the Raman bands at
1010 and 1024 cm™" (Figure 6), assigned as the combination of
the in-plane ring deformation and CH;(N) deformation.'>*’
These bands have been successfully exploited for the same
purpose in Raman studies of [C,mim][[BF,]/D,0 mixtures."®
The time dependency of their integral intensities (Figure 7)
indicates that the H/D exchange in [C,ymim][Br] is much
faster than in [C;omim][Cl]. The time required to reach the
apparent reaction saturation regime was ~200 min for
[C,omim][Br], whereas no features reaching this were seen
for [Cyemim][Cl] even at ~1000 min after the sample was
prepared (Figure 7). Thus, the Raman spectroscopy results
support the NMR ones (Figure S).

Special attention has been paid in this work to the spectral
range around ~600 cm™! (Figure 8). The Raman bands at ca.
600 and 620 cm ' are very often used studying the
conformational changes in hydrocarbon chains attached to
the imidazolium cation.'>****® It was deduced that the
conformation of the butyl chains depends on the type of
anion,>* the trans—gauche change can occur at the melting,40 or
it can be coupled with the H/D exchange.15 The significant
relative redistribution in the intensities at 602 and 625 cm ! is
clearly seen in the Raman spectra of both studied RTIL/D,0
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Figure 6. Monitoring of H/D exchange on the Raman bands at 1010
and 1024 cm™ of [C;gmim][X], X = Br (top; at 10 (black), 20 (red),
50 (blue), and 900 (green) min after the sample prepared) and CI
(bottom; at 10 (black), 200 (red), and 900 (blue) min) in D,0O
solution (0.01 mole fraction of RTIL) at T = 296 K.
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Figure 7. Kinetics of the H/D exchange reaction in [Cjgmim][X], X =
Br (top) and Cl (bottom) in D,O solution monitored using the
integral intensities of Raman bands at 1010 and 1024 cm™ (see Figure
6).

systems (Figure 8). However, in the present case of [C,,mim]*
(i.e. the cation with 10 carbons in the chain), it is somehow
hardly credible to attribute this evolution being a completely
conformational effect. Indeed, the Raman experiments carried
out varying the temperature in the wide range on the neat
[Cyomim][Br] have revealed that the conformational compo-
sition was hardly changeable even passing through the melting
and at further cooling up to 49 K (Figure 9). This behavior
completely differs from the case of [C,mim][Cl] observed at
the melting point and thermal equilibration at 72 °C.*

We are inclined to think that the complex redistribution of
several Raman intensities (Figure 8) is due to the changes in
positions of some strongly overlapping bands in this spectral
range upon deuteration at C(2) site. To check this idea,
vibrational modes in the range 500—700 cm™' have been
analyzed using DFT calculations on the trans and gauche
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T .
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T T T T T
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Figure 8. Time dependencies of Raman spectra in the range 600—700
cm™ of [Cyemim][X], X = Br (top; at 10 (black), 60 (red), and 150
(blue) min after the sample prepared) and CI (bottom; at 20 (black),
220 (red), and 900 (blue) min) in D,O solution (0.01 mole fraction of
RTIL) at T = 296 K.

trans
gauche melt, 296 K
268K
VAV
Jask
600 650 ‘700 cm”

Figure 9. Raman spectra of [C,gmim][Br] in the range 600—800 cm™
in the liquid (296 K) and crystalline (268 and 49 K) phases.

conformers of the [C,mim]" cation as a model system. Three
different modeling schemes have been adopted. First, harmonic
vibrational analysis was performed in vacuo. To account for the
effects of aqueous environment, we have relied on the PCM as
well as supermolecular approach,**** where a hydrogen bonded
complex of [Cymim]" cation and a water molecule is placed
into PCM void. The latter approach is believed to be
particularly effective, since it accounts for both short- and
long-range interactions simultaneously.* The calculated Raman
spectra are shown in Figure 10. It is seen that for the trans-
conformer the one of three bands (labeled as B in Figure 10),
contributes the intensity of the neighboring band A. However,
the band B shifts upon deuteration of C(2)—H to the lower
wavenumbers (dashed arrows, Figure 10). Thus, the observed
decrease of Raman intensity in the experimental spectra at 625
cm™ (ie. the band attributed to trans- conformer), (Figure 8)
indeed can be explained by the shift of one of the overlapping

dx.doi.org/10.1021/jp4021245 | J. Phys. Chem. B 2013, 117, 10211-10220
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Figure 10. Raman modes of gauche and trans forms of [C,;mim]* calculated at the level B3LYP/6-311++G** in vacuo, in water as solvent using
PCM, as well as for ‘supermolecule’ [C,mim]*-H,0O in H,0. More comments in text.

bands. This finding is qualitatively supported by all three
modeling schemes used. The performed anharmonic analysis
did not lead to the changes in the qualitative picture as well.
Discussion. The obtained results on the H/D exchange
reaction rates should be discussed in more details. As it has
been noted in ref 11, the interaction between the imidazolium
cation and anion is strongly altered by the nature of the anions.
On the one hand the smaller and more basic anions (i.e., Cl~ in
the studied systems; ionic radii 1.81 A) strengthen the H-bond
as compared to the larger anions (Br”, ionic radii 1.96 A). The
strengthening of H-bond should stimulate the larger amplitude
motion of the proton. In the case of imidazolium-based RTILs,
this motion could culminate producing carbene-like motif with
a complete proton abstraction.'"** Hence, the exchange of
proton by deuteron should go easier in the case of CI™ anions.
However, there are some other remarkable features that
elucidate to behave the H-bond in the studied systems quite
differently from the ‘traditional’ H-bonds. Such features are, for
example, very weak and positive sloped dependence of the
chemical shift of the C(2)—H proton on temperature AS/AT
~ + 1073 ppm/deg, in comparison with A§/AT ~ — 1072
ppm/deg for water and HDO,* the C(2)—H and C(4,5)-H
stretching bands in FTIR spectra yielding a blue-shift with
increasing dilution in water,*” etc. It means that in this class of
ionic liquids we deal with the H-bond systems that are
‘inverted’ respect to the traditional ones in the sense discussed
in the Introduction. On the other hand, the anions in highly
diluted aqueous solutions are solvated, and therefore, their role
in H-bonding is significantly reduced. Moreover, the H/D
exchange is coupled with the rotational dynamics of water
molecules.'” The interaction with anions hinders the rotational
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motion of D,0 molecules in the solvation shell and is the
stronger the smaller the size of the anion. The activation
energies for the rotational motion of water molecules in the
hydration spheres of CI™ and Br™ are 3.3 and 2.9 kcal/mol,
respectively.*® The rotational ‘freezing’ of D,O molecules can
hinder the supply of deuterons to the site of exchange. We
assume that these are the main factors that cause only a small
difference in the H/D exchange kinetics for both RTILs at high
dilution (Figure S, top graph), where the exchange is taking
place between D,0 and the C(2)—H hydrogen of the cation
and this process is mediated by the presence of the anion (i.e.
CI™ or Br7).

The rotational motion of molecules and the diffusion are
highly restricted in the liquid crystalline mesophases. Indeed,
the H/D exchange was not observed in the gel mesophase,
which was identified as liquid crystalline ionogel.***** No
changes in the spectra have been observed even after 48 days
from the sample preparation.

The H/D exchange can be discussed in the terms of the ion
pairing.*”*° The importance of this process for ionic liquids was
studied very recently.*® It was shown that there exists a certain
“magic number” of water molecules that is necessary to disrupt
the strongly bound ion pairs (contact ion pairs, CIP) initiating
their transition to the solvent-separated state (solvent-separated
ion pairs, SIPs). For instance, for some protic ionic liquids, it
was determined that a minimum of four water molecules were
needed to initiate the transition from CIPs to SIPS.*® It was
also noted that this process strongly depends on the anions,
and it is expected that for other RTILs such transition may
begin at lower water content. Unfortunately, the “magic
number” of water molecules is not known for [C,;mim][X],
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X = Br, Cl solutions in D,O. Intuitively, it could be supposed
that it should be slightly below CAC. Hence, two extreme cases
of the present studies, that is, the mixtures at high dilution
(107* mole fraction of RTIL) and in the gel phase (0.4 mole
fraction of RTIL), can be considered as the ionic systems being
in SIP and CIP states, respectively. The strong anion—cation
interaction impedes the H/D exchange process in the gel phase.
This factor can be considered as additional contribution to the
slowdown of rotational dynamics discussed just above.

The most complex situation appears between these two
extreme cases, that is, at the compositions slightly above CAC.
The kinetics of H/D exchange drastically changes in the
samples of ~0.01 mole fraction of RTIL (Figure S). This
process, depending on the anions, can be very significantly
damped ([C;omim][Cl]) or stimulated ([C omim][Br]).
Unfortunately, it is virtually unknown how certain inherent
properties of RTIL influence the self-aggregation and phase
behavior of RTIL/water solutions. Theoretical modeling
presented in ref 28 has revealed that the micelle sizes and
shapes depend on the counterion type and alkyl chain length
but also on the number molecules that are involved in the
modeling. Water molecules can be trapped in different
environments and dictate the shape and size of the
aggregates.”® Various aspects of micelle formation and structure
have been explored experimentally by SANS, NMR, fluo-
rescence, surface tension, and conductivity measurements and
other techniques.?®*3*5!=5* [t was demonstrated that general
features of micellar aggregation of long-chain imidazolium-
based RTILs in aqueous solutions are rather similar to those of
conventional ionic surfactants having the same hydrocarbon
chains. 3! Higher inclination for aggregation and thus the
lower values of CAC of RTILs can be attributed to the
capability of imidazolium groups to form H-bonds with
anions.> Beside CAC, micelle formation can be characterized
by other important parameters such as shape and size,
aggregation number, degree of counterion binding, etc.
Regrettably, not all of these parameters can be collected from
the literature for [C,mim][X] with n = 10, X = Br and Cl in
aqueous solution which were studied in the present work.
Therefore, data for closely related RTILs (e.g. for those with n
=8 — 12 or X = I", BF,”) have to be taken and used for
discussion.

Namely, it was deduced that the effect of anions X = Br~ and
BF,” on the degrees of counterion binding of [C,mim][X] with
n =10 and 12 in water was minor,>> even though these anions
differ in their size and hydrophobicity very significantly. The
effect of anions is, however, significant for the size, aggregation
number (N,y), and shape of micelles.”>™>* For example,
micelles formed in [Cgmim][I] solutions possess over the
concentration range for which the structure of aggregates is
more or less stable the core radii of 13.2 + 0.5 A and N, ~ 40,
to be compared to 10.5 + 05 A and N, = 20 for
[Cymim][Br] or 134 + 04 A and Nygg ~ 33 — 45 for
[C,omim][Br] solutions, respectively.>>”>* Also, aggregates in
[C,mim][X] systems containing X = Br™ and I were found to
be nearly spherically shaped. The micelles in [C,,mim][Br]
solutions become increasingly elongated with increasing RTIL
concentration.>* In contrast to bromine and iodide systems, the
[Cgmim][Cl] in aqueous solution appears to form disk-like
rather than spherical aggregates.”>**

Nevertheless, this data does not provide an answer to the
question of why Br™ and CI™ anions could so crucially influence
the H/D exchange reaction rates above CAC. It is likely
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possible that this is indeed a much finer phenomenon related to
the microscopic (short-range) ordering and molecular micro-
dynamics, in particular, that of water molecules. SANS
experiments on aqueous solutions of [Cemim][Cl] suggest
the presence of some structures with interdigitated alkyl chains,
the ordering of micellar rods, or the formation of sheets of
bilayers.53 Moreover, at moderate concentrations, the long-
range order between [Cgmim][Cl] aggre§ates is more
pronounced than in the [Cgmim][I] solutions. ® The patterns
of deuteron quadrupolar splitting in H NMR spectra provide
extremely valuable information on this. The *H NMR
experiments carried out using deuterated species of [C,mim]-
[X], n =8 and 10, X = Br~ and CI” in aqueous solutions have
revealed that (i) Cl™ is more strongly solvated than Br~ and
thus the D,O molecules are residing in a more ordered
environment in the case of [C,mim][Cl]; (ii) larger anions, viz.
Br7, are less tightly bound to the micelle surface and thus
enhanced repulsive interactions can destabilize the meso-
phase.>* This conclusion is in fact entirely consistent with our
observations, namely greater ordering and much slower
dynamics in the gel phase is more clearly pronounced on the
"H NMR signal shapes of [C;omim][Cl] than in the case of
[Ciomim][Br] gel, as illustrated in Figure 3. It is obvious that
these observations first of all highlight the effect of the anions
on the differential mesophase properties of studied RTIL/water
solutions. However, it is reasonable to expect a certain phase
memory, namely, more ordered mesophase can grow from
more ordered building units (i.e., micelles).

We would like to conclude that a higher degree of molecular
freedom due to the order—disorder effects plays the crucial role
in the H/D exchange reaction in the studied systems. The
presented experimental results are expected to be useful for the
molecular design of ionic liquids and the modeling of micellar
structures in aqueous solutions.

The conformational changes that can be coupled with the H/
D exchange, as it was observed in ref 15, do not occur in the
studied systems. The complex redistribution of several Raman
intensities (Figure 8) can be due to the frequency shifts of
some strongly overlapped bands upon the H/D exchange.
More rigorously, this idea can be rejected in the light of °C
NMR results. For this purpose, the "?C NMR shielding tensors
of trans and gauche forms of [C,mim]*-H,O ‘supermolecule’ in
H,0, again as a model system, have been calculated at the level
of PBE0/6-311++G(2d,2p)/PCM. We have utilized and
checked this theoretical approach in our previous studies,
where it was found that the PBEO functional applied together
with the polarizable continuum model (PCM) gives very good
agreement between calculated and experimental 'H and *C
chemical shifts and perfectly reproduces many observed
tendencies, for H-bonded systems in particular.**>*® The
calculated isotropic parts of 3C NMR shielding tensors are
given in Table 3. It follows that if trans—gauche conformational
transition really runs in the studied RTILs it would be easily
noticeable in '*C NMR spectra: the spectral distancing between
C(4) and C(S) signals should increase ~1.5 ppm, even more
significant shifts should be observed for the carbons in the
hydrocarbon chain, for example, — 3.4 ppm for C(8), (Table
3). Nothing like this has been observed in spectra. Thus, the
observed changes (Table 2) indeed can be attributed to the
secondary (*C) isotope effects, the values of which are
comparable with those determined for many other H-bond
systems,*”® than to suppose that the signal shifts are due to
the conformational trans—gauche transition.
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Table 3. Isotropic Parts of '>*C NMR Shielding Tensors (6)
of trans and gauche Forms of [Cymim]* Calculated at the
Level of PBE0/6-311++G(2d,2p)/PCM using [C,mim]*
H,O ‘Supermolecule’ in H,O as Solvent and the Predictable
Shifts of Corresponding Carbon Signals in NMR Spectra
(A6) Due to the Conformational Changes (all in ppm)

carbon no. Olrans it AG = Gyans — Ogauche
c(2) 45.12 4443 +0.69
C(4) 59.07 60.25 - 118
C(s) 58.78 58.37 + 041
Cc(6) 150.52 150.53 - 0.01
Cc(7) 133.38 133.34 +0.04
C(8) 149.44 152.81 —-337

Bl CONCLUSIONS

The anions and aggregation effects play crucial role in RTIL
aqueous solutions. The anions interact with cations via H-
bonds and bind the water molecules in their solvation shells.
The overlap and the competition of these processes may cause
rather complex dependency of the H/D exchange reaction rate
on the sample composition and on other experimental
conditions (temperature, degree of purification, efc.). The H/
D exchange process, depending on the anions, can be very
significantly damped or stimulated above critical aggregation
(micellization) concentration. This reaction does not run in the
liquid crystalline gel phase.

The concept of the conformational changes coupled with the
H/D exchange in [C;ymim][X], X = Br and Cl, maybe also in
others imidazolium-based RTILs with longer hydrocarbon
chains, can be rejected by >*C NMR data. The revealed changes
in '*C NMR spectra are caused by the secondary isotope effects
on chemical shifts not being the signal shifts due to the
conformational trans—gauche transition.
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The Raman spectra of 1-decyl-3-methyl-imidazolium bromide ([C;omim][Br]) aqueous solutions have
been measured while continuously increasing the water content in the system (0-100%). Principal com-
ponent (PC) and 2D Raman correlation (2DCOR) analysis has been carried out, the main attention concen-
trating to the region of O-H stretching vibrations at 3100-3800 cm~'. The band structure has been
resolved in the loadings on PC1 and PC2 as well as in 2DCOR spectra. It indicates the presence in the stud-

N ied system of several nonequivalent states of water. Various states of water have been also revealed in the
ﬁma;‘ps:citrf;clziy TH NMR spectra. They have been assigned to non-bonded or weakly H-bonded water molecules, those
PCA involved in the fast isotropic reorientational motion as well as in the H-bond exchange processes and
finally — water in the LC ionogel structures. The last contributes the 'H NMR line shape typical for aniso-
tropic liquids with zero biaxiality (asymmetry) of magnetic shielding and the chemical shift anisotropy of
ca 0.6 ppm. The borders of the liquid crystalline (LC) ionogel phase have been determined using the con-
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centration dependence of the integral intensities of Raman bands and the scores on PC1.
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1. Introduction

Ionic liquids (ILs, a synonym of molten salts having low melting
points) are one of the most successful breakthroughs of the last
years creating novel multifunctional materials those posses many
appealing features [1,2]. Varying different combinations of anionic
and cationic subsystems one can tune their physical and chemical
properties. Since the number of such combinations is practically
uncountable, the possibility to control various molecular processes
in IL media makes these systems very attractive as for fundamental
research as well as for technologies.

Tonic liquids and numerous compositions containing IL as one of
the component fall into the class of the systems that earlier were
called as ‘complex fluids’ [3]. Their defining feature is the presence
of a mesoscopic length scale which plays a key role in determining
the most properties of the system. And indeed, numerous recent
works on the IL systems revealed the presence of nanoscale orga-
nization effects, the appearance of micro-heterogeneous phases,
etc. ([4-9] and the references cited therein).

The presence of water in IL systems strongly affects their phys-
ical and chemical properties, aggregation and phase behavior,
structural changes, etc. [10-15]. The water can be added deliber-

* Corresponding author. Tel.: +370 5 2366001; fax: +370 5 2366003.
E-mail address: vytautas.balevicius@ff.vu.lt (V. Balevicius).

0022-2860/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.molstruc.2010.12.060

ately by mixing with ILs, or it can present as contaminant, e.g. from
air [16]. Some of imidazolium-based room temperature ionic lig-
uids (RTILs) with long alkyl chains can form various liquid crystal-
line (LC) phases in water solution [10,14,15]. E.g., in the case of
[Ci1omim][Br] the phases were determined more precisely being
lamellar (L) and hexagonal (H;) ones [15], and for [C;omim][Br]
it was identified as LC ionogel [14]. It exists at room temperature
over the wide range of concentration (5-40% mass fraction of
water). In these sample conditions a complex-shaped 8'Br NMR
signal as well as several new 'H peaks has been observed in
NMR spectra [8]. These peaks can be originated from the H>O mol-
ecules trapped in inhomogeneous regions of the sample or due to
the appearance of non-equivalent water sites in LC ionogel, the ex-
change between those is highly restricted or even frozen.

The vibrational spectroscopy (FTIR, Raman) can be particularly
powerful method studying the states of water in the IL/water com-
positions [4,12,16,17]. Perhaps the most informative are the modes
that are coupled with H-bonding vibrations of water molecules.
Unfortunately, in the case of the water vO-H bands the distances
between the maxima of the sub-bands are much smaller then their
widths. The separation of such strongly overlapped bands cannot
be correctly done using the standard treatments, such as the sec-
ond derivative or Fourier deconvolution [18]. Therefore in the pres-
ent work the methods of principal components (PCA) and two-
dimensional correlation (2DCOR) analysis were used. The PCA
[18-20] and 2DCOR [21,22], can give considerable enhancement
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Fig. 1. The structure of [C;omim][Br] (optimized by DFT B3LYP/6-31++G", in vacuo
[8]) and the atom numbering.

in the resolution, and thus, they can be effective tools solving this
problem. It has been already demonstrated on NIR spectra of water
[18,19] and on FTIR spectra of IL/water and IL/alcohol systems
[23,24]. In the present work these techniques were applied on
the Raman spectra.

The purpose of present studies was: (i) to register the Raman
spectra of [C;omim][Br] aqueous solutions continuously increasing
the water content (0-100%). The whole set of spectral data ob-
tained in this way is then processed them applying PCA and 2DCOR
analysis; (ii) to analyze the line shapes in "H NMR spectra by pre-
cise integration of the signals searching for water peaks that can be
hidden due to overlap with the signals of [C;omim][Br]. It is ex-
pected that the complex exploitation of obtained Raman and
NMR data will provide new valuable information on the processes
of LC ionogel phase formation, the role and the states of water mol-
ecules in this system.

2. Experimental

The room temperature ionic liquid - 1-decyl-3-methyl-imi-
dazolium bromide ([C;omim][Br], from Merck KGaA, Darmstadt,
99% purity) was dried under vacuum at 80 °C for 1 day. Its struc-
ture and atom numbering are shown in Fig. 1. The water used
was freshly bidistilled. The presence of water was examined by
the precise integration of "H NMR signals of [C;omim][Br] and all
those suspected to be originated from the impurities (details be-
low). The water content evaluated in this way was found to be less
than 0.05 mol fraction. The samples of [C;omim][Br] in solutions
were prepared by weighting (+0.1 mg) the components. In the
cases of extremely viscous gel was formed those RTIL/water com-
positions were weighted and mixed homogeneously by standing
the samples at 80 °C for several hours.

Raman spectra were recorded using a DFS-12 double-grating
spectrometer with a slit width of 0.08 mm. This value of the slit
width was found to be optimal. Namely, a recording of the weakest
Raman bands was still possible at this setting, but on the other
hand the instrumental broadening of the observed bandwidth
could be neglected. The excitation source was an argon-ion laser
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Fig. 2. Raman spectra of [C;omim][Br] aqueous solutions in the O-H and C-H
stretching regions (3800-3100 and 3100-2800 cm ', respectively) with changing
concentration: 0.01, 0.12, 0.3, 0.41, 0.47, 0.53, 0.61, 0.65, 0.7, 0.75, 0.78, 0.83, 0.9,
0.93, 0.95 and 0.98 mass fraction of water.

(Stabilite, SpectraPhysics) operating at 488.0 nm (120 mW) or
514.5nm (120 mW). All measurements were carried out at the
90° scattering geometry. The detection part of the instrument con-
sists of photo-multiplier and a photon-counting system on line
with a standard computer. PCA and 2D Raman correlation analysis
was carried out using a Mathcad program written in the Laboratory
of Raman spectroscopy at Vilnius University.

NMR experiments were carried out on a BRUKER AVANCE'"/400
NMR spectrometer operating at 400 for 'H using 5 mm BBO probe-
head. The temperature in a probe was controlled with an accuracy
of +0.5 K. The signal of DSS in D,0 solution in capillary insert was
used as the reference and then converted in §-scale respect tetra-
methylsilane (TMS) taking §(TMS)=0.015 ppm. The D,0 in the
same capillary insert was used for locking.

3. Results and discussion

The dynamic spectra for 2D correlation analysis are constructed
using the spectral intensity variation upon external perturbation
[21,22]. As an external stimulus can be any reasonable measure
of a physical quantity, such as mechanical deformation, tempera-
ture, or concentration. The continuous perturbation of the Raman
spectra using a ‘concentration’ (X) as the external variable has been
chosen in the present work.

The Raman spectra (raw spectra, or spectrum vectors) I(w, X;),
j=1, ..., mof [C;omim][Br] in aqueous solutions have been mea-
sured while continuously increasing the water content in the sys-
tem. Total m = 16 spectra have been registered that correspond to
various sample compositions listed in the caption of Fig. 2. The ori-
ginal spectra were baseline corrected and renormalized respect to
the argon plasma line. Dynamic spectra Is(, X;) are constructed
from the spectrum vectors I(w, X;) subtracting the reference spec-
trum. Its selection is somewhat arbitrary. It is usually set to be the
averaged spectrum, although other forms may be chosen [22].
However, if one has a series of experiments with stable baseline,
or the baseline is well defined, the choice of the reference weakly
influents the results of 2D correlation analysis [25]. Therefore in
the present work the zero-Raman intensity (after baseline correc-
tion) was used as the reference.

The processing of experimental data using PCA and 2DCOR was
realized in the following steps. The data matrix D was composed
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3700

3100 3300 3500 3700 cm™

Fig. 3. Raman spectra of [C;omim][Br] aqueous solutions at different water
concentrations (X,, =0 -+ 0.98 mass fraction) in the range of 3100-3900 cm~' (A);
loadings on the first and second principal components (B); 2D Raman asynchronous
correlation spectra in the surface (C) and contour plotting (D).

placing the spectra I4(, X;) (I(, X;)) in m rows. The corresponding
covariance matrix was then obtained multiplying D by its trans-
pose D:

Z=D'D. (1)

In this case, i.e. the so-called variable-variable approach [19],
the covariance matrix is coincident with the synchronous correla-
tion spectrum used in the traditional Noda formalism of 2DCOR
[22]: @ ~Z, whereas the asynchronous correlation spectrum ¥
can be calculated as

¥ ~ D'HD, )

where H is the Hilbert transform matrix. In the next steps the loads
(p:) vectors were obtained by solving

Zp; = Jip;, (3)

where /; is the eigenvalue associated with the eigenvector p; [20].
The scores vectors (t;) were then calculated as

t; =Dp;. 4)

The number of the statistically significant principal components
was evaluated using the argument of physical changes vs. nonde-
terministic variation proposed in [18]. It was found that first two
PCs capture practically total amount of variation in the Raman
spectra in the range of 3100-3900 cm™' upon dilution, viz. ~96%
(PC1) and <4% (PC2), respectively (Fig. 3A and B). The scores for
the third PC (<1%) looked like a noise and therefore PC3 was further
not analyzed. The results of 2DCOR analysis of Raman spectra of
[C1omim][Br]/water solution are shown in Fig. 3C and D.

The vibrational vO-H bands of water molecules have been ana-
lyzed in the literature solving a broad variety of structuring prob-
lems in the systems with H,O as one of the components
[4,12,17,26]. It is quite common to decompose this complex and
very broad spectral contour into three components, recognizing
them as: 3220-3330 cm ™' (H,0 molecules involved in more regu-
lar structures of fairly unstrained H-bonds, the ‘ice-like’ peak, ‘net-
work water’); 3400-3560 (water molecules trapped into more

lock

HY-H15

non-bonded water?

I 1 L

2 1 0 &, ppm

Fig. 4. Searching for contaminant water signal in the neat [C;omim][Br]. For
hydrogen numbering see Fig. 1.
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irregular structures with energetically unfavorable H-bonds, the
‘liquid-like’ peak, ‘intermediate water’) and ~3600cm~' (H,0
monomers, non-H-bonded or weakly H-bonded OH groups). In
brackets are given the terminologies used by different authors.
These peaks can be quite easily extracted from the vO-H contours
also in the present case of [C;omim][Br]/water solutions (Fig. 2)
using standard Gaussian band shape approach and the nonlinear
curve fitting procedure. However, the PCA and 2D correlation anal-
ysis allowed getting into more details.

The Raman bands below ~3200 cm™" are originated from the
imidazolium ring C-H stretching and other vC-H modes of RTIL
[12]. More fine structure of the band envelope at 3220-3510 cm™!
can be resolved in the loadings of the principal components as well
as in the asynchronous 2D maps (Fig. 3). Namely, the cross-peaks at
3220, 3260, 3290 3510 and 3690 cm~! indicate that various non-
equivalent states of water are very likely in [C;omim][Br]/H,0 sys-
tem. These states may appear from several origins. The attribution
of the bands at 3690 and 3501 cm™' to non-H-bonded or weakly
H-bonded OH groups and, respectively, to water molecules trapped
into more irregular structures seems to be most obvious. The last
ones can be realized in the different sized/formed cages built up
by different conformers of IL and from the H,O0 molecules trapped
in inhomogeneous regions in LC ionogel phase. The situation
can be rather close to that in the reverse microemulsion of
[C4mim][BF,4]/Triton X-100/Cyclohexane [4], where water mole-
cules were found located mainly in the periphery of the polar core

1 L ! L

38 .
J.ppm

Fig. 5. "H NMR signals of bounded waterin [C;omim][Br] aqueous solutions at 0.038
and 0.055 mass fraction of H,O (the lower and the upper spectra, respectively).

of the microemulsion droplets. The broad intensive band at
3290 cm! can be attributed to the ‘ice-like’ or ‘network water’.
Two other peaks at 3220 and 3260 cm ' can be assigned to water
molecules very tightly bonded to RTIL. Note two nonequivalent sites
(two potential minima on the energy surface) placing water sur-
round Br~ ion in [C;pmim][Br] have been found by quantum chem-
istry calculations [27]. The cross correlation of these peaks in 2D
Raman spectrum with that at 3690 cm’, i.e. H,O monomers, indi-
cates that the population of these states goes via interacting mono-
meric water with RTIL species (Fig. 3D). These states should be
energetically more favorable than in the regular ‘network water’.
Moreover, these peaks can be detected in the Raman spectra of
[Cyomim][Br]/water solutions at very low concentrations of water
(~0.01 mass fraction), or sometimes even in the ‘neat’ RTIL. In such
cases water should be considered as a contaminant that cannot be
removed from RTIL completely using standard drying methods
(see Experimental). Thus the term ‘neat ionic liquid’ looks then
rather provisory and it should be used with a reservation.

Additional information can provide the NMR spectra. More de-
tails concerning the H-bonding and the behavior of "H NMR signals
of imidazolium ring protons in [C;omim][Br] are given in Ref. [8].
The main task of the present work was to analyze the line shapes
in "H NMR spectra by precise integration of the signals searching
for water peaks that can be hidden due to overlap with the signals
of [C;omim][Br].

It is well-known that 'H NMR signal of non-bonded water is ex-
pected between ca 1-2 ppm, depending on the solvent [28]. The
signal that can pretend to be assigned as one of non-H-bonded or
weakly H-bonded OH groups was found at ~0.8 ppm only in the
neat [C;omim][Br] (Fig. 4). This peak was extracted from the group

Fig. 6. The line shape of H,O signal in the LC ionogel phase (0.12 mass fraction of
H,0) obtained from 'H NMR spectrum by the removing of H6 and H7 peaks as well
as the signal of water molecules involved in the fast isotropic reorientational
motion (8"°). CSA indicates the approximate magnitude of the chemical shift
anisotropy.
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Fig. 7. Determination of the borders of LC ionogel phase in [Cjomim]Br/H,0
solution: from the concentration dependence of the integral intensity of overlapped
Raman vOH bands of water (an insert) by nonlinear curve fitting (A); from the
scores of the first and second PCs (B). More comments in text.

of IL signals H8, H9-H15 and H16 (for numbering see Fig. 1) in
rather complicated way. Namely, it was added to the curve fitting
procedure as an ‘extra’ peak in order to ensure the correct values of
the integral intensities of H8, H9-H15 and H16 signals: 2:14:3. The
signal of the bulk water, or water at high concentrations, is shifted
to 4.5-5.5 ppm due to H-bonding, depending on solute and tem-
perature (e.g. the peak at 4.7-4.8 ppm of HDO in the capillary in-
sert used for the lock, Fig. 4). The position of bonded- and non-
bonded water resonance at the intermediate H,O concentrations
is averaged. No additional water peaks was found at 2-5 ppm
range, even hidden under H7 and H6 signals of [C;omim][Br]
(Fig. 4). The correct ratio of the integrals of H7 and H6 signals,
i.e. 2:3, was achieved by 2 Lorentz functions fitting.

Adding water deliberately, i.e. by mixing with [C;omim][Br], its
'H NMR signal develops at 4-4.2 ppm (Fig. 5). The water peak is
still hidden under the H6 peak, when water concentration in
[C1omim][Br]/H,0 is less ca 0.04 mass fractions. Its presence was
confirmed by the determination of the excess of the integral inten-
sity of H6 peak from the expected 2:3 ratio of integral intensities of
H7 and H6 protons. Above 0.055 mass fractions, i.e. getting into LC
ionogel phase, the H,O peak gradually emerged on the low field
side of the H6 contour (Fig. 5).

The most interesting '"H NMR line shape was observed at the
compositions that produce the LC ionogel phase. In these condi-

tions several new 'H NMR signals appeared in the range of 3.7-
4.4 ppm (Fig. 6). The line shape of H,O signal in the LC ionogel
phase was obtained from 'H NMR spectrum by the removing of
H6 and H7 peaks as well as the signal of water molecules involved
in the fast isotropic reorientational motion (5'°). Such 'H NMR line
shape is typical for anisotropic liquids with zero biaxiality (asym-
metry) of magnetic shielding [29]. The chemical shift anisotropy
(CSA) of ca 0.6 ppm can be approximately evaluated from the ex-
tent of the anisotropic line shape (Fig. 6).

Some aspects of determination of the borders of LC ionogel phase
using spectroscopy data should to be discussed. The most pro-
nounced dependence of chemical shift on amount of water was ob-
served for H-bonded H2. . .Br~ bridge proton and the weakest effect
was detected for the terminal methyl group, -C(16)Hs [8]. Unfortu-
nately, only the critical aggregation concentration in the aqueous
solution phase at high dilution can be determined using these data
[8]. Thus the chemical shifts of [C;omim][Br] are not suitable esti-
mating the borders of the supposed mesophases. The processing
of Raman intensities of vO-H bands seems to be much powerful tool
solving this problem. The scores on the first PC and the concentra-
tion dependence of the relative integral intensities of Raman bands
of water allow to determine the borders of LC ionogel phase (Fig. 7).
These quantities indeed highlight that water is getting drastic or-
dered in the concentration range 0.2-0.5 mass fraction of H,O. This
range significantly overlaps with those [C;omim|[Br]/H,0 composi-
tions (~0.05-0.4) where liquid crystalline behavior was detected by
SAXS, DSC and polarized microscopy [14].

4. Conclusions

1. The Raman spectra of [C;omim][Br]/H,O solutions have been
measured using composition as an external perturbation, viz.
continuously increasing the water content in the system (0-
100%). PCA and 2D Raman correlation analysis has been carried
out, the main attention concentrating to the region of O-H
stretching vibrations at 3100-3800 cm~'. The band structure
has been resolved in the PC loadings and in 2D correlation
maps. It indicates the presence of several nonequivalent states
of water in the studied system: non-H-bonded (or weakly H-
bonded) water molecules, those trapped into irregular struc-
tures (different sized/formed cages, inhomogeneous regions in
LC ionogel phase, etc.), the ordered (‘ice-like’) water and H,O
molecules tightly bonded to RTIL.

2. Various states of water have been revealed in the '"H NMR spec-
tra: non-H-bonded water molecules that can be present in the
neat [C;omim]|[Br] as contaminant (broad NMR signal at
~0.8 ppm), those involved in the fast isotropic reorientational
motion and taking part in the H-bond exchange processes
(the averaged signal positioned at ~4-4.2, depending on con-
centration), molecules involved in more regular structures, i.e.
the ‘bulk water’ (the signal at 4.8 ppm observed in highly
diluted aqueous solution phase), and finally - water in the LC
ionogel structures. The last contributes the '"H NMR line shape
typical for anisotropic liquids with zero biaxiality (asymmetry)
of magnetic shielding and the chemical shift anisotropy of ca
0.6 ppm.

3. The scores on PC1 and the concentration dependence of the
integral intensities of overlapped Raman vOH bands of water
highlight the borders of LC ionogel phase.
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