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INTRODUCTION

Self-assembled monolayers (SAMSs) provide possibility of changing metal surface
properties in controllable manner and are widely used in studies of electron transfer,
construction of (bio)sensors, and biotechnological and photoelectronic processes.
Positively charged monolayers are valuable in development of sensors for anions and
(bio)technological processes with adsorbed negatively charged macromolecules [1, 2].
Contrary to covalent wired peptides and proteins, electrostatically attracted biomolecules
more readily preserve their native structure and function at interface because of
unrestricted mobility.

The use of amines in the construction of positively charged surfaces is common [1,
3]. However, these compounds have multiple disadvantages. First of all, it is possible to
work only at special conditions, in acid or weak acid solutions [4]. Secondly, the amine
group is able to interact with the substrate metals (Au, Ag) or with specifically adsorbed
anions on the electrode surface [5]. SAMs with terminal pyridinium functional group
offer positive charge at interface in a wide solution pH range. Thus, Abell and co-
workers have synthesized the merkaptoheksil pyridinium bromide and used it for the
construction of three-dimensional (3D) structures [6]. The electrostatic attraction of
proteins, construction of poly-layered structures, and immobilization of quantum dots
was demonstrated [6-9].

The functional performance of monolayers depends on the structure and stability of
surface attached organic molecules. Thus, for construction of surfaces with particular
and predictable properties, detailed molecular level knowledge on the structure and
function of the monolayers are required. In this work surface enhanced Raman
spectroscopy (SERS) was used for molecular level analysis of structure and function of
self-assembled monolayers with positively charged pyridinium functional group. SERS
is one of the most sensitive vibrational spectroscopic tools for probing the bonding,
structure, and orientation of adsorbed molecules at certain nanostructured metals

(mostrly Au, Ag, and Cu) with molecular specificity and submonolayer sensitivity.

The aims of this work is to get better insight into the molecular structure and
interactions of monolayer formed from of N-(6-Mercapto)hexylpyridinium (MHP)
molecules with inorganic ions, dodecylsulfate anion, and graphene oxide.
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The main objectives of the work were as follows:

1. To establish stable monolayers of MHP molecules on Au and Ag electrodes;

2. To make assignments of MHP monolayer SERS bands based on isotopic
substitution and quantum chemistry calculations;

3. To evaluate SERS marker bands of MHP structure and orientation with respect
to the electrode surface;

4. To determine the effect of electrochemical potential on the molecular structure of
MHP monolayer;

5. To investigate peculiarities of formation of ion pairs between the MHP
monolayer and inorganic ions in solution;

6. To establish the detection limit of CIO4 ions in solution by using SERS method
and MHP monolayer;

7. To determine peculiarities of interaction of graphene oxide with MHP
monolayer;

8. To determine the effect of electrochemical potential on the structure of adsorbed

graphene oxide.

The novelty and significance of the work

The positive-charge-bearing self-assembled monolayer of N-(6-
mercapto)hexylpyridinium (MHP) molecules was formed on Au and Ag electrodes. The
molecular structure of monolayer was probed by surface-enhanced Raman spectroscopy
(SERS). Based on quantum chemical calculations, isotopic substitution, immersion time-
and temperature-dependent experiments, the specific SERS marker bands for structure
and orientation of MHP molecules were evaluated. A band near 1083 cm™ has been
assigned to C-C stretching vibration of hydrocarbon chain in all-trans conformation.
Based on dependence of relative intensity-electrode potential profiles on excitation
wavelength the operation of charge transfer resonant Raman enhancement mechanism in
AU/MHP system was suggested. It was demonstrated that MHP monolayer effectively
attracts inorganic anions as well as dodecyl sulfate ion from aqueous solution. The
detection limit for perchlorate anion was found to be 107 M. The downshift in frequency

of totally symmetric stretching mode of anions due to the formation of ion pairs at



interface was detected by SERS. The higher shift was found to be correlated with the
large Gibbs dehydration energy of anion. The reduced graphene oxide was prepared at
interface of Au modified by MHP and SERS was employed to probe in situ the potential
induced changes in parameters of D and G bands. It was found that both D- and G-band
wavenumbers linearly depends on the potential. The effect was explained in terms of
changes in the C—C bond length induced by the electrochemical doping. The positive-
charge-bearing MHP monolayer on Au and Ag surfaces might be utilized in various

electrochemical applications.

The defense statements of the work:

1. SERS band of adsorbed MHP at 1083 cm™ belongs to C—C stretching vibration
of hydrocarbon chain in all-trans conformation;

2. An additional charge transfer resonance Raman enhancement mechanism
operates in the Au/MHP system;

3. The shift in frequency of the totally symmetric stretching vibration of adsorbed
anions comparing with the corresponding mode of ions in solution correlates with the
Gibbs dehydration energy;

4. The MHP monolayer provides possibility to detect the CIO, ions in solution by
SERS method at 10°® M concentration level;

5. Dodecylsulfate ions adsorb at MHP monolayer in the configuration providing the
interaction of sulfate group with the pyridinium ring.

6. The MHP monolayer attracts negatively charged graphene oxide;

7. The electronic structure and length of C—C bonds of adsorbed reduced graphene

oxide can be altered by electrochemical potential.
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MATERIALS AND METHODS

Materials

Millipore-purified water (18 MQ cm) was used for preparation of solutions.
Deuterium oxide (99.9 atom % D) was obtained from Sigma Aldrich. The most
inorganic salts were ACS reagent grade and were purchased from Sigma-Aldrich
Chemie GmbH (Germany). Sulfamic acid and sodium tetrafluoroborate were of
“chemically pure” category, and they were acquired from RIAP (Kiev, Ukraine) and
Reachim (Moscow, Russia), respectively. The sodium hexafluorophosphate was from
Strem Chemicals, Inc. (Newburyport, MA). Graphite used for the synthesis was of extra
pure grade (Merk), other chemicals were of analytical grade. GO was synthesized using
the Hummer’s method [10]. N-(6-mercapto)hexylpyridinium (MHP) chloride (Figure 1)
was modified and synthesized in our laboratory by dr. Olegas Eicher-Lorka and dr. Algis
Matijoska, respectively (Department of Organic Chemistry, Center for Physical Sciences
and Technology). The same synthesis scheme (Fig. 1) was used for synthesis of MHP

analog, with deuterated pyridinium ring.



+
NH,CSNH, NH, ¢

Cl ) —— (] WSANH«
1 ) _
N _,f ,Ar Cl
NaOHarba NaHOO; AT (1 gy s WND
2 3

Fig. 1. Synthesis rote of N-(6-mercapto)hexylpyridinium (MHP) chloride (compound
3).
Raman spectroscopy measurements

Raman and surface-enhanced Raman scattering (SERS) measurements were
conducted with an Echelle type spectrometer RamanFlex 400 (PerkinElmer, Inc.)
equipped with a thermoelectrically cooled (=50 °C) CCD camera and fiber optic cable
for excitation and collection of the Raman spectra. The near-infrared diode laser
provided excitation beam at 785 nm. The excitation-scattering geometry was 180°. The
laser power at the sample was restricted to 30 mW and the beam was focused to a 200
um diameter spot on the metal surface. The integration time was 300 s. Measurements in
solution were performed in a cylindrical glass cell with a quartz window. In order to
reduce photo- and thermo-effects on the sample, the cell holder together with the
working electrode was moved periodically with respect to the laser beam at a rate of
about 15-25 mm/s with the help of custom build equipment [11]. The wavenumber axis
was calibrated by the polystyrene standard ASTM E1840, yielding + 1 cm™ accuracy for
narrow bands. Raman intensities were corrected by the NIST intensity standard SRM
2241. Parameters of overlapped bands were determined by fitting the experimental
contour with Lorentzian-Gaussian form components by using the Grams/Al 8.0 software

(Thermo Scientific Corp.).

Electrode preparations

Au an Ag electrodes were used for SERS measurements. The metal rod was
pressed into Teflon and pretreated in the following ways. The Ag electrode was polished
with soft sandpaper (P2500) and 0.3 um alumina slurry (Buehler, USA) for refreshing
the surface and sonicated in water-methanol mixture (1:1, v/v) for 10 min. Then the
electrode was roughened in 0.1 M KCI solution using four oxidation—reduction cycles in

the potential range between —0.40 and 0.40 V vs. Ag/AgCIl/KCl-saturated (scan rate
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1200 mV/s) with pause for 30 s at the negative and 30 s at the positive potentials. The
Au electrode also was polished with soft sandpaper (P2500) and 0.3 um alumina slurry
(Buehler, USA) for refreshing the surface and sonicated in water-methanol mixture (1:1,
v/v) for 10 min. Then it was cleaned electrochemically by potential cycling in 0.5 M
H,SO, between 0.4 and 1.6 V at 100 mV/s scan rate for 30 cycles. After cleaning
procedures it was roughened in 0.1 M KCI solution by 50-fold scanning the potential
from —0.30 to 1.30 V (sweep rate 500 mV/s with holds of 90 s at the negative potential
and 2 s at the positive one). SAMs were formed by incubation of SERS active substrate
in acetonitrile solution containing 10 M MHP for a certain period of time. After that
the electrode was rinsed in acetonitrile, dried and transferred to the spectrometer stage
holder for SERS measurements. SERS measurements were conducted in situ in agueous

solutions.

Theoretical modeling

Theoretical modeling and calculations were performed using Gaussian for
Windows package version GO3W [12]. Geometry optimization and frequency
calculations were accomplished with the density functional theory (DFT) method using
the B3LYP functional and 6-31++G(d,p) basis set for C, H, N, and S atoms, and
LANL2DZ with ECP for Au and Ag atoms. Calculated frequencies were scaled by the
relation: v’=o(v)-v, where v’ and o(v) is the scaled frequency and scaling factor,

respectively. The scaling factor was defined by the following equation [13]:

@) =1-(-a") 2= (1)
vV =V
using the parameters: o/ =0.97, v"=4000, and v°=600.
Calculated Raman scattering activities (S;) were scaled by converting them to the
Raman cross sections (Mao/€2) which are proportional to the Raman intensities and can
be compared with the experimental data. The Raman scattering cross sections were

calculated by using the following equation [14, 15]:

(2| e s, @
o | 45 {—thJ} 8rlcy,

where 14 is the laser excitation frequency, vj is the vibrational frequency of the jth

normal mode, and ¢ and k are the universal constants. Predicted vibrational spectra were
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generated by using Lorentzian function for broadening of Raman lines with 4 cm™ full
width at half-maximum (FWHM) values.
Calculations were performed in collaboration with dr. O. Eicher-Lorka (Center for

Physical Sciences and Technology).

RESULTS AND DISCUSSION

Asignments of MHP bands

The Mercaptohexylpyridinium (MHP) molecule consists of three molecular units:
thiol group, polymethylene chain (-CH,)¢-), and charged pyridinium group (Fig. 2).
Each group can be characterized by Raman spectroscopy. SERS measurements were
performed at Au and Ag electrodes. To clarify assignments of the SERS bands we have
conducted the first principles quantum chemical calculations of structure and vibrational
spectrum of complexes Aus-MHP, Ags-MHP (Fig. 2 A, B).
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Fig. 2. Structure of N-(6-mercapto)hexylpyridinium (MHP) (A), structures of MHP
complex with three gold (B) and silver (C) atoms optimized at DFT/B3LYP/6-31++G(d, p) level
for C, H, N, and S atoms and LANL2DZ with ECP for Au and Ag atoms.
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Figure 3 compares Raman spectra of aqueous MHP (0.5 M) solution with SERS
spectrum of this compound adsorbed at Au electrode, and calculated spectrum in the
spectrum regions of 200-1700 cm™ and 2500-3200 cm™. Assigments of the bands
based on previous studies of similar compounds [16—25] of our own calculations are
displayed in Table 1. In SERS and Raman spectra dominates trigonal ring breathing
mode at 1028 cm™ (vi,). Several Pyridinium ring vibrational modes experience clear
shift to lower wavenumbers upon adsorption of MHP on Au (Fig. 3, A). It concerns the
high frequency v(=C—H) vibrational mode near 3077 cm™, and for well-defined vg,, Vg,
vea, and vys modes located in SERS spectrum at 1627, 1579, 1210, and 1174 cm™
respectively. The characteristic pyridinium ring in-plane bending vibration (vg,) appears
at 648 and 646 cm ™ in solution and surface spectrum, respectively. Also the similar
MHP vibrational modes and their shifts were observed on Ag.

The most intensive bands of hydrocarbon chain of MHP (—(CH,)s—) are located in
the high frequency spectral region (2800-3000 cm™), they are associated with C—H
stretching vibrations of methylene groups (Fig. 3, B). However, Fermi resonance with
methylene groups bending vibrational phenomena complicates assignment of these
bands [18]. Presence of bands near 2857 and 2915 cm™ in SERS spectra is characteristic
for bifunctional alkanethiols adsorbed at Au substrate [20, 26]. Calculations have
revealed that the high frequency shoulder observed at 2978 and 2959 cm™ in solution
and SERS spectra, respectively, corresponds to symmetric stretching vibration of
methylene group adjusted to pyridinium ring (Table 1). In solution spectrum, the
scissoring bending vibration of methylene groups is visible at 1443 cm™ (Figure 3).

Comparison of Raman and SERS bands of pyridinium ring and hydrocarbon chain
reveals that adsorption of MHP on metal surface induces theese changes: 1) frequencies
of pyridinium ring modes decrease; 2) bandwidth increase; 3) relative intensities of

hydrocarbon chain modes decrease comparing to pyridinium ring modes.
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Fig. 3. Comparison of aqueous solution (0.5 M) Raman spectrum of MHP, SERS
spectrum of MHP adsorbed at Au electrode, and calculated spectrum of Aus-MHP complex
performed at DFT/B3LYP/6-31++G(d, p) level for C, H, N, and S atoms and LANL2DZ with
ECP for Au atoms in the spectrum regions of 200-1700 cm™ (A) and 2500-3200 cm™ (B).
Experimental spectra were normalized according to pyridinium ring v; mode near 1030 cm™.
Water spectrum was subtracted from solution spectrum of MHP. Excitation wavelength is 785

nm.

Table 1. Wavenumbers, depolarization ratios, and assignments of vibrational bands of
MHP in solution and adsorbed state

Raman SERS Calculated Assignments
0.5M MHP AU/MHP | Au/MHP-Ds | (Aus-MHP)
solution (in air) (in0.1 M
AY; p NaClO,
solution)
3105 0.14 3077 s 2315 m 3139 v(=C-H) ring in-phase [v;
(A)]°
2978 m | 0.10 | 2959 m 2964 sh 2997 vs(C7H;) methylene group
near ring
2938 s 0.08 n.o. n.o. n.a. vs(CH>)er Chain
2916 sh | 0.17 2915s 2911s 2959 Vas(CH>) chain
2865m | 0.04| 2857m 2866 m 2931 vs(CHy) chain
2582m |[0.10 n.a. n.a. n.a. v(S-H)
1638 m | 0.63| 1627 m 1592 w 1651 v(C2=C3) + v(C6=C5)
[8a(Ad)]
1586w | 0.63 1579 w 1551 w 1604 Vas(C3C4C5) +
vas(C2N1C6) [8h(B,)]
1443 m | 0.69 1438 m 1440 1480 8(CHy) scissoring, chain
1314 w n.d. 1308 w 1306 w 1311 twist(CH) chain
1219w | 0.41 1210s 868 m 1229 B(CH) ring [9a(A1)]
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1177m ] 0.15| 1174m 1132 m 1177 v(C7-N1) + B(CH) ring
1086 w, sh | 0.18 1083 w 1083 m 1083 vs(C—-C)t in-phase all-trans
chain
1064 w, sh | 0.31 | 1063 w, sh 1070 w, sh n.a. v(C-C)g
1030vs | 0.04 | 1027 vs 989 vs 1038 vs(CCN) trigonal ring
breathing [12(A1)]
n.d. n.d. 867 m n.d. 993 v(C-C) / rock(CH,) chain
817w p 818 w 764 w 815 v(C7-N1) + §(C3C4C)
ring in-plane
771w n.d. 772w n.d. 782 v(CH) ring [10b(B,)]
732w n.d. 703 w 703 695 v(C-S)t + rock(CH,) chain
710 w n.d. n.d. n.d. 737/692 rock(CHy) chain / y(CH)
ring
657 sh,m | n.d. n.d. n.d. n.a. v(C=S)¢
648 m 0.42 646 m 620 658 d(CCC) ring in-plane
[6b(B2)]
505w n.d. n.d. 459 w 506 Y(CCN) ring
n.a. n.a. 407 w 402 403 d(Au-S-C)
n.a n.a 260 m 265 m 255 v(Au-S)

*Based on references [16-25] and calculations; °calculated at B3LYP/6-311++g(2d,p) level with
hydrocarbon chain in trans conformation; “Wilson vibration number of the benzene ring and vibration
symmetry. Abbreviations: v — stretching; vs — symmetric stretching; va,s —asymmetric stretching; 6 —
deformation; B — in-plane bending; y — out-of-plane bending; s — strong; vs — very strong; m — middle; w
— weak; sh — shoulder; n.d. — not determined; n.a. — not applicable; T — trans; G — gauche; FR — Fermi
resonance.

MHP bonding on Au and Ag surfaces is different

Upon MHP adsorption to metal surface S—H bond dissociates, and well-defined
feature at 2582 cm™ in solution spectrum due to S—H stretching mode of thiol group
disappears in the surface spectrum. Direct evidence on chemisorption of MHP at surface
provides low frequency metal—sulfur and C-S stretching vibration spectral regions (Fig.
4). It is known that metal nature affects the strength of the metal-sulfur and C—S bonds
as well as alignment of C—S bond [18]. Well-defined bands at 236 and 260 cm™ belong
to Ag-S and Au-S stretching modes, respectively. First principle quantum chemical
calculations performed by modeling the silver and gold surface with cluster of three
atoms predict metal—sulfur vibrational modes at 230 and 255 cm™, respectively (Table
2). Higher frequency of v(Au-S) vibration correlates with shorter Au-S calculated bond
length (2.35 A) comparing with silver (2.58 A) electrode.

The thiol group has other characteristic, which resembles the C-S stretching mode,

and that is also sensitive to gauche/trans isomerization of —-CH,—CH,—S— moiety [18,
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19]. The well-defined band is visible near 692 cm™ in the case of Ag electrode upon

adsorption due to v(C-S)y vibration, while in the spectrum from Au substrate the low

intensity feature appears at 696 cm™ (Fig. 4). In the spectrum from Ag/MHP monolayer

the band from gauche conformer, v(C-S)g, is clearly visible at 630 cm™. Analysis of

relative intensities (l,c_syr/lvc-sc=2.3) indicated dominance of trans conformer at

interface of Ag electrode. Upon adsorption of MHP due to interaction with electrode

induced withdrawal of electron density from the C—S bond and metal mass effect [18,

19], the downshift of position of v(C-S)g and v(C—S)t modes is noticed

Table 2. Experimental and calculated Metal-S and C—S wavenumbers for MHP adsorbed

at Au and Ag electrodes and calculated corresponding bond lengths.
Bond System Vibrational | Experimental | Calculated Calculated
mode Wavenumber | Wavenumber | bond length
(cm™) (cm™) (pm)
C-S MHP? v(C-S)c 655 n.a. n.a.
MHP® v(C-S)r 732 736 184.37
Au/MHP v(C=S)r 696 695 183.64
Ag/MHP v(C-S)t 692 704 182.81
Ag/MHP v(C-S)¢ 630 n.a. n.a.
Au-S Au/MHP v(Au-S) 260 255 235.45
Ag-S Ag/MHP v(Ag-S) 236 230 257.73

 Measured in 0.5 M MHP aqueous solution; ® measured in solid state.
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Fig. 4. SERS spectra of (a) Ag/MHP and (b) Au/MHP monolayers in metal-sulfur (A) and
C-S (B) stretching frequency regions. Intensities were normalized according to the intensity of
pyridinium ring v, mode at 646 cm ™. For clarification spectra were sifted vertically.

Dependence on adsorption time

For understanding of molecular ordering, orientation, and interaction strength

between the neighboring molecules were performed adsorption time dependence
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measurements. SERS spectra were recorded at different immersion times in adsorption
solution (Fig. 5). Several minor changes in parameters of the SERS bands were
observed, and difference spectra revealed the most sensitive bands to the changes in
monolayer structure upon increasing time of self-assembly. We observed increasing
frequencies of these peaks: v(C—-N) + B(CH) mode near 1171-1174 cm™, vg, near
1625-1628 cm™*, also increased peak frequency of v(Au-S) mode at 266—258 cm™* and
appeared the positive peak near 276 cm™ which indicates that the higher frequency
component decrease with increasing adsorption time. Besides we observed increasing in
1084 cm™ band, and disappearance of the band at 2832 cm™. The latter band is assigned
to soft C—H stretching mode of methylene groups and indicates direct interaction of CH,

groups with the electrode surface at short immersion times.
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Fig. 5. SERS spectra of MHP adsorbed at gold electrode in (A) 100-1700 cm™ and (B)
2750-3200 cm™ spectral regions obtained at different immersion times in acetonitrile solution
containing 10~ M MHP, and corresponding difference spectra (C, D). Spectra are recorded at
Au/MHP/air interface. Excitation wavelength is 785 nm.
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Temperature dependence

To get deeper understanding on conformational changes of the hydrocarbon chain
and intermolecular interactions between the chains of MHP, temperature dependent
experiments were conducted (Fig. 6). During increase in temperature from 5 to 80 °C we
observed 1) considerable decrease in v(=C—H) mode frequency (by 7 cm™), 2) increase
in methylene v,s(CH,) frequency (by ~ 5 cm™), 3) slight decrease in the most intense v1,
mode frequency (by 0.7 cm™) and increase in this band intensity, 4) decrease in intensity
of 1084 cm™ band, 5) decrease in frequency of v(C7-N1) + B(CH) mode near 1177 cm™
(by 3 cm™), and 6) downshift of v(Au—S) mode frequency. The increase in intensity and
frequency of v,(CH,) band might be associated with formation of intrachain gauche
defects at higher temperatures. Difference spectrum clearly reveals broad positively-
going feature near 2920 cm™ associated with increase in intensity of vs(CH,)er mode.
The downshift in v(Au-S) band frequency indicates weakening of the interaction
strength between sulfur atom and gold surface.

To understand origin of feature near 1084 cm™ we measured SERS spectra of
MHP and ring deuterated analogue MHP-Ds in the frequency region of 960-1700 cm™
also carefully inspected wavenumber region between 1050 and 1100 cm™ (Fig. 7). The
ring bands at 1633, 1583, 1211, 1175, and 1028 cm™ downshift to 1592, 1552, 868,
1133 and 989 cm™, respectively (Table 1), and the bands located at 1440 and 1083 cm™
remain unshifted indicating that these modes belong to vibration of hydrocarbon chain.
The 1440-cm™ peak is associated with scissoring bending mode of methylene groups,
8(CH,), while the peak at 1083 cm™ falls in the frequency region typical for
hydrocarbon chain C—C stretching vibrations. Figure 7B clearly shows that intensity of
1084 cm™ peak increases with lowering the temperature. Calculations also predicted an
intense Raman band at 1083 cm™ for in-phase C—C stretching vibration of hydrocarbon
chain in all-trans conformation (Table 1). Based on these arguments the 1084 cm™ peak
was assigned to v(C-C); vibrational mode of hydrocarbon chain in all-trans

conformation.
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SERS marker bands of MHP structure and orientation on metal surface
Table 3 summarizes the experimental results concerning the SERS marker bands of
MHP structure and orientation with respect to the electrode surface.

Table 3. SERS conformational marker bands of MHP structure and orientation

Marker Mode frequency and Molecular Sensitivity of the marker
assignment group
I[v2)/l[vas(CH2)] 2910 cm™, CH;, Pyr/hydrocarb | Orientation of molecule with
asymmetric stretching/ on chain respect to the surface, intensity
3080 cm ™, =(C-H) ration increases for more
stretching perpendicular alignment
vas(CH2) 2910 cm™, CH, Hydrocarbon Intrachain order, frequency
asymmetric stretching chain decreases with increasing
ordering
I[v(C—-H)soft] 2830 cm™*, C-H Hydrocarbon | Interaction of CH, groups with
stretching chain surface; Intensity increases with

increasing number of CH,
groups interacting with surface

Vga 1635 cm ™, Pyr Interaction between the rings,
v(C2=C3)+v(C6=C5) frequency increases with
increasing interaction strength
v(C7-N1) + 1174 cm™ Pyr—alkyl Interaction between the rings,
B(CH) chain bond frequency increases with
increasing interaction strength
I[v(C-C)1] 1083 cm ™, C—C in- Hydrocarbon Intrachain order, intensity
phase stretching chain increases with increasing
vibration (all-trans) number of all-trans conformers
lvc-syt/lvic-s)c" 692 cm /630 cm ™, thiolate Trans/gauch isomerization

C-S stretching

v(Au-S)/v(Ag-S) 260 cm /230 cm™ metal—sulfur Interaction strength with metal

bond
®Peak positions determined for MHP adsorbed at Ag electrode.

The peak at 1083 cm™ was recognized as a marker band for all-trans configuration
of C—C bonds. It should be noted that calculations show that this mode corresponds to
in-phase vibration of all C—C bonds in trans configuration. The appearance of soft C—H
mode near 2830 cm™ in SERS spectra shows direct interaction of methylene groups
from hydrocarbon chain with the metal surface. The frequency of v,(CH,) band at 2910
cm ™' increases with increasing temperature (Fig. 5) indicating decrease in the interaction
between the chains and intrachain order. Possibility to monitor the interaction strength of

MHP with the electrode provides low frequency metal—sulfur stretching vibration.
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Higher frequency in the case of v(Au-S) mode comparing with v(Ag-S) correlates with
shorter (stronger) Au—S bonding.

Increasing immersion time and temperature results in upshift of both
v(C-N)+B(CH) and vg, frequencies, indicating possibility to use these modes as markers
for analysis of interaction between the pyridinium rings. The depolarized ring
deformation mode vg, might be employed as intensity or frequency standard in analysis
of MHP SERS spectra, because it was least sensitive to variations in temperature or

immersion time.

Spectroelectrochemistry of MHP

Potential dependent studied have shown drastic changes in relative intensities of the
SERS bands (Fig. 8 (A)); relative intensity of ring v, mode near 1634 cm™ was found to
increase comparing with totally symmetric ring mode vy, at 1029 cm™. Experiments
performed with different excitation wavelengths revealed increase in relative intensity of
vga Mode at shorter wavelengths (Fig. 9). Such behavior is typical for systems where the
operation of an addition SERS enhancement mechanism, called Charge transfer
excitation, takes place. In addition, potential-difference spectra have indicated the
appearance of soft C—H stretching mode near 2835 cm™ at more negative potentials (Fig.
10). Presence of this mode indicates on the direct interaction of methylene groups of
hydrocarbon chain of MHP as the electrode potential becomes more negative. One may
expect that in this configuration the pyridinium ring lies closer to the electrode surface,
thus facilitating the charge transfer excitation process. Such scenario was indeed
confirmed experimentally by potential-dependent studies of mixed MHP:HPT (1:2,
concentration ratio in adsorption solution of MHP and heptanethiol) monolayer (Fig. 11). One
can see that relative intensity l1530/l1029 at certain sufficiently negative electrode potential
decreases for mixed monolayer indicating suppression of SERS enhancement due too the

Charge transfer excitation mechanism.
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MHP interaction with inorganic anions

The ability of MHP monolayer to attract ions from the solution phase (function of
the monolayer) is demonstrated in Figure 12, which compares SERS spectra of MHP
adsorbed on Ag electrode acquired in aqueous solution containing 0.01 M of SO,* and
ClO, anions. As can see in difference spectrum intense positive-going peak at 933 cm™
and low intensity negative-going band at 978 cm™ are associated with totally symmetric
vibrations of ClO,” and SO,* anions, respectively [27, 28]. Analysis on these peaks
shows that totally symmetric stretching vibrations for CIO,~ and SO,* anions in solution
Raman spectrum is similar, Ig(ClO,)/ IR(SO42‘) = 0.90, while for surface bound anions
the relative intensity in SERS spectrum was found to be ISERS(CIO4‘)/ISER5(SO42‘) = 36.
This means that ClIO, anions preferentially bind to MHP monolayer comparing with
SO, ions.

Fig. 13 shows the dependence of difference SERS spectra on the nature of solution
anion. Positive-going peaks correspond to totally symmetric stretching vibrations of
NH,SO;~, SO,%, NO;s~, BF,, ClO,", and PFg anions electrostatically attracted by MHP
monolayer on Au and Ag surfaces. Analysis of relative intensities of surface attracted
anions reveals that anions with lower Gibbs dehydration energy are preferentially
attracted by the MHP monolayer, and the peak positions of surface bound anions are
slightly lower as comparing with the solution phase data (Table 4). Importantly, the
downshift is higher for anions exhibiting larger Gibbs dehydration energy. Such
frequency shift might be associated with deformation of solvation shell of the anions
upon interaction with pyridinium ring. The more pronounced deformation is expected for

higher solvated anions.
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0.01 M NaClO, aqueous solutions. Difference spectrum (c) is also shown. The excitation
wavelength is 785 nm.

Table 4. Gibs hydration energies (kJ mol™) and peak positions (cm™) of symmetric
stretching vibration of anions in solution Raman and SERS spectra, and corresponding
frequency-difference A (cm™) values

Anion | Gibbs dehydration energy? Peak position A=VRaman—VsERS
Raman SERS

NH,SOs; — 1052.6 1046.9 5.7
SO~ 1080 982.0 977.6 4.4
NOsz 300 1048.3 1044.2 4.1
BF4 — 769.0 765.5 35
Clo,~ 205 934.9 933.3 1.6
PFe~ — 743.3 741.8 1.5

®From reference [29].
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Fig. 13. Dependence of the difference SERS spectra of MHP monolayer on Au and Ag
electrodes on the nature of the solution anion. The difference spectra were constructed by
subtraction the spectrum obtained in 0.01 M NaF solution from that recorded in 0.01 M NapnX,
where X™ = NH,SOs;", SO, NOs;, BFs, ClO,, or PFs. The difference spectra were
normalized to the intensity of vi, mode near 1030 cm™. Excitation wavelength is 785 nm.

Other measurements were performed to define the detection limit of CIO, ions in
solution by using SERS method and MHP monolayer. Fig. 14A demonstrates that
adsorbed CIO,  became visible in SERS spectrum at 10"® M concentration in solution.
The dependence of SERS intensity on concentration is linear in the concentration range
from 10° to 10 M (Fig. 14B). In addition, we found that the frequency of this band
depends on the adsorption time of anion from the diluted solution (Fig. 15). This

indicates that solvation shell of the anion is more perturbed at the initial adsorption stage.
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MHP interaction with sodium dodecylsulphate
MHP forms ionic pairs not only with inorganic anions but also with organic
dodecylsulphate (DS™). While SERS feature at 933 cm™ is clearly visible after

introduction of ClO, ions at 10° M concentration in solution (Fig. 16A, &), only minor
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changes are visible in the SERS spectrum after introduction of SDS at the same
concentration (Fig. 16B, a) However, difference spectrum revealed characteristic
vibrational modes of DS™ (Fig. 16¢). Thus, DS ions might be detected by SERS
technique and MHP monolayer at 10° M concentration in solution. More detailed
analysis of SERS spectra were performed at 10 M solution concentration of DS~ (Fig.
17). We carefully inspected the wavenumber region between 1040 and 1700 cm™. The
most interesting bands were located at 1061 and 1366 cm™, and have been assigned to
vS(SOs) + v(C6-04) + v(C-C) and W(CH,) (wagging mode) near SO, group, respectively.
Comparing difference SERS spectrum with SDS solid state Raman spectrum one can see that

adsorption induces an increase in relative intensity of lyzg6/l1421 and downshift in vS(SOS)

band frequency (from 1063 to 1061 cm™). These spectroscopic changes indicate that the
adsorbed DS ions interact with the MHP monolayer through the SO3 group.
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Fig. 16. SERS observation of formation of ion pairs between the pyridinium group of
MHP monolayer on Au electrode and ClO4 (A) or DS™ (B) ions from the solution phase. SERS
spectra after introduction (a) and before the introduction (b) of ions into the solution. Difference
spectra (c) are also shown. Difference spectra were normalized to the intensity of v;, mode near
1028 cm™*. Excitation wavelength is 785 nm.

28



SERS

1320

Raman intensity

S o s 2w SDS solid
-— o -— 3
o™
[
©
1200 1400 1600

Wavenumber / em™!
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at 10~ M concentration in solution. The difference spectrum (c) is also shown. Raman spectrum
of SDS in solid state is shown at the bottom. The difference spectra were normalized to the
intensity of vi, mode near 1030 cm™. Excitation wavelength is 785 nm.

MHP interaction with grapheme oxide (GO)

MHP monolayer electrostatically attracts GO; interaction goes through the MHP
pyridinium ring and carboxyl groups of GO (Fig. 18). Adsorption of GO at the Au/MHP
is evidenced by the appearance of broad and characteristic features near 1322 and 1599
cm ™ associated with D and G modes, respectively (Fig. 18a). Clearly visible MHP
bands, indicate that the adsorption of GO does not remove the initial monolayer from the
surface. Furthermore, the intensity of MHP bands increased; it can be comparable to the
recently observed enhancement of Raman bands by GO [30]. This observation indicates
that MHP molecules directly interact with GO, as direct contact requared for the
enhancement.

Second series of experiments were performed in solution containing 0.01 M NaF.
We converted adsorbed GO to reduced graphene oxide (rGO) by cathodic polarization at
—0.90 V for 600 s, and probed the dependence of parameters of vibrational bands (Fig.
19a). Different spectra clearly show shifts in the position of both D and G peaks to lower

wavenumbers as the potential becomes more negative. For more quantitative analysis of
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SERS bands spectra were fitted with Gausian-Lorentzian form components (Fig.19b).
The broad and low intensity feature near 1556 cm™ might be assigned to disorder—

induced first order Raman scattering [31].
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Fig. 18. SERS spectra from Au/MHP monolayer in aqueous solution (a) after, and (b)
before the introduction of GO into the spectroelectrochemical cell. Difference spectrum (c) is
also shown. In subtraction procedure spectra were normalized according to the intensity of vi,
peak of pyridinium ring at 1028 cm™.
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Fig. 19. Difference SERS spectra of rGO adsorbed at Au/MHP surface in solution
containing 0.01 M NaF at indicated potentials (A). Fitting of difference Au/MHP/rGO SERS
spectrum with Gausian-Lorentzian form components (B). During subtraction spectra were
normalized according to the intensity of vy, peak of pyridinium ring at 1028 cm™. Spectra were
obtained after cathodic polarization at —0.90 V.

The variations of peak parameters for D and G modes on the potential are plotted in
Fig. 20. The linear increase in peak frequencies as potential becomes more positive was
observed, apparent frequency tuning rate was found to be 4.7 + 0.3 cm™/V and 5.9 + 0.3
cm/V for D, and G modes, respectively (Fig. 20A,B). Intensity ratio Ip/lg and full
width at half maximum (FWHM) are affected by the potential as well. We found that
bands of rGO become narrower at more positive electrode potentials (Fig. 20C). The
dependence on FWHM of D and G bands is near linear in the potential region from
—0.40 to 0.70 V, and generally it decrease of ~ 8 and 18 %, respectively, upon switching
the potential from —0.90 to 0.70 V. Similarly, the Ip/lg ratio was found to decrease from
2.1 to 1.8 as electrode potential was changed from —0.90 to 0.70 V. Considering the
mechanism of potential induced perturbations in parameters of reduced GO bands, we
have demonstrated that the dominant effect causing the frequency shift of D and G bands
with the electrode potential is the change in the C—C bond strength induced by the

electrochemical doping. Constructed in this work Au/MHP/rGO system is stable in
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neutral aqueous solutions and it was demonstrated that the electrochemical potential
controls the electronic properties of rGO. This system might be utilized in various

electrochemical applications.
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32



CONCLUSIONS
1. N-(6-mercapto)hexylpyridinium (MHP) molecules form stable positive-charge-bearing
self-assembled monolayers capable of attracting negatively charged molecules from the solution
phase.
2. Raman markers for structure and orientation of MHP molecule have been established
based on isotopic substitution, quantum chemical calculations, and adsorption time- and
temperature-dependent studies. A band near 1083 cm™ has been assigned to C—C stretching

vibration of hydrocarbon chain in all-trans conformation.

3. As the electrode potential becomes more negative, changes in the orientation of MHP
with respect to the surface takes place so that the methylene groups of hydrocarbon chain
contact the metal and the relative intensity of the pyridinium ring mode vg, increases. The
dependence of relative intensity I(vsa)/1(v12) on the electrode potential and excitation wavelength
was observed indicating on the operation of an additional charge transfer resonant Raman

enhancement mechanism in Au/MHP system.

4. MHP monolayer electrostatically attracts NH,SO3~, SO,*", NOs ", BF4, ClO,~, and PFg”
anions. The frequency of totally symmetric stretching vibration of adsorbed ions decreases
comparing with the corresponding mode of ions in solution. The higher shift corresponds to the

larger Gibbs dehydration energy of the anion.

5. MHP monolayer on gold electrode provides possibility to determine the concentration
of ClO, ions in solution at a level of 10® M by probing the totally symmetric stretching
vibration at 933 cm™. The dependence of SERS intensity on concentration is near linear in the
concentration range from 107 to 10 M. The downshift in frequency of totally symmetric
stretching mode for adsorbed ion depends on the solution concentration and decreases with

increasing the concentration.

6. Interaction of MHP monolayer with dodecyl sulfate (DS™) anions results in formation of
bilayer at the interface. DS™ anions can be detected by PSRS method at 10° M solution
concentration. The decrease in frequency and increase in relative intensity of symmetric
stretching vibration of sulfate group for adsorbed DS™ indicates that interaction of MHP and the

anion takes place through the sulfate group.
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7. MHP monolayer electrostatically attracts negatively charged graphene oxide. Adsorbed
graphene oxide can be reduced electrochemically. The frequencies of both G and D bands of
reduced graphene oxide linearly decrease as electrode potential becomes more negative with
slopes of 5.9 + 0.3 and 4.7 + 0.3 cm™Y/V, respectively. The effect was explained in terms of

electrochemical doping induced changes in the C—C bonds length.
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ADSORBUOTU ANT METALO PAVIRSIAUS MONOSLUOKSNIU SU PIRIDINIO
FUNKCINE GRUPE STRUKTUROS IR SAVEIKOS SU TIRPALO KOMPONENTAIS
TYRIMAS VIRPESINES SPEKTROSKOPIJOS METODAIS

ANOTACIJA

Savitvarkiai monosluoksniai suteikia metaly pavirSiams norimas savybes ir placiai taikomi
elektrony  pernasos tyrimuose, konstruojant  (bio)jutiklius, biotechnologinius  bei
fotoelektroninius procesus. Teigiamo kriivio monosluoksniai naudojami kuriant anijony jutiklius
ir (bio)technologinius procesus su adsorbuotomis neigiamo kriivio makromolekulémis. Darbe
buvo susintetinta bifunkciné molekulé su galinémis tiolio ir piridinio grupémis, suformuotas
monosluoksnis ir i8tirtos jo struktiirinés ir funkcinés savybés.

Pagrindiniai darbo tikslai buvo istirti N-(6-merkapto)heksilpiridinio (MHP) adsorbuoto ant
Au ir Ag elektrodu struktiira ir nustatyti monosluoksnio saveikos su neorganiniais anijonais,
dodecilsulfato anijonu ir grafeno oksidu désningumus.

Naudojant pavirSiaus sustiprintos Ramano spektroskopijos, kvanty chemijos skai¢iavimo
ir izotopinio pakeitimo metodus nustatyti MHP struktiiros ir orientacijos elektrodo atzvilgiu
Ramano sklaidos Zymenys. Tiriant juosty intensyvumo priklausomybes nuo potencialo ir
zadinancCios spinduliuotés bangos ilgio parodyta, kad Au/MHP sistemoje pasireiskia kriivio
perne§simo Ramano spektry stiprinimo mechanizmas. Nustatyta, kad adsorbuoty neorganiniy
anijony pilnai simetrinio virpesio daznis sumaz¢ja lyginant su tirpalo spektru ir tas pokytis
koreliuoja su Gibso dehidracijos energija. Parodyta, kad MHP pritraukia grafeno oksida.
Nustatyta, kad grafeno oksido C—-C rysio ilgis ir elektroniné struktiira gali buti keiiama,
kei¢iant potenciala.
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