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ABSTRACT

Aggregation of 5,10,15,20-tetrakis(4-sulfonatophenyl) porphyrin (TPPS,) molecules as a function of solvent pH is a complex process because
of the co-existence of many possible interacting monomeric ionic forms that self-assemble into various aggregate structures. Possible seeding
elements of aggregates were studied using quantum chemical calculations based on density functional theory to determine favorable ionic
forms and their dimers, and the simulated spectral characteristics were compared with the measured absorption spectra. Five different forms
of TPPS, monomers and ten dimers were found as possible candidates for aggregate precursors. It was found that monomeric forms dominate
atpH =12.1, pH = 7.1, pH = 4.1, and pH = 3.0 as well as at pH = —1.0. In contrast, J-type dimers become a dominant form at pH = 1.0.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0167120

INTRODUCTION

In the past few decades, water-soluble, metal-free 5,10,15,
20-tetrakis(4-sulfonatophenyl) porphyrin (TPPS4) and its various
derivatives have been extensively studied for applications in pho-
todynamic therapy (PDT)! and optoelectronics.” The monomers
of TPPS, efficiently self-associate into large J-aggregates (side-by-
side) or H-aggregates (face-to-face) in aqueous media depending
on the concentration of TPPS; molecules and pH value of the
solution.” ” TPPS, aggregates are important theranostic agents for
photo-thermal therapy (PTT) and photoacoustic imaging (PAI) due
to high efficiency conversion of light energy into heat® because of
the intense absorption in the phototherapeutic window. The aggre-
gation of TPPS, results in various structural forms, which can inter-
act with each other, forming peculiar supramolecular aggregates.’
The aggregation process is complex and not fully understood, in

particular, with respect to the types of aggregates that can form
under various aggregation conditions.

TPPS, belongs to the class of porphyrins that are organic cyclic
compounds formed by the linkage of four pyrrole rings through
methine bridges.® The structure of porphyrin is based on the unsub-
stituted ring of porphine.’ It contains 18 1 electrons along the main
(shortest) cyclic pathway and meets Hiickel’s 4n+2 rule for aro-
matic systems. This aromatic nature explains the intense color of
porphyrins. Many different functional groups can be substituted
onto porphine macrocycles at the B-position or the meso-position.®

Various porphyrin compounds are classified according to sev-
eral factors e.g., the presence or absence of metal-ions at the center of
the molecule (a porphyrin or a metalloporphyrin),'” overall molecu-
lar charge properties (cationic, anionic, or neutral),'! and the type of
side groups that determine water solubility (lipophilic, amphiphilic,
or hydrophilic).'” The dominant form of TPPS; depends on the pH
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of the solvent: H, TPPS,*~ dominates in alkaline (pH » 12) and neu-
tral solutions (pH ~ 7), H4TPPS4*~ dominates in a pH range of
~4-3, HGTPPS4O is prevalentata pH of ~ 1, and H;;TPPS‘;2+ appears
to dominate at even lower pH."”"” The chemical structures of these
TPPS, forms are shown in Fig. 1. The presence of different ionic
forms leads to the formation of various dimers that further assemble
into different aggregate structures.

To date, only small J-aggregate structures of TPPS4 have been
studied using theoretical calculations: HyTPPS J-dimers were deter-
mined by Becke’s three-parameter hybrid functional applying the
non-local correlation provided by the Lee, Yang, and Parr (B3LYP)
method, which is a representative of standard density functional
theory (DFT), along with the Pople 6-31G* basis set. It has been

pubs.aip.org/aip/adv

determined that H4TPPS J-dimers could have parallel (achiral),
left-handed helical, or right-handed helical structures.'® Aggregated
structures have also been predicted according to the constituent
monomeric structures. Based on theoretical calculations, Augulis
et al. suggested that the zwitterionic TPPSy structure is asym-
metric, which self-assembles into a bent thread, that can contain
~60 monomers in a loop. It leads to a loop diameter of about
20 nm."” Other studies qualitatively predicted structures of aggre-
gates by analyzing x-ray scattering or diffraction data. Gandini
et al. simulated the cylinder model based on the small angle x-ray
scattering (SAXS) data at 4.0 pH. The authors suggested that
~26 porphyrin molecules are present in a single ring while ~3000
H4TPPS; molecules are contained in the whole nanocylinder.'®

()

(d)

FIG. 1. Chemical structures of the TPPS; monomers. (a) H,TPPS,;*~ (tetra-anion form), (b) Hy TPPS,?~ (diacid form), (c) Hs TPPS4° [Z1 (zwitterionic form); SO3H groups
are opposite], (d) Hs TPPS,° [Z2 (zwitterionic form); SO3H groups are adjacent], and (e) HsTPPS,2* (dication form).

AIP Advances 13, 105011 (2023); doi: 10.1063/5.0167120
© Author(s) 2023

13, 105011-2

¥1:01:91 €202 4290120 90


https://pubs.aip.org/aip/adv

AIP Advances ARTICLE

Friesen et al. proposed that HyTPPS4*~ molecules first assemble
into ~6-nm diameter rings. These rings are envisioned to be cyclic
N-mers. They suggest that the N-mers consist of 10-16 molecules
in a ring. Then rings assemble into helical nanotubes.’” The model
is supported by x-ray diffraction of protonated tetraphenylporphine
(H,TPP).”’ However, these studies did not suggest an aggregate
structure at the molecular level.

The aggregation state of TPPS; molecules can be related
to changes in spectral properties of the samples. It is widely
accepted that H-aggregates are characterized by a blue-shifted (hyp-
sochromic) absorption band while J-aggregates possess a red-shifted
(bathochromic) absorption band with respect to the monomer B
(Soret) absorption band.”! The linear dichroism of the B band and
absorption spectra of zwitterionic TPPS, were simulated by includ-
ing resonant excitonic couplings.”> Stradomska and Knoester addi-
tionally included vibronic effects and the coupling between the B and
Q bands. The obtained spectra (B and Q bands) could be used for a
more detailed interpretation of the structure of TPPS, aggregates.”
Valanciunaite et al. investigated the influence of bovine serum albu-
min (BSA) on the formation of J-aggregates of TPPS4 at pH = 1.3
using fluorescence and absorption spectroscopy and showed that
the combined interaction of protonated TPPS; monomers within
J-aggregates is stronger than the interaction with BSA.** Correa
et al. determined that changing the medium from water to micelle
does not greatly affect the absorption spectra for non-protonated
TPPS,. These results indicate a weak interaction of the TPPS, por-
phine ring -7 system with the environment. They also noticed that
bi-protonation of this molecule induces significant changes in the
nonlinear optical properties of TPPS; and associated those changes
with the difference in the symmetry of molecules before and after
excitation.”

To understand the structure and formation process of TPPS,
J- and H-aggregates, it is important to know the initial seed-
structures and elementary units (dimers) that constitute the
aggregates. In this paper, solutions of low concentration TPPS,
molecules are characterized by absorption spectroscopy in a wide
range of pH values where only monomers and possibly dimers
of TPPS, are expected to be present. H,TPPS.*~ (tetra-anion
form [Fig. 1(a)]), H,TPPS,*~ (diacid form [Fig. 1(b)]), HeTPPS,°
(zwitterionic form [Figs. 1(c) and 1(d)]) and HgTPPS,** (dication
form [Fig. 1(e)]) monomers and their J- and H-dimers are charac-
terized by quantum chemistry calculations. According to previous
studies, the expected chemical structures as a function of pH are
known: tetra-anion form corresponds to pH > 6, diacid forms are
typical for the pH range of 3-4, zwitterionic form is expected at a
pH of ~ 1, while all four sulfonic groups of TPPS, are protonated at
pH < 1.77%%* However, possible aggregation and molecular
packing is not known.

In this study, the modeled seed-structures are compared with
spectroscopic measurements. The comparative study of modeled
and experimental spectra provides information about the likely
aggregation process taking place under different conditions, and
allows to predict the structure of the selected aggregates.

MATERIALS AND METHODS

TPPS; [as meso-tetra(4-sulfonatophenyl) porphine dihy-
drochloride powder] was purchased from Frontier Scientific Inc.,

pubs.aip.org/aip/adv

USA. Hydrochloric acid (37% aqueous solution) and sodium
hydroxide (in solid form) were purchased from Honeywell Interna-
tional Inc., USA. All reagents were used without further purification.
The stock solution (¢ = 107> mol/l) was prepared by dissolving
TPPS, powder in deionized water. To make TPPS, solutions for
experiments, first, aqueous solutions of required pH were prepared
by titrating deionized water with 1M sodium hydroxide aque-
ous solution (pH = 12.1), with 0.IM and 1M hydrochloric acid
(pH = 3.0 and pH = 1.0, respectively) or with both HCl and NaOH
solutions (pH = 7.1 and pH = 4.1, respectively). The pH value of
the solutions was measured using an inoLab 720 pH-meter (Xylem
Inc., USA) with a SenTix Mic glass electrode. TPPS, solutions were
made by adding small volumes (30 ul) of the TPPS; stock solution
(c = 107 mol/l) into the prepared aqueous solutions of different
pH values. For preparation of pH = —1.0 solution, a small volume
(30 ul) of the TPPS, stock solution was diluted with concentrated
(37%) hydrochloric acid. The final concentration of TPPS, in all
prepared solutions was ¢ = 3-10™° mol/l.

The steady state absorption spectra of TPPS, solutions were
measured using a Varian Cary 50 UV-visible absorption spectrome-
ter (Varian Inc., Australia). The spectral resolution of the measured
spectra was <1.5 nm. Measurements were performed in polystyrene
cuvettes with a 1 cm optical path. The absorption spectra of TPPS,
solutions were recorded at different pH values ranging between
-1.0and 12.1.

Structures of TPPS; monomers and dimers were theoreti-
cally analyzed using DFT with the Coulomb-attenuating “Becke
3-parameter Lee-Yang-Parr” functional (CAM-B3LYP) and Pople
6-31G(d,p) basis set. Electrostatic interactions and hydrogen bonds
between the positively charged porphyrin ring and negatively
charged sulfonate groups (SO3™) are very important for dimer for-
mation. In addition, n-m interactions play a large role in porphyrin
dimerization.”” It is well known that CAM-B3LYP combines the
hybrid qualities of B3LYP and the long-range Coulomb correc-
tion.”” For calculation of absorption spectra, the time-dependent
density functional theory (TDDFT) with CAM-B3LYP/6-31G(d,p)
was used to calculate the excited state properties, such as transition
energies and oscillator strengths. The polarizable continuum model
(PCM) was used to approximately evaluate the influence of the
solvent (water).”! Chemical structures were visualized using Chem-
Draw 20.0 and GaussView 6.1° programs. The Gaussian 16 C.01°*
software was used for the calculations.

The strategy of theoretical calculations was as follows: First,
the geometry of the TPPS, monomers—H, TPPS,*~ (tetra-anion
form [Fig. 1(2)]), HyTPPS4*~ (diacid form [Fig. 1(b)]), two types of
HeTPPS,” (zwitterionic form [Figs. 1(c) and 1(d)]) and HgTPPS,**
(dication form [Fig. 1(e)])—was optimized. The superscript denotes
the total charge of the structure. In addition, two different types
of the zwitterionic form of the TPPS; molecules were consid-
ered with respect to two SO~ ionized groups: either opposite (Z1
monomer) or adjacent (Z2 monomer) SO;~ groups of the TPPS,
molecule.

Optimized monomeric structures were used to construct the
dimers. Two different types of dimers were considered. We denote
them as J-dimers and H-dimers, reflecting different molecular pack-
ing.** The J-dimer is defined as a structure where one SO; group
of one molecule is positioned on the top of the central part of the
other molecule. Different J-dimers are obtained when one of the
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molecules (being shifted aside) is additionally rotated. In order to

obtain all possible J-dimers, one monomer can be rotated in steps of

90°. Hence, we could obtain at most four types of J-dimers where
one monomer is rotated by 0°, 90°, 180°, and 270° and the sec-
ond monomer remains fixed. Electrostatic interactions between the
negatively charged sulfonate groups and the positively charged por-
phyrin ring are usually considered the most essential factors for

J-dimer formation. For this reason, we consider only this type of

J-dimers. Accordingly, different configurations of J-dimers can be
formed out of Z1 and Z2 monomers. Other forms are obtained when
all four end-groups are the same, namely, H,TPPS,*~ (four SO;7)
and HgTPPS,>* (four SOsH).

H-dimer is defined as a structure where one molecule is posi-
tioned directly on top of the other without shifting (a sandwich
configuration). For H-dimers, the molecules are not coordinated by
sulfur atoms, so the monomers are either not rotated with respect
to each other or one of the monomers is rotated in steps of 45°.
Overall, in this manner, it is possible to define a single J- and two
H-dimers of H,TPPS,>", six J- and four H-dimer configurations
of H¢TPPS.’, and two H-dimers of HsTPPS,>*. Notice the domi-
nance of each ionic form—a tetra-anion, diacid, zwitterionic, and
dication—correspond to different values of pH of the solvent. ™
Different monomers of all four (tetra-anion, diacid, zwitterionic,
and dication) ionic forms (with corresponding dimers) were con-
sidered separately. All 16 initial configurations are presented in the
supplementary material (Fig. S1).

Geometry optimization was performed using the CAM-B3LYP
method for all 16 dimers described above. Only 10 out of the 16
dimers converged (in terms of energy minimization) into stable
structures. To verify the convergence results, the calculations were
repeated using the Minnesota functional (M06-2X), which rendered
the same final results. M06-2X was chosen due to its suitability

ARTICLE pubs.aip.org/aip/adv

for studying noncovalent interactions.’® Only the converged TPPS,
dimers are described in the article.

RESULTS
Structural analysis based on DFT
Structures based on the H>TPPS,* monomer

In the H,TPPS,*™ monomer (corresponding to pH = 12.1 and
pH = 7.1), two of the four nitrogen atoms are protonated in the
core of porphyrin and the four sulfur groups are negatively charged.
Due to large negative total charge (—4), it is unlikely that these
monomers could form dimers. Only one H-dimer showed stable
geometry, i.e., the geometry optimization has converged, where one
of the monomers is rotated by 45° with respect to the other.

Figures 2(a) and 2(b) present the optimized H,TPPS,*™
monomer and dimer from the top view, while Fig. S2(a) (see in the
supplementary material) presents this dimer from the side view. We

denote this dimer as H 1(_). The superscript denotes the overall nega-
tive charge of the structure. Figure S2 visualizes closely packed atoms
that have possibly overlapping electron densities, thus signifying a
strong electronic interaction. In the cases where these interactions
are formed between benzene, benzene/pyrrole, and pyrrole rings, we
denote such coordination as “n-m stacking interaction”” through-

out the text. Figure S2(a) shows that the H 1(_) dimer has one n-7
stacking interaction between benzene rings.

The dihedral angle D (Cq, Cp, Cy, and C.) was chosen to
quantify the benzene group twist. It was found that benzene rings
orient closer to the molecular plane in dimers than in the monomer
since a perpendicularly oriented benzene ring could disturb the
dimer formation. Dihedral angles of all converged configurations are

¥1:01:91 €202 4290120 90
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FIG. 2. Structures of TPPS; monomers and dimers (top views). (a) H,TPPS,*~ monomer, (b) Hf‘) dimer, (c) HsTPPS42~ monomer, (d) Jf‘) dimer, () Hz(‘) dimer, (f)

Z1 monomer, (g) JX* dimer, (h) HS dimer, (i) 22 monomer, (j) J* dimer, (k) JS dimer, (1) H® dimer, (m) H{” dimer, (n) HsTPPS,2* monomer, and (o) H<* dimer.
Hydrogens of SO3H groups are marked by “()” in dimers.
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presented in the supplementary material and are compared with the
results obtained by Aydin.**

In summary, the formation of aggregates is unfavorable at
pH = 12.1 and pH = 7.1 at room temperature due to the total net
charge, which is consistent with the literature.”” Hence, H,TPPS*~
predominantly exists as a free-base monomer. This is confirmed
by evaluating binding energies, which are smaller than the ther-
mal energy (see the supplementary material). However, some
dimerization may occur.

Structures based on the H,TPPS,?>~ monomer

All four nitrogen atoms of a H,TPPS,>~ monomer are pro-
tonated. This form is typical for a pH range of 3-4. According to
the structural symmetry, it could form one type of J-dimer and two
types of H-dimers. The J-type dimer optimization did converge.
However, only one structure of the H-dimer converged into a sta-
ble configuration, where molecules appear directly on the top of
each other. Figures 2(c)-2(e), S2(b), and S2(c) present the optimized
H,TPPS,*” monomer and corresponding dimers from the top and

side views, respectively. We denote these dimers as ]l(_) and Hz(_)-
The ]1(7) dimer has one n-m stacking interaction between benzene

rings [see Fig. S2(b)], whereas the H2(_> dimer has five n-m stacking
interactions between pyrrole and benzene rings [see Fig. S2(c)].

Structures based on the HsTPPS,° monomer

HsTPPS,” is denoted as the zwitterionic form of TPPS,. This
form dominates at a pH of ~ 1.""’®*” This form of the molecule
is neutral, so it is prone to aggregation. Two types of monomers
can be formed: the “opposite” zwitterion, where two protons are
placed on the opposite SO3~ groups (we denote it by Z1), and the
“adjacent” zwitterion, where two protons are placed on the adjacent
SO~ groups (we denote it by Z2). The optimized structures of Z1
and Z2 monomers are shown in Figs. 2(f) and 2(i), respectively. It
can be seen that the additional hydrogen do not significantly affect
the entire molecular structure and only benzene rings correspond-
ing to the protonated SO3;~ groups are rotated (twisted) more out of
the plane of the porphyrin ring in the Z2 monomer.

The number of possible dimer configurations becomes large
since outer hydrogens at different positions have different effects
on the dimerization. This results in three J-type dimers and three
H-type dimers; the structures are shown in Figs. 2(g), 2(h), and
2(j)-2(m). As in the previous case, the parameter characterizing
the dimers is the relative binding energy. The binding energies of
all converged zwitterionic dimers are listed in Table SII (see the
supplementary material).

By considering inter-atomic distances between molecules in

the dimers, it is found that the structure of the ]2(0) dimer has two
n—7 stacking interactions between the benzene rings and the pyrrole
rings [see Fig. S2(d)]. However, four n—m stacking interactions are
formed between the benzene rings in the H3(0) dimer [see Fig. S2(e)].
The ]3(0) dimer has one -7 stacking interaction between the ben-
zene ring and the pyrrole ring. The hydrogen bond appears between
the H atom of the pyrrole ring and the O atom of the SO3H group
[see Fig. S2(f)]. The LEO) dimer structure contains five m—m stack-
ing interactions between the H atom of the NH bond and the SOz~

pubs.aip.org/aip/adv

group [see Fig. S2(g)]. In both these J° structures, hydrogen bonds
are formed between the negatively charged sulfonate groups and
the positively charged porphyrin ring, in accordance with the litera-

ture.”” The Hio) dimer has one hydrogen bond between the O atom
of the SO3H group and the H atom of another SO3H group [Fig.

S2(h)]. The HS(O) dimer has two m—m stacking interactions between
the benzene ring and pyrrole ring [Fig. S2(i)].

Overall, both Z1 and Z2 monomers have the same absolute
energy; thus, the interaction between different SO3 groups is neg-
ligible. It was also noticed that D and D’dihedral angles have a larger
variation in the Z2 monomer and its dimers than in the Z1 monomer
and its dimers (see the supplementary material). The binding ener-
gies of molecules are still relatively small. However, due to structural
diversity, the probability of dimerization becomes higher.

Structures based on the Hg TPPS,%>* monomer

The last group of structures that we consider corresponds to
the dication form of TPPS, (HgTPPS,>") molecules (this form dom-
inates in our experimental measurements at pH = —1.0). According
to the literature, all four sulphonic groups of TPPS, are protonated
at pH < 1.""”" These structures form only one type of dimer, which

we denote as Hé+) [Fig. 2(0)]. J-dimers are not considered because
all SO; groups are protonated and, thus, no additional electro-
static interactions are possible with the center of the other molecule

in the dimer. The H6(+) dimer has four n-m stacking interactions
between pyrrole and benzene rings and also has one hydrogen bond
between the O atom of the SO3H group and the H atom of the
other SO3H group [see Fig. S2(j)]. Compared to room temperature
thermal energy, the dimer is almost isoenergetic with monomers
(see the supplementary material). Hence, the dimer formation is
unlikely.

Absorption spectroscopy
Experimental results

Spectroscopy measurements were performed at very low con-
centrations of TPPS, molecules (Fig. 3). Under these conditions, we

4x10° i — pH=12.1 i
— pH=7.1
] — pH=4.1

3x10° —pH=3.0 | R

— pH=1.0
—pH=-1.0

el |
| |
S/

300 400 500 600 700
Wavelength, nm

g, I"cm*mor’

FIG. 3. Experimentally measured absorption spectra of TPPS (c = 3 * 106 moll)
at various pH values. The inset shows the enhanced Q band region.
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expect mostly monomeric spectra to occur; however, the presence
of some small aggregates in solutions at lower pH values should be
possible. Formation of large aggregates should be ruled out.

In alkaline (pH = 12.1) and neutral (pH = 7.1) solutions, TPPS4
molecules exist in a deprotonated (tetra-anion) form, possessing
negative charges on four sulfonic residuals [HZTPPS447Fig. 1(a)]
and two protons at the porphyrin center. The TPPS, spectrum at
these pH values is typical for etio-type porphyrins:*’ it has a B (the
Soret) band with the major peak in the blue spectral region (around
413-414 nm) and four weak Q bands (between 516 and 635 nm)
with relative intensities such that IV > III > II > . Two out of the
four bands are electronic transitions due to approximate C4 symme-
try. Accordingly, the other two peaks are related to the vibrational
satellites. The band positions are listed in Table I. B and Q bands are
marked by italic signifying the corresponding spectrum peaks in the
measured and theoretically calculated spectra. A weak blue-shifted
shoulder of the main B band may be due to molecular vibrations.

The TPPS4 pK, value of protonation of nitrogen atoms at the
porphyrin center is about 4.9 in a pure aqueous medium.” Thus,
a decrease in pH of the TPPS; solution from 7.1 to 4.1 and 3.0
favors binding of two protons to the central nitrogen atoms, creat-
ing a positive charge at the center of the porphyrin. This also leads
to changes in the spectral pattern of TPPS, samples: from a four-
band spectrum to a two-band spectrum in the Q region (at 595 and
645 nm) due to symmetry change (HsTPPS,*) [Fig. 1(b)]. These
changes also cause a bathochromic shift of the B band to 435 nm,
while the band shape remains unaffected. These facts imply that
Q-related transitions are localized on the porphyrin ring. Hence,
adding two hydrogens changes the charge distribution and the

pubs.aip.org/aip/adv

corresponding Q band spectrum considerably. The main electronic
transition appears at 645 nm, while higher energy peaks resemble the
vibrational progression. The B band essentially is not affected, and
its shift originates mostly from the electrostatic Stark effect. Conse-
quently, B band-related electron distribution may be mostly related
to the periphery of the molecule.

A further decrease in the pH value to 1.0 leads to partial pro-
tonation of sulfonic (SO3™~) groups (two out of four) and formation
of the zwitterionic form Hg¢TPPS,°. The binding of two additional
protons to SO3™~ groups cancels the negative charge, and the net
charge of the TPPS, molecule becomes zero. The possible forms are
displayed in Figs. 1(c) and 1(d). Protonation of two SOz~ groups
does not make a big difference on the features (positions of B and
Q bands) of TPPS, absorption spectra, i.e., protonation of periph-
eral SO3~ groups does not affect conjugated m-electron systems of
the porphyrin ring. The position of the B band does not change
(435 nm). There is a slight shift (by ~1 nm) in positions of Q and
a new weak band appears at ~706 nm.

The zero net charge of the monomers presumably facilitates the
formation of J-aggregate “seeds,” i.e., the J-type dimers. The appear-
ance of a sharp absorption band at about 490 nm (we denote it as
the J-band) and the second one at 706 nm could be attributed to
dimerization and further oligomerization. Dimerization is addition-
ally supported by the decay of the vibrational shoulder (compare
the features of the main B-band at pH values of 1.0 and 3.0)
due to exchange narrowing’'~** and hence renormalization of the
vibrational features.

Decreasing the pH to extreme acidity (pH = —1.0) leads to pro-
tonation of all sulfonic groups (SO3™) and formation of the dication

TABLE 1. Experimentally measured and theoretically calculated positions of the main absorption peaks of TPPS, in aqueous

solutions (¢ = 3 x 10~ mol/l concentration).

Experimentally measured

Theoretically calculated

pH B (nm) Q (nm) Structure name B (nm) Q (nm)
H,TPPS,* 380" 537", 588"
121and7.1 414" 516,552, 580°, 635" - .
HO) 381," 399, 418 545, 595
H4TPPS,> 398" 634"
41and3.0 435" 595°, 645" _
=) 399 622, 630
71 387 586, 599
72 389 585, 594
1 o © 384, 396" 584
1.0 435 594", 646" HO 384 584, 601
10 400° 609, 617°, 627", 633"
<0) 390 589
H 383 586, 594
. HsTPPS,>* 394" 614"
-1.0 444" 603", 657"
HY 382 615, 626

*Boldface denotes the strongest peaks of TPPS,.

*Jtalic denotes the peak wavelengths that correspond to the experimetntal results.
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form (HsTPPS4>"). This causes an additional shift of both B and
Q bands roughly by the same spectral interval, presumably, due
to the electrostatic Stark effect. A positive net charge (+2) causes
electrostatic repulsion between monomers, which prevents aggrega-
tion, so the monomeric species (and the corresponding absorption
characteristics) dominate. This is supported by the absence of the
J-aggregate peaks in addition to the detected Q and B bands. How-
ever, there is still a notable broad shoulder in the 500 nm region,
which may be related to “weak” disordered dimers.

TD-DFT calculations

The absorption spectra of various TPPS, ionic forms and the
corresponding dimers were calculated for an interval of 350-700 nm
encompassing both B- and Q-bands. The absorption spectra are
presented in the form of extinction coefficient, ¢, as a function of
wavelength, A. The spectra were normalized to compare the vari-
ation in the peak positions and the number of peaks in the same
graph for monomers and dimers. A Gaussian band shape was added
to the calculated stick spectrum with the full width at half max-
imum (FWHM) equal to 7 nm, for visualization purposes. The
vibrational fine structure was not considered and, therefore, was
not included in the spectra. No empirical rescaling of transition
energies was introduced. Table I summarizes the theoretically cal-
culated peak positions together with the experimentally measured
data.

The calculated absorption spectra of the H, TPPS,*” monomer
and the corresponding Hl(_) dimer are presented in Fig. 4(a). Peaks
in the calculated absorption spectra were marked with the peak
wavelength values (here and below, the peaks of the monomer are
marked in blue, while peaks of dimers are marked in black). The
spectral B region of the monomer shows much stronger absorption
bands than those in the Q spectral region. The absorption peak of

(b)

€(a.u.)

380

pH = 3.0-
(a) 41
634

622

£(a.u)

600 650 700

FIG. 4. Calculated absorption spectra of H,TPPS,;*~ and H,TPPS;>~ monomers
(blue lines) and H1(‘) and Jf‘) dimers (orange lines). (a) H, TPPS;*~ monomer

and H1(_) dimer; (b) HsTPPS42~ monomer and J1(_) dimer. Peak positions are
marked with the peak wavelength value.
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the H,TPPS,*” monomer is at 380 nm in the B region, while two

peaks are at 537 and 588 nm in the Q region. The H 1(_) dimer shows
splitting of the spectral lines in the B region and a shift of absorption
lines in the Q region. The peaks appear at 381, 399, and 418 nm in
the B region, whereas Q bands are shifted to 545 and 595 nm.

The absolute peak positions in TD-DFT theory have system-
atic errors, so straightforward comparison to experiments should
be avoided, and only a relative structure of the spectra, i.e., peak
patterns, should be compared. Structures of B and Q bands being
recorded experimentally at pH = 12.1 and pH = 7.1 are simi-
lar to the calculated spectrum of the H,TPPS,*~ monomer. The
vibrational side bands were not included in the calculations. There-
fore, only one strong peak is observed in the B region (see Figs. 3
and 4). It confirms the prediction that monomers dominate at both
pH = 12.1 and pH = 7.1 values. However, the calculated peak
positions deviate from the experiment. In the B region, the shift
is easy to define: the calculated peak is blue-shifted by 34 nm.
Assuming wavelength rescaling by 380/414 = 0.917 87, we find that
the theoretical peaks at 537 and 588 nm match the experimental
peaks at 580 and 635 nm, respectively, thus suggesting that these
peaks correspond to 0-0 electronic transitions. The experimen-
tal peaks at 516 and 552 nm can be attributed to the vibrational
satellites.

At lower pH values of 3.0 and 4.1, a bathochromic shift of the
B band by 21 nm becomes evident in the experimental spectra. The
calculated absorption spectra of the H,TPPS4>~ monomer and the
corresponding J 1(_) dimer are presented in Fig. 4(b). By comparing
the theoretical spectra of HyTPPS4*~ (corresponding to pH = 12.1)
and H4TPPS,>~ (pH = 4.1), we also find the corresponding 18 nm
shift of the B band for the monomer and for the dimer. The lowest
energy Q band is shifted only 10 nm in the experiment. The shift in
the Q region is very large (46 nm) in the calculated spectra. The spec-

trum of the J 1(_) dimer shows splitting of the Q band into two peaks

separated by 8 nm. The spectrum of Hz(f) was not calculated because
this dimer has positive binding energy and, therefore, is not stable
(see Table SI in the supplementary material). The monomeric spec-
trum suggest that experimental peaks observed at 516 and 552 nm
can be attributed to the vibrational origin since these features are
not present in the calculated spectra.

For an even lower pH = 1.0 value, two SO3 groups get proto-
nated, which cancels the net charge of the molecule. The calculated
absorption spectra of the HeTPPS,’ monomer (Z1) and the corre-
sponding ]2(0) and H3(0) dimers made of this monomer, as well as
those related to Z2 and its ]3(0), 4(0)
in Fig. 5.

The main peak of the Z1 monomer is at 387 nm (the peak con-
sisted of two almost degenerate transitions at 385 and 391 nm) in the
B region. Two 586 and 599 nm peaks are in the Q region. Similarly,
the most intense absorption peak of the Z2 monomer is at 389 nm
in the B region, while the Q region contains two peaks at 585 and
594 nm. The two monomers should be present at the same time, and
they are indistinguishable by absorption spectroscopy. When com-
paring the modeling with the experimental spectra, the theory and
experiment shows a single peak in the B region, while the structure
in the Q band region is different: calculations show two peaks, while
there is only one major peak (presumably single molecular) in the
experiment. Note that the Q band peak splitting of the Z1 monomer

,and Hio) dimers, are presented
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FIG. 5. Calculated absorption spectra of Hs TPPS,° (Z1 and Z2) monomers (blue
lines) and the corresponding dimers (orange lines): (a) Z1 monomer and J2(°)
dimer, (b) Z1 monomer and HS(O) dimer, (c) Z2 monomer and J3(°) dimer, (d) Z2

monomer and Jfo) dimer, and (e) Z2 monomer and Hfo) dimer. Peak positions
are marked with the peak wavelength value.

is 13 nm while it is only 9 nm for the Z2 monomer. It turns out that,
given the experimental results, these monomeric species contribute
weakly to the measured spectrum.

We thus next switch to the dimers. The calculated absorption
spectrum of the ]2(0) dimer [Fig. 5(a)] shows splitting of the B spec-
tral line at 384 and 396 nm and merging of the Q transitions into a
single 584 nm peak. The H3(0) dimer has absorption peaks at 384 nm
in the B region, as well as two 584 and 601 nm peaks in the Q
region [Fig. 5(b)]. The ]3(0) dimer [see Fig. 5(c)] has a strong peak
at 400 nm in the B region, and four peaks could be resolved in the
Q region (at 609, 617, 627, and 633 nm). The spectrum of the io)
dimer presented in Fig. 5(d) has the main peak at 390 nm, at almost
the same position as in the spectrum of the Z2 monomer in the B

region, and one peak at 589 nm in the Q region. Finally, the H, io)
dimer [Fig. 5(e)] has the B peak at 383 nm and two Q peaks at
586 and 594 nm.

In summary, the modeling of spectroscopic features for Z1 and

Z2 molecules points to the dominance of the ]3(0) dimeric form.
This conclusion follows from the position of the B band observed in

pubs.aip.org/aip/adv
382 394
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FIG. 6. Calculated absorption spectra of the Hs TPPS,2* monomer (blue line) and

Hé” dimer (orange line). Peak positions are marked with the peak wavelength
value.

the calculations [Fig. 4(b)], which corresponded to the experimen-
tal spectrum (Fig. 3). This is also supported by the spectrum of Q

bands, which, for the ]3(0) dimer, has a four-peak structure in the
same region as seen in Fig. 4(b) and, again, corresponds well with
the experimental data.

At pH = -1.0, the TPPS4 molecule becomes a positively charged
ion with all the protonated SO3 groups. The calculated monomer
spectrum (Fig. 6) has the strongest peak at 394 nm in the B region,
whereas the peak in the Q region is at 614 nm.

The spectrum of the Hé+) dimer has a peak at 382 nm in the
B region and one peak at 615 nm with a shoulder at 626 nm in
the Q band region. The peak in the B region becomes blue-shifted
compared to that of the HsTPPS4>* monomer. The monomer spec-
trum pattern correlates with the experiment, showing one peak in
the B region and one peak in the Q band region. Consequently, the
monomeric form should be dominant in the solution.

DISCUSSION

The variability of the protonation pattern of TPPS4 molecules
with the pH value changes the electronic configuration of the
molecule and correspondingly the optical properties as well as inter-
molecular interactions. Correspondingly, various types of molecular
aggregates could be formed by changing the pH value with corre-
sponding changes in the optical spectra. However, understanding
the spectral properties of large molecular aggregates is challenging.
The present study focuses on the variation in molecular spectra as
a function of pH at low TPPS, concentrations, where formation of
large molecular aggregates is unlikely. Instead, we should observe
seeding elements, i.e., monomers and dimers.

An abundance of various dimers can be determined using rel-
ative energies of the monomers and dimers. For instance, when
configurations A and B (both have the same number of atoms)
having the corresponding energies E4 and Ep, respectively, are com-
pared, the equilibrium populations of the configurations satisfy the
statistical relation at temperature T as follows:

N, ~(Ea=Ep)
N ¢ T (1)
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where kpT is the thermal energy at temperature T, kp is the
Boltzmann constant, and N4 and Np (E4 and Ep) are the num-
ber (density) of the species. This relation has to be adjusted when
we compare separate molecules with the dimers (when the num-
ber of atoms is not the same for different configurations). Taking
the absolute energy of the free molecule as Ey, the absolute energy
of the bound dimer is 2E + E,. The absolute energy of the pair
of molecules (X + X) is 2Ey. Equation (1) thus reads Nxx/Nxix
= S exp(|E;|/ksT). Here, S is the number of possible monomeric
configurations, which is the entropic factor, related to the volume
of the sample. For a pair of unbound molecules in the macroscopic
sample, S > 1. For the binding energy E, > kgT, the molecules
will form aggregates. The binding energies calculated for all struc-
tures studied are presented in the supplementary material. We found
that all binding energies are quite small compared to the thermal
energy (25 meV). Hence, when the dimers are formed, they dynami-
cally dissociate and associate, and there is an equilibrium between
various configurations. As a consequence, the statistical relation
becomes obscure due to the unknown entropic factor. Hence, the
experimental absorption spectra and their correspondence to the
calculated spectra of various molecular configurations (monomeric
and dimeric) become determinants and are used as the main evi-
dence in determining the sequence of molecular changes as a
function of pH.

The transformation sequence of molecular configurations
obtained by changing the pH is shown in Fig. 7. The experimental
spectra show that dimers are formed at pH = 1.0 and, most proba-
bly, they consist of the Z2 monomers. The main spectral signature
appearing in the theoretical calculations of the dimers is a broad
Q band covering the range of 605-640 nm, which extends down to
700 nm in the experimental spectrum. Notably, this molecular trans-
formation sequence is roughly supported by both B and Q spectral
bands. The B band gets red-shifted when the pH value is decreased
from 7.1 to 4.1. Then it remains constant when decreasing the pH
to —1.0. In contrast, the experimentally measured spectral band
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FIG. 7. Variation in the dominant TPPS, structure as a function of pH value. Posi-
tions of hydrogens are marked by blue shades. The total molecular charge is
marked.
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underwent a further bathochromic shift at pH = —1.0. The theory
supports the spectral shift when changing the pH from pH = 7.1 to
pH = 1.0; however, it cannot reproduce the further bathochromic
shift by decreasing the pH to —1.0. Nevertheless, the H4TPPS,>*
monomer is “redder” than the corresponding dimer. It should be
noted that the sharp peaks at 490 and 705 nm were not obtained
in the calculations, suggesting that these features originate from the
possibly formed larger aggregates.

It is important to point out the dynamic aspect of the protona-
tion pattern. Protonation of SO3 groups changes from no protona-
tion at pH = 4.1 to full protonation at pH = —1.0. We showed that
at pH = 1.0, Z1 and Z2 monomers had the same energy but their
protonation pattern was different. The pattern of these hydrogens
in the polar solution was fluctuating all the time, with protonation
of SO3 groups being defined on average. Momentarily, the proton
distribution can be different. There is a notable experimental peak
at 645 nm in the Q band region, which is dominant at pH = 4.1,
3.0, and 1.0. The peak should correspond to molecular monomers
and, as shown by our analysis, is mainly attributable to H,TPPS,>".
Apparently, the solvent ions keep HyTPPS,*” in dynamic balance
with other ionic forms, and its presence is still highly probable at
pH = 1.0. Notice also that experimental pH is the value correspond-
ing to the whole volume. Molecules react to the nearby environment,
which due to non-homogeneous distribution of ions and due to
long-range Coulomb couplings may have local pH slightly different

from the bulk. The zwitterion is then obtained by ]3(0) dimerization,
which causes broadening of a Q band and formation of the 705 nm
band in the experiment. Apparently, dimerization is due to local
changes in pH, and it causes local redistribution of charges in the
environment. To match the experimental results, we must conclude
that a free form of the zwitterion, most probably, is not observed.

Such results suggest that protonation-dimerization and local
environmental ion redistribution is a feedback-driven adaptive
problem. It creates local conditions quite different from the bulk (in
terms of pH) due to the long-range Coulomb interaction between
charged molecules and ions in the solvent.

The possible stable dimeric structures obtained in theoretical
calculations for the charged molecules (tetra-anion, diacid, and dica-
tion form) were not expected due to the presence of the electrostatic
Coulomb repulsion that should have destabilized the dimers. How-
ever, the most important factor in binding between molecules seems
to be the interaction of benzene rings between the two molecules,
which prevails the Coulomb repulsion. The situation is different
for Z1 and Z2 monomers, where molecules are neutral but have
well-expressed internal charged groups. It had been experimentally
observed that TPPS; molecules aggregated efficiently into tubular
structures at high molecular concentrations and a low pH value of
around 1.”"” The present study suggests the possible precursors of
larger aggregates: the most probable aggregation seeder is the 3(0)
dimer.

The zwitterionic forms are thus most important for large aggre-
gate formation. The most intense absorption peaks of Z1 and Z2
monomers are found in the same higher energy region (387 and
389 nm, respectively). This demonstrates that the electronic states
being responsible for the observed optical transitions were mostly
localized on the main porphyrin ring. Outer benzene rings twist
upon protonation (or deprotonation) of the SO3 groups. Overall,
this weakly affects the absorption spectra of molecules. The outer
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benzene rings thus barely participate in transforming electron den-
sity on the porphine ring and affecting the spectra of B and Q
bands.

There is a consensus that H-aggregates are characterized by
a hypsochromic shift while J-aggregates are characterized by a
bathochromic shift of the main absorption band.”' Therefore, these
characteristics can be used as fingerprints when investigating the
molecular structure of the aggregates. According to our results, the
shapes of absorption spectra of monomers forming J and H dimers
are not so trivial. Calculations showed that H-type structural dimer-
ization did not introduce much perturbation to spectra compared
to corresponding monomers. This indicates that intermolecular res-
onant interaction between the molecular transition charge densities
becomes weak for H dimers. The result is different for ] dimers, espe-
cially for 2(0) and ]3(0). The Frenkel exciton model can be applied to
model the spectra of such aggregates.

The most important question is related to the further growth
of dimers into extended aggregates. The positioning of outer hydro-
gens (connected with sulfo-groups) must affect dimerization. First
of all, large aggregates cannot grow from charged molecules (unless
neutralized by solvent ions). We, thus, do not consider aggrega-
tion for tetra-anion, diacid, and dication forms. The neutral Z1 and
Z2 monomers can grow into aggregates, keeping the overall neu-
tral charge. Large aggregates also show the formation of tubular
structures, which should correspond to some kind of bending of
dimeric structures. According to our calculations, the aggregation
is related to zwitterion formation, and the growth proceeds starting
from Z2 monomers. This does not rule out the importance of the Z1
form. The Z1-Z2 dimerization is also possible, although it was not
included in the present study. However, bending-kind formations in
dimers were not obtained.

There is no consensus regarding whether the spectral hyp-
sochromic shift (the B-band is at ~420 nm) is determined by
n-7 stacking interactions. Some authors conclude that this shift
indicates the formation of H-aggregates in the solution. On the
other hand, fluorescence detected linear dichroism microscopy and
linear dichroism spectra of H4TPPS, showed that the spectral
bands at ~420 nm (usually characteristic of H-aggregates) and at
~490 nm (usually characteristic of J-aggregates) belong to the same

structure.”® Our results indicate the dominance of ]3(0) dimers at
pH = 1.0. These results coincide with the literature reporting that
TPPS4 (in a form where a part of the peripheral SOz~ groups is
replaced by SO3H) tends to form J-aggregates in acidified aque-
ous solutions because of the electrostatic repulsion being weakened
between TPPS4 molecules in the acidic solution (pH < 2).””

It is important to point out that TPPS, absorption spectra were
measured in aqueous solutions containing NaOH, HCI, or both
(HCl and NaOH). Hence, the molecular environment was not pure
water neither at pH = 7.1 nor at other pH values. The calcula-
tions were performed within the PCM approach of pure water. This
theoretical model represents the charge distribution based on two
separate areas, outside (solvent) and inside (solute) of a cavity,’! by
describing them as a simple dielectric medium. The presence of Na
ions in the TPPS, solution causes slight spectral shifts of absorption
bands.” The influence of diluted inorganic salts on the formation
of aggregates can be studied with quantum mechanics/molecular
mechanics (QM/MM) and molecular dynamics simulation, which
will be a subject of further study.

pubs.aip.org/aip/adv

CONCLUSIONS

The experimental absorption spectra of TPPS, solutions were
studied at low concentrations in a broad range of pH values.
Five TPPS; monomers and ten dimers that can be formed from
these monomers at various pH values of the solvent have been
studied by quantum chemical DFT calculations. The structures of
monomers and dimers were determined and optimized. TD-DFT
was used to calculate the absorption properties of TPPS; monomers
and dimers, which were compared with the measured absorption
spectra. The most sensitive spectral region of TPPS; molecules
that could serve as a probe for changes in the microenvironment
is that of the Q bands. A number of structural transformations
of TPPSs have been determined when changing the acidity from
pH = 12.1 to pH = —1.0. Based on our results, it can be said
that the zwitterionic ]3(0) dimer formed at pH = 1.0 is one of the
most likely candidates for the formation of large aggregates. At all
other pH values, the corresponding monomers are expected to be
dominant.

SUPPLEMENTARY MATERIAL

See the supplementary material for the initial (non-optimized)
configurations of TPPS,; dimers, the side view of the optimized
dimers, and the calculated relative binding energies and dihedral
angles of TPPS, monomers and dimers.
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