Volume 10
Number 8
August 2025
Pages 601-684

MSDE

Molecular Systems Design & Engineering

rsc.li/molecular-engineering

3 :
: g
° ‘ r
¥ <4 ¥
Aoy y
A 54"5'%’ ! ‘9:‘? V4 M
S
1‘“ B - > ¥ L] ‘%ﬁ“ » k’ 5@_ L # ¢
" = e W e Y ¥ /s ¥ x! fg x v
o - L & A/} f 9
R\ Al a '] - “"‘\'Qy A -y 5 !.: P v
Y Nl e
¥ i 4

ISSN 2058-9689

PAPER

ROYAL SOCIETY Laura Ballulyte et & |Ch emE ADyANENG

ENGINEERING

Origins of curvature in meso-tetra(4-sulfonatophenyl) ENCINEERING
OF CHEMISTRY porphine aggregation: molecular dynamics and
electronic spectroscopy




Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 June 2025. Downloaded on 12/23/2025 11:21:54 AM.

[{ec

7 ROYAL SOCIETY
PN OF CHEMISTRY

MSDE

View Article Online

View Journal | View Issue

Origins of curvature in meso-tetra(4-
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meso-Tetra(4-sulfonatophenyl) porphine (TPPS,) is a significant theranostic agent for photodynamic
therapy (PDT) and a model system of molecular nanowires. The zwitterionic forms of TPPS, tend to form
large chiral nanotubes in acidic conditions at pH =1. However, it is still not clear how these aggregates are
structured at the molecular level. We describe a computational strategy to model the TPPS, aggregation of
small clusters using a molecular dynamics (MD) approach. Two possible forms of zwitterionic TPPS,
tetramers were considered, and their absorption and circular dichroism (CD) spectra were calculated using
the Frenkel exciton model. Possible molecular packing is suggested as a candidate for the formation of
large aggregates.
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Design, System, Application

Synthetic tubular porphyrin nano-aggregates are potential candidates for quantum energy wiring as well as drug-driving components in photodynamic
therapy in cancer treatment. Only small molecular systems, mostly dimers, can be optimized by, e.g., density functional approach with sufficient accuracy.
To consider large numbers of molecules in various designs, we used the classical molecular mechanics (MM) approach, which is computationally much less
expensive. The general Amber force field (GAFF) has parameters for most organic molecules; however, the parameters must be revised due to the
conjugation of C=C bonds in porphyrins. Reparameterization of the zwitterionic TPPS, porphyrins is performed (leading to extension of GAFF force field
parameters for porphyrin macrocycles), then tetramers are designed, solvated in a box of water. MD simulation was performed and a room temperature
trajectory is obtained, which shows the emergence of global tetramer structure curling. This demonstrates the origin of tubular structure formation.
Tetramer absorption and circular dichroism spectra were calculated using the Frenkel exciton model and peak positions in absorption spectra are similar
to peak positions in experimentally measured spectra. From this information we can learn about various artificial chiral molecular aggregate formation for
specific applications.

Introduction

In the past few decades, aggregates of molecular pigments
have been extensively investigated as potential light
harvesters' and light energy concentrators.”> Water-soluble,
metal-free, highly stable aggregates are additionally
important as possible theranostic agents for photoacoustic
imaging (PAI) and photodynamic therapy (PDT) due to the
intense light absorption in the phototherapeutic window.® A
graphical representation of the curved TPPS, tetramer in a
water box, illustrating light absorption and the generation of
optical spectra, is shown in Fig. 1.
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Fig. 1 A graphical

representation of the TPPS, tetramer
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absorption and optical spectra generation. The photosensitizer (TPPS,
tetramer) is irradiated with light and the resulting optical spectra,
which can be measured with a spectrometer, are shown.
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PDT is an innovative and non-invasive form of treatment
of oncological diseases. PDT is also well tolerated by
patients because it has high selectivity for neoplastic
tissues.* In contrast, many cancer patients who undergo
chemotherapy’ and radiotherapy® experience side effects.
5,10,15,20-Tetrakis(4-sulfonatophenyl)  porphyrin  (TPPS,)
molecules absorb light and may initiate the activation
processes leading to the death of tumor cells, hence could
be used in PDT.’> PDT treatment success might be related
to aggregation and spectroscopic characteristics. However,
the structural details of TPPS, aggregation are still not
completely understood.

The prevalent protonation state of TPPS, molecules
depends on the pH of the solvent: HgTPPS,>" (dicationic
form) is prevalent at extremely low pH (<0), HeTPPS,’
(zwitterionic form) appears to dominate at pH =1, whereas
H,TPPS,” (diacid form) dominates in the pH =3 to 4 range,
and H,TPPS,*” (tetra-anion form) dominates in neutral (pH
~7) and alkaline (pH ~12) solutions.””®* The monomers of
TPPS, spontaneously associate into tubular structures -
J-aggregates (side by side) and/or H-aggregates (face to face) -
in the host solution, depending on the pH value of the
aqueous medium and on the concentration of TPPS,
molecules.”'® The structures of TPPS, could be helical,'* flat
or flocculated,™ but there is still little knowledge about the
explicit molecular packing.

J-type aggregates are formed when monomers concentrate
with respect to each other in a direction approximately
parallel to the molecular plane, while H-aggregates are
formed when the monomers are placed on top of each
other.” The self-organization state of molecules can be
deduced from the changes in spectral properties of the

solution samples. J-aggregates are characterized by a
bathochromic (red-shifted) absorption band, whereas
H-aggregates possess a hypsochromic (blue-shifted)

absorption band in relation to the monomer absorption
band.' It has been experimentally confirmed that the
TPPS, aggregates spectroscopically feature
absorption bands of J-aggregates at low pH value (the
intermolecular electrostatic repulsion being weakened among
the molecules due to the acidic medium) specifically in the
B-band (400-500 nm) region."”

Tubular and stripelike structures of TPPS, aggregates have
been suggested, assuming that the zwitterionic TPPS,
molecules self-assemble into a bent thread that can contain
approximately 60-70 monomers in a loop.'*'® The structures
on silicon substrates were analysed with atomic force
microscopy (AFM). It was determined that the size of the
separate stripes varies from 4.5 nm X 40 nm X 200 nm to 4.5
nm x 40 nm x 1000 nm (height x width x length)."?

Pleckaitis et al. published two possible structural models
of TPPS, molecular nanotubes. In a face-exposed structure,
TPPS, molecules have “adjacent” sulfonate (SO;~) groups and
these molecules oriented with the planar side towards the
porphyrin nanotube surface, whereas in an edge-exposed
structure, molecules have “opposite” SO,  groups and these

zwitterionic
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molecules are put together with the edge exposed to the
TPPS, nanotube surface.”

However, such microscopic-level
available in experiments. Additionally, only small molecular
systems, mainly dimers, can be modeled with sufficient
accuracy to describe ground and excited states by ab initio
quantum chemistry methods, e.g. density functional theory
(DFT).**2° Ishii et al used DFT with Becke's three-
parameter hybrid functional applying the non-local
correlation provided by the Lee, Yang, and Parr (B3LYP)
method along with the Pople 6-31G* basis set for
modelling similar types of H,TPPS; J-dimers. Right-handed
helical, left-handed helical, or parallel structures have been
found.”® In our previous study, 5 different monomers and
10 dimers of TPPS,, differing by protonation pattern, were
determined using DFT with the Coulomb-attenuating
B3LYP functional (CAM-B3LYP) and Pople 6-31G(d,p) basis
set. The influence of water (solvent) was also approximately
evaluated with the polarizable continuum model (PCM). It
has been shown that the dimers are dominant at pH 1.0,
while the monomeric forms dominate at pH 12.1 to 3.0
and at pH -1.0. However, the calculations showed that
zwitterionic TPPS, molecules and their dimers do not show
curvature (or bending) and the proposed tubular
aggregation remains inconsistent with the DFT-implied
planar type of TPPS, molecular structure.

Larger molecular aggregates may be necessary to address
in order to expose the structural bending, influence of water
molecules and thermal effects, which might demonstrate the
accumulation effect. The classical molecular dynamics (MD)
approach, based on classical equations of motion and using
effective  molecular mechanics (MM) intermolecular
interactions, could be used for this purpose due to lower
computational cost in comparison to quantum chemistry.
MD simulations allow for finite temperature dynamical
corrections due to the anharmonicity of interaction
potentials. MD simulations provide a toolkit to study static

and dynamical processes in larger systems consisting of tens
22,23

information is not

of thousands of atoms.

In a previous study, the chiral self-organization of diacid
TPPS, (H,TPPS,”") tetramers was theoretically simulated.
Despite the progress of porphyrin chiral self-organization
investigations,* very little is known about the zwitterionic
TPPS, (H¢TPPS,°) form aggregation. In this study, starting from
quantum mechanical (QM) calculation of H¢TPPS,’ monomers
Z1 and Z2 (see Fig. 2(a-c) inside the blue rectangles), the
molecular  structures were parametrized for MM
optimization and MD simulations leading to an updated
force field (FF). A fluctuating exciton model based on the
MD trajectory was constructed. Linear absorption and
circular dichroism (CD) spectra, which are very sensitive to
the molecular organization,>?® were calculated for the
obtained chiral tetramers. Correlation between the modelled
and the experimentally measured®' spectra was used to
suggest the favourable aggregation type of the TPPS,
aggregates.

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 2 Chemical structure of the HgTPPS,° monomers (inside blue rectangles) and dimers (inside orange rectangles) constructed from this
monomer. Tetramers are obtained by all four monomers in a row. (a) Z1 - zwitterionic form aggregates, where SOzH groups are opposite, (b) Z2 -
zwitterionic form aggregates, where SOzH groups are adjacent, (c) other form of Z2 aggregation. Charged parts of the molecule: (d) positively
charged porphyrin ring (charge +2), (e) charged sulfonatophenyl group (SOs™ - red), (f) neutral sulfonatophenyl group (protonated SOsH - green).
Z1 tetramer in (a) and Z2 tetramer in (b) are possible structures to form extended aggregates, Z2 tetramer in (c) cannot grow because of

electrostatic interactions.

Results and discussion

The QM optimized TPPS, structures of Z1 and Z2 monomers
are shown in Fig. 3(a) and (b), respectively. As these forms of
the porphyrin molecule are charge-neutral, we have shown by
quantum mechanical calculations that they tend to form
dimers.*!

These structures are very similar to those used in our
previous publication.>® However, in the present study, we
obtained the Z1 and Z2 monomers using B3LYP with the
Pople 6-311G(d,p) basis set, whereas in ref. 21, we used CAM-
B3LYP with the Pople 6-31G(d,p) basis set. In this study, the

5={

i

Fig. 3 QM optimized structures of TPPS; monomers. (a) Z1 monomer,
(b) Z2 monomer. Hydrogens of SOszH groups are surrounded by a
black oval.

This journal is © The Royal Society of Chemistry and IChemE 2025

B3LYP method was used because we calculated separate
molecules (monomers) and in this case long-range Coulomb
interaction is not important. Therefore, these structures are
not equivalent. B3LYP calculations were not used for larger
structures. Here we point out that the Z1 monomer has
almost perfect C, symmetry, unlike Z2. Additionally, the side
rings (of benzene) are much more twisted in Z2. Apparently,
the symmetry of the molecule significantly affects the
electron distribution in the porphyrin ring, which affects the
twisting of the side rings. These structures and their
mechanical properties are used to parameterize classical
force fields specifically for these molecules.

The MM optimized geometries of the TPPS, Z1 and Z2
monomers with the numbers of carbon and nitrogen atoms
used in this paper are presented in Fig. 4(a) and (b),
respectively.

It was observed that phenyl groups with non-protonated
sulfonate groups (SO;") in para positions are more twisted
than phenyl groups with protonated sulfonate groups
(SO3H) in para positions in both the Z1 and Z2 monomers
(Fig. 4(a) and (b)). Atom types of these monomers were
assigned automatically with the Antechamber program?®’
and revised upon visual inspection. The overlap of the
TPPS, Z1 and Z2 monomer structures optimized with
B3LYP/6-311G(d,p) and MM optimized structures with
marked atom types, which were changed, are depicted in
Fig. 4(c) and (d), respectively. Other atom types were not

Mol. Syst. Des. Eng., 2025, 10, 635-648 | 637
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Fig. 4 MM optimized structures of TPPS,; monomers and overlap of the TPPS; monomer structures optimized with DFT B3LYP/6-311G(d,p)
(green) vs. MM (yellow). TPPS; monomers with the numbers of carbon and nitrogen atoms: (a) Z1 monomer, (b) Z2 monomer, (c) QM and MM
optimized Z1 monomers, (d) QM and MM optimized Z2 monomers. New atom types at MM level: 1;2;6;9 - “cc”; 3;4;7;10 - “cd”; 5;8 - “ce” (Z1
monomer) and 1;5 - “cd”; 2;4 - “cc”; 3,6 - “ce” (Z2 monomer). (a) and (b) Hydrogen atoms are not shown except the ones bonded to oxygen and
nitrogen atoms; (a)-(d) hydrogens of SOsH groups are surrounded by a black oval.

changed. Technical information on MM optimized Z1 and
Z2 monomers is presented in the ESIL}

A comparison of parameters (bond lengths, valence angles
and dihedral angles) between TPPS; Z1 and Z2 monomer
structures optimized with QM vs. MM is presented in
Tables 1-3. Table 1 presents only bonds with lengths that
differ the most between QM and MM structures, i.e. absolute
length difference equal to 0.02 A.

This shows that the reparameterization resulted in very
good FF representation (note that the difference in bond

Table 1 Bond lengths (A) of Z1 and Z2 monomers after QM and MM
optimization

Z1 monomer

Bond lengths

(A) QM MM
C23-C22 1.40 1.42
C13-C12 1.40 1.42

Z2 monomer

QM MM
N1-C1 1.38 1.40
C6-C43 1.40 1.42
C5-C42 1.40 1.42

638 | Mol Syst. Des. Eng., 2025, 10, 635-648

lengths in the other tetrapyrrole (pheophytin a) structure is
up to 0.15 A between QM and MM structures in a previous
study?®).

The valence and dihedral angles of TPPS; monomer
macrocycles (see Tables 2 and 3) were also compared between
QM and MM structures. It was noticed that the largest
differences are 3.38° (Z2 monomer, C2-C44-C9), 13.27° (Z1
monomer, C14-C17-C33-C34) and 15.83° (Z2 monomer, C2-

Table 2 Valence angles of Z1 and Z2 monomers after QM and MM
optimization

Z1 monomer

Valence
angles (°) QM MM
C26-C7-C8 126.47 129.33
C23-C22-C21 125.42 125.08
C14-C17-C18 126.46 129.37
C11-C12-C13 125.42 126.08
Z2 monomer
QM MM
C5-C42-C14 125.54 127.07
C10-C41-C13 126.47 127.38
C1-C43-Cé6 127.15 127.38
C2-C44-C9 124.66 128.04

This journal is © The Royal Society of Chemistry and IChemE 2025
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Table 3 Dihedral angles of Z1 and Z2 monomers after QM and MM
optimization

Dihedral angles Z1 monomer

© QM MM
C13-C12-C39-C44 -120.67 -123.88
C14-C17-C33-C34 -117.12 -103.85
C26-C7-C4-C3 117.19 107.67
C23-C22-C27-C32 120.64 122.00

72 monomer

QM MM
C1-C43-C35-C37 -109.99 -121.44
C2-C44-C17-C18 -125.61 -109.78
C14-C42-C29-C30 118.59 118.59
C13-C41-C23-C25 118.11 110.65

C44-C17-C18). Hence, structures of the Z2 monomer with
“adjacent” SO;H groups differ more than those of the Z1
monomer with “opposite” SO;H groups at QM and MM level.

(@)

8
8
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g
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g
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Conversely, in the pheophytin a structure,®® the largest
valence angle difference is equal to 8.3° (larger than in our
structures).

Despite the fact that the MM Z2 monomer (Fig. 4b) is
deformed compared to the QM Z2 monomer (Fig. 3b), as
shown in Fig. 4(c) and (d), the QM and MM optimized
structures of our monomers (including both Z1 and Z2) are
very similar. The tetramers were constructed gradually to
keep the simulation stable as described in section
Computational details. 100 ns MD simulation was performed
for solvated tetramers.

In order to know whether TPPS, Z1 and Z2 tetramers form
some type of curved structure, the Z1 and Z2 tetramer global
structures were inspected by introducing an intermolecular
curvature angle, which is recorded along the MD trajectory
(see Fig. 5(c) and (d), respectively). The molecules were
numbered 1 to 4 in a row. A first vector, 312, is drawn
between the porphyrin ring centres of the first and second
TPPS, (these are mass centres defined by the corresponding

(b)

(@

| ‘
\ H“ | il
)"Q tl,’ "v ,u ’l l
Il

0 20 €0 80 100
“Time (ns)

Angles (degrees)
0 20 40 60 30 100 120

®

(@ and b) Initial structures of TPPS, (a) Z1 and (b) Z2 tetramers. (c and d) The curvature angle « variation along the trajectory for (c) Z1 and

(d) Z2 tetramers. (e) Z1 tetramer when « angle is smallest and (f) when « angle is largest. (g) Z2 tetramer when « angle is smallest and (h) when «
angle is largest. Hydrogen atoms are not shown except the ones bonded to oxygen and nitrogen atoms. Hydrogen atoms of SOsH groups are

marked by a black oval.

This journal is © The Royal Society of Chemistry and IChemE 2025
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four nitrogen atoms of the four molecules). A second vector,

34, is drawn between the porphyrin rings of the third and
fourth TPPS, molecules. Then the angle between these two

vectors (by using the dot product definition) is given by:
512‘634

[P 1)

a = arccos ,
@12+ az4l

This angle is zero when the tetramer is linear (I-like shape),
or the tetramer forms a N-like shape. These two shapes do
not show a global curvature. However, the angle is always a
positive number between 0° and 180° when the tetramer's
structure is of C-like shape, ie. when there is a global
curvature. The importance of this approach is that it excludes
information on simple structure rotation, which is not
relevant for our analysis.

The results, reported in Fig. 5(c) and (d) show that the
molecules form a curved structure having permanent curve
angle o = ~30°. Structures with the smallest/largest « are
depicted in Fig. 5(e) and (f) for the Z1 tetramer, and in
Fig. 5(g) and (h) for the Z2 tetramer. The largest curvature for
Z1 (a = 96°) is found at 92 ns, while in Z2 a larger maximum
angle (a = 121°) is found at around 19.2 ns. It is also noticed
that in the Z2 tetramer after simulation (Fig. 5(g)), the second
and fourth TPPS, residues were rotated by ~270° compared
with the initial Z2 tetramer (Fig. 5(b)). Hence, our results
show that TPPS, forms a curved structure. Meanwhile, EIl-
Hachemi et al.?® determined by X-ray and electron diffraction
methods that H,TPPS, > forms sheets along the [101] plane
direction. According to their results, each porphyrin molecule
is slightly rotated. Moreover, the porphyrin macrocycle is
almost perpendicular to this plane. It causes a decrease in
the symmetry in the structure on the plane mentioned above.
Due to these reasons, parallel dimers are arranged as
n-stacks. However, we cannot compare these results directly
because we use different protonation patterns of TPPS, (our
porphyrin is electrically neutral, while the authors
investigated the diacid form). Moreover, these authors
investigated the crystal architecture of TPPS,, while we
simulated TPPS, tetramers solvated with a water box.

In order to qualitatively assess whether this permanently
curved and fluctuating structure is feasible, we performed
absorption spectra calculation using the Frenkel exciton
model, which has been successfully used for calculating
absorption and CD.*°

Due to its structural symmetry, TPPS, has two degenerate
optical transitions for each absorption band. Two absorption
bands are mostly considered for this type of molecules,*!
thus leading to four transitions per molecule.

The TPPS, molecule would have C, symmetry if hydrogen
atoms were ignored. Only the electrons of the porphyrin ring
are optically active. Hence, the protonation state of distant
SO; groups should not affect significantly the optical
transitions. For such symmetry all electronic excitations are
doubly degenerate with perpendicular, e.g. x and y, transition
dipoles in the symmetry plane. The exact orientation of these
dipoles is irrelevant, because for degenerate transformation

640 | Mol Syst. Des. Eng., 2025, 10, 635-648
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the two quantum basis states could be used to construct
equivalent “twisted” basis functions as their two linear
superpositions. The two basic transitions can be conveniently
placed along the four nitrogen atoms.

However, the Z1 and Z2 forms of the TPPS, molecule have
reduced symmetry since, during the MD run, the molecular
geometry fluctuates. Thus, an arbitrary transition dipole
placement does not hold, so we have considered two models
for dipole configurations. Consider a single molecule.
Considering two absorption bands (Q and B), two transitions
per single absorption band, there are four transitions per
molecule with four transition dipoles. The two dipoles of the
Q band are perpendicular, while the other two dipoles of the
B band are also perpendicular, and the orientation of the Q
dipole with respect to the B dipole is not defined.
Perpendicular transition dipoles can be placed along lines
connecting  opposite nitrogen atoms (giving two
perpendicular directions). Additionally, we can consider
directions which are diagonal to the lines connecting the
nitrogen molecules. Consequently, for the two absorption
bands we can consider two models for transition dipole
orientations, as shown in Fig. 6: two of them are
perpendicular to the other two. In both models the transition
dipoles of the Q band are perpendicular, and the transition
dipoles of the B band are perpendicular. However, in model I
transition dipoles of the B band make a 45° angle with
transition dipoles of the Q band, while in model II transition
dipoles of the B band have the same directions as transition
dipoles of the Q band. As the molecules fluctuate along the
trajectory, the transition dipole orientations (and angles
between them) slightly fluctuate, making these two models
not equivalent.

The given set of dipole vectors of a single molecule (model
I and model II) are used for all four molecules in the
tetramers. Note that all parameters except the molecular
transition energies and transition dipole amplitudes are
fluctuating along the MD trajectory. Consequently, the
resonant couplings fluctuate along with the transition dipole
orientations and intermolecular distance fluctuations.

The calculated absorption and CD spectra are averaged
along the MD trajectory. For reference, in Fig. 7 and

(a) Model | (b) Model Il

A Aj
Hi Hie, 4 -
Q0 010
Fig. 6 Models (a)-1 and (b)-Il of optical transition dipole orientations in
relation with the TPPS; molecule’s nitrogen atoms, with 4; and z,

corresponding to the optical transition energies of the Q band and Hj
and i, for the B band.

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 7 Calculated absorption (a and d) and CD spectra (b and e) and dynamics of the average strength of the intermolecular couplings of the Q-
Q, B-B and mixed Q-B bands (c and f) of model | dipole configuration of the Z1 and Z2 tetramers. For definitions of the models see sec.

Computational details.

8(c and f) we present the calculated nearest-neighbour
coupling constants, averaged across the Hamiltonian matrix

Fig. 8 Calculated absorption (a and d) and CD spectra (b and e) and dynamics of the average strength of the

71

72

Absorption

Absorption

600

500
2 (nm)

L
500

2 (nm)

600

t(ns)

for the same kind of interactions: we thus have three types:
Q-Q, mixed Q-B and B-B couplings. It can be observed that

intermolecular couplings of the Q-

Q, B-B and mixed Q-B bands (c and f) of model Il dipole configuration of the Z1 and Z2 tetramers. For definitions of the models see sec.

Computational details.
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average values can be established for Z1 monomers and
relative fluctuations for all types of couplings are the same.
Z2 monomers show a slightly larger variation of the
couplings. The dynamics of the average strength of the
intermolecular couplings of the Q-Q, B-B and mixed Q-B
bands in Fig. 7 and 8(c and f) correlate with the change in
both the Z1 and Z2 tetramer's curvature « angles
(Fig. 5¢ and d).

Absorption and CD spectra for both Z1 and Z2 tetramers,
for two dipole models (in Fig. 6), are shown in Fig. 7 and
8(a, b, d and e) and are summarized in Table 4. Both models
show almost identical absorption with splitting of the B band
with a strong peak at ~470 nm. Another peak is at 428 nm
for the Z2 type tetramer, while this feature further splits in
the Z1 tetramer. The molecular transition is at 435 nm (see
model parameters below, eqn (2)). The 470 nm band in the
spectra is often denoted as the J band, while the 425 nm
feature is the H band.

The Q band has a much simpler profile (the fine sub-
peaks are not resolved with the given linewidth) showing a
single peak at ~650 nm which is red-shifted from molecular
transition at 646 nm (see model parameters below, eqn (2)).
Most notably, there is a difference between Z1 and Z2
tetramers in absorption only in the B band region.

CD spectra are much more sensitive to fine structure
fluctuations, which is confirmed by the calculated result: fine
variations of the spectral line incomplete convergence with
respect to fluctuations; however, the spectral variations are
small and the trend is clear. The Z1 tetramer in B band
demonstrates a — + pattern for model I and a + - + pattern
for model II (from blue to red spectral region). Only a
negative feature is observed for both models in the Q band.
The Z2 tetramer demonstrates a + — + pattern for model I
dipole configuration and a — + — pattern for model II dipole
configuration in the B region, whereas this tetramer
demonstrates a + — obvious pattern for both models in the Q
band. The crossing points of the zero amplitude line are
listed in Table 4.

TPPS, molecules in acidic conditions are known to self-
organize into extended cylindrical structures as confirmed by
experiments. In our previous study we used quantum
mechanical optimization of molecular dimers to sort out
possible structures which are stable and can grow into larger
structures. However, the quantum mechanical optimization

View Article Online
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can hardly be extended to large structures. As a result, here
we switch to classical molecular dynamics.

Using MD simulations, we seek to reveal the main
molecular building blocks which lead to formation of the
structures. MD relies on classical force fields, which are
parameterized for specific molecular bonding and
intermolecular interactions. The force field has been
extensively parameterized for molecular short-range
properties (bond lengths, valence angles, ...).>**' However,
optically active molecular chromophores usually contain
extended conjugated structures, which have unique electronic
configurations. Accordingly, the force field has to be adjusted
for the given chromophores.

TPPS, molecules possess intricate cyclic
Structurally, a porphyrin molecule comprises four pyrrole
rings. Each of these rings contains one nitrogen and four
carbon atoms connected by -CH= linkages. The center of
the porphyrin ring in TPPS, binds protons. Symmetric
configuration of bonds leads to formation of cyclic 18
n-electron ring system, which connects the four pyrrole rings
and their linkers. According to our calculations, direct
application of general Amber force field (GAFF) leads to a
molecular structure which significantly deviates from the
quantum chemistry optimized result. Hence,
reparametrization has been performed. Molecular geometry
optimization using classical force fields leads to an almost
perfect match of the molecular optimal geometry.

Linear Z1 and Z2 tetramers were constructed and the
tetramer structures were optimized in an explicit water
box. This leads to a specific structure; however, the
structure cannot be understood as necessarily the most
optimal. It is merely one possibility because at room
temperature the solvent has sufficient thermal energy to
shift the molecule out of the potential minimum and a
variable structure becomes a better representative of the
typical structure.

A global structure parameter becomes necessary to
introduce for fluctuating structure characterization. Schifino
et al. used a tilting angle between TPPS, porphyrin rings.**
We thus use a similar parameter - the curvature o angle;
however, it covers more extended geometrical information.
The tilting angle in Schifino et al.'s study of Rac-H,TPPS,>”
tetramer varies more than our « angle (and structures) of Z1
and Z2 tetramers. However, we cannot compare these results

structures.

Table 4 Main peaks of theoretically calculated absorption spectra and O intensity intercepts of calculated CD spectra for each model. Due to

fluctuations, the intercept points should be considered only approximately

Absorption spectra CD spectra
Model® Tetramer B (nm) Q (nm) B (nm) Q (nm)
I 71 413, 428, 440, 470° 652 425, 434, 448 —°
72 428, 466° 650 428, 437, 475, 480 653
II 71 413, 428, 440, 470° 652 425, 434, 448 —
72 428, 166” 650 421, 428, 437, 461 652
“ Model by orientation of the optical transition dipole vectors (see Fig. 6). * Boldface denotes the strongest spectral peaks. ¢ “—* denotes a

spectral peak with no intersect with y = 0.
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directly because we performed plain molecular dynamics
simulations, while Schifino et al. performed enhanced
sampling simulations with parallel bias metadynamics.**
Moreover, our structures have a different protonation pattern
(our chromophore is electrically neutral). Their main result is
that axial chirality affects the chiral self-assembly of the H,-
TPPS,>” porphyrin in larger supramolecular structures. On
the other hand, our Z1 and Z2 tetramers are “racemic”, iLe.
they have 2 positive and 2 negative dihedral angles and one
tetramer, which as determined by the above-mentioned
authors is also racemic.

Our previous calculations based on dimers did not reveal
any tilt between neighbouring molecules. We thus find that
larger molecular structures in explicit water are necessary to
reveal structural curvature. The important result here is that
such curvature remains conserved at room temperature in
the presence of extensive fluctuations. Such formation hence
could be behind the formation of cylindrical structures when
the number of molecules increases. As was mentioned above,
TPPS, tetramers form structures with a permanent curve
angle () of approximately 30°. Longer aggregates would tend
to curve into a ring. A full ring of the nanotube structure
spans 360°. Therefore, if four molecules correspond to ~30°,
then 48 molecules will correspond to 360°, indicating that
the nanotube ring should contain approximately 48 TPPS,
molecules. This result aligns well with literature data, which
suggest that aggregates typically contain 60-70 monomers in
a ring, as determined by comparing experimentally measured
and theoretically calculated results.">'® However, at least
two-dimensional larger structures may be necessary to
characterize.

The most direct correlation to experiment can be
performed by considering spectra of molecular structures.
Indeed the spectroscopic properties significantly depend on
intermolecular resonant interactions. This forms the basis of
the Frenkel exciton model, which assumes different
molecules interacting only electrostatically and electron
exchange is not included. The model allows calculating the
spectra with such restrictions, which usually yield sufficiently
accurate results.

Using MD variation of the structure yields variation of the
spectra. The trajectory thus has to be sufficiently long so that
the calculated spectra cover the most probable structure
variations and shows the converged result. We have checked
the convergence of the spectra by inspecting the variation of
the spectra with the number of frames included. In Fig. 9 we
show that the number of frames included in our calculations
only slightly affects the intensity of the spectral peaks in the
B band (the Q band remains constant). We can see in Fig. 10
that the number of frames that we use in our theoretically
calculations only slightly changes the intensity of the B band
in the CD spectrum as well. This confirmation of CD is very
important as the CD spectrum is very tightly related to
molecular structure variations as it is directly induced by
structural chirality. As independent molecules in the dipole
approximation are assumed to be non-chiral, the CD

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 9 Calculated B band of the Z1 tetramer of model | averaged over
different numbers of frames. For definitions of the models, see Fig. 6.

spectrum becomes induced by global properties of the
tetramer. Hence, the CD spectrum directly indicates the effect
of the chiral curvature of the structure.

One of the targets is related to defining the most probable
zwitterionic structure by comparing to experimental data. In
our previous study, we determined that the theoretically
calculated results for the monomers and dimers support the
experimentally observed spectral shift when the pH values
decrease from pH 7.1 to pH 1.0 (ref. 21) (on the other hand,
the spectral shift obtained by quantum chemical methods
does not coincide with experimentally measured data when
the pH decreases from 1.0 to -1.0). Our previous studies
revealed that the ] dimer (which forms from the 72
monomer) is the most likely initial structure to form larger
structures at pH 1 (ref. 21) (see corresponding dimer scheme
in Fig. 2(b) inside the orange rectangle). In our present
calculations in Fig. 5(c and d) we find that the Z1 tetramers

F T T T T T T ) -
—— 5000 Frames
——3000 Frames
—— 1500 Frames
—— 500 Frames

CD (a.u.)

L I R 1 . I .
400 425 450 475 500

A (nm)

Fig. 10 Calculated B band CD spectra of the Z1 aggregate of model |
averaged over different numbers of frames. For definitions of the
models, see Fig. 6.
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are slightly more compact than Z2 - the variation of the
curvature angle of the Z1 tetramer is smaller and the angle
itself is smaller, hence the Z2 tetramer is more curved. As the
result the intermolecular interactions (e.g. B-B type in
Fig. 7(c and f)) in the Z2 tetramer are slightly smaller
compared to that in the Z1 tetramer. The difference in
interactions results in a slightly distinct B band between the
Z1 and the Z2 tetramers: the B band of the Z1 tetramer shows
four distinct peaks (with the strongest peak at 470 nm), while
only two peaks are resolved in the case of the Z2 tetramer.
Our present calculations of absorption spectra of Z1 and Z2
tetramers, corresponding to pH 1.0, show that the peaks in
the B and Q regions become red-shifted (Table 4) compared
to that of the monomers (Table 1 (ref. 21)). These results very
well coincide with literature data.'* Eventually, the difference
between absorption of Z1 and Z2 tetramers is quite small;
however, the larger red-shift of the Z1 tetramer better
represents the experiment, where the aggregate-related peak
(B band) was identified at 490 nm. This does not rule out the
significance of the Z2 form. However, more research on this
topic needs to be undertaken in order to know whether Z1 or
Z2 TPPS, forms are more probable candidates to form large
aggregates, or whether mixed Z1-Z2 aggregation is also
possible.

In many of the spectra of J-aggregated TPPS, porphyrins
reported so far in the literature (see e.g. ref. 32 and 33), the
spectral features at 490-492 nm are rather sharp and are often
used as aggregate markers. The aggregate-related peak in ref.
21 is broad and relatively small. We can easily show that this
broad linewidth is related to variation of the intermolecular
couplings or to different levels of aggregation. As an example,
we have used our MD trajectory and calculated spectra
including only dimers and trimers by neglecting other
chromophores. We can see that when we decrease the number
of molecules in our model, the gap between the most
pronounced peaks of the B band decreases and becomes
closer to the shape expected in a monomer. Even when
considering a dimer, the splitting of the B band is still very
pronounced (Fig. 11). If the large J-aggregates have a peak at
490 nm, the smaller ones should be somewhat more blue-
shifted. However, from Fig. 11, the tetramer already shows a
significantly red-shifted band compared with monomers (and
dimers). As such, it may be that the majority of the red shift is
already present at the level of the tetramer. We also note that
the spectra of ref. 21 were done at small concentrations.
Spectroscopic characteristics and changes with respect to the
number of molecules (Fig. 11) are the same for Z1 and Z2.

The most sensitive spectroscopic structure probable is the
CD spectrum. The CD spectra are difficult to compare to
experimental results as the TPPS, tetramers may exist only at
very low concentrations, too low for quality CD
measurements. Hence, we did not find quality experimental
CD spectra of TPPS, at very low concentrations. Additionally,
the CD spectra are dependent not only on the solute but also
on the solution environment, and induced dichroism is often
obtained,**> which has been observed for TPPS,-type
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Fig. 11 Calculated absorption spectra of a monomer, dimer and
tetramer of Z1 aggregate model I. For definitions of the models, see
Fig. 6.

J-aggregates when the pH of the solution is about 1.>® On the
other hand, this does not mean that J-aggregates under these
conditions are not chiral. Most probably the solution involves
racemic mixtures of chiral aggregate molecules and their CD
signals compensate for each other. For this reason, the
calculated CD spectra are presented as the reference spectra,
which can be used for future studies.

The racemization phenomenon of TPPS, was investigated
experimentally by D'Urso et al®” They determined that the
intensity and sign of the CD signal in H,TPPS,* and H,-
TPPS, > spectra dynamically depend on mechanical stirring
direction (clockwise and counterclockwise). Hence, the
equilibrium of a racemic TPPS, mixture shifts by stirring.
Moreover, the chirality also depends not only on mechanical
stirring but also on the reagent mixing order, i.e., whether
porphyrin is added as the first or as the last reagent in the
solution.*® Furthermore, it was determined that counter-
anions probably influence the precursor (initial dimer)
formation and the stabilization of the oligomeric structures
of TPPS,. The sign and intensity of the CD signal also depend
on the hydrogen bonding ability of the various anions.*®

It must also be taken into consideration that our
Hamiltonian calculation approach is approximate - we include
only dipole-dipole interactions. Higher-level intermolecular
coupling calculation can be performed using the Poisson-
TrEsp approach,®® which has higher accuracy at small
intermolecular distances, i.e. for nearest-neighbour molecules
in the aggregates. Additionally, the description of the dielectric
environment is improved by self-consistent solution of the
Poisson equation, which may be relevant for our system since
molecules have non-uniform charge distribution. However,
these developments for TPPS, aggregates would be important
for direct comparison with experiments, while here we present
the qualitative estimations.

All in all, this study employs MD simulations for
modelling molecular aggregation, which is a nontrivial
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computation problem. MD simulations still lack reliability
for extrapolating and predicting structures or processes. Our
study is thus tightly correlated with experimental
observations and therefore provides the missing molecular-
level link towards formation of TPPS, nanotubes. For this
purpose, the highly symmetric metal-free porphyrin
macrocycle was parametrized, i.e. GAFF parameters for TPPS,
were determined. A curvature angle o was introduced for
global structure characterization. Such analysis could help to
analyse larger chromatophore (TPPS, and similar) aggregates.

Regarding the reliability, the results were correlated with
experimental observations: not only absorption and CD
spectra but also dynamics of the average strength of the
intermolecular couplings of the Q-Q, B-B and mixed Q-B
bands improve the prediction of aggregate spectroscopic
characteristics, which could be related with quantum energy
wiring efficiency. Our complex approach to the problem of
molecular cooperative quantum response is a solid step
towards bottom-up approach molecular aggregation.

Computational details

The zwitterionic form of TPPS, (H¢TPPS,°) dominates at a pH
~1.%21% There are two types of zwitterionic monomers: the
“opposite” zwitterion, where SO;H groups are opposite (which
we denote as Z1, as we did in our previous article®"), and the
“adjacent” zwitterion, where SOzH groups are adjacent (denoted
as Z2 (ref. 21)). The initial TPPS, structures were constructed by
hand using the GaussView 6.1 software package.*” Ab initio
QM geometry optimization of the zwitterionic TPPS, Z1 and
Z2 monomers (see Fig. 2(a-c) inside blue rectangles) was
performed to determine the molecular configuration using
the DFT B3LYP method along with the Pople 6-311G(d,p)
basis set. The polarizable continuum model (PCM) was
used to evaluate the influence of water (solvent).*> All QM
calculations were performed using the Gaussian 16 software
package.**

The MM and MD methods are based on optimized inter-
atom interaction potentials, commonly referred to as an
atomic force field. Classical FF, including one of the most
widespread GAFF, characterizes two types of interactions:
chemically bonded and non-bonded. Parameters of bonded
interactions characterize bond lengths, bond angles, and
dihedrals (torsional) angles. Hence, covalent bond stretching
and valence angle bending are parameterized using the
harmonic models, while a harmonic function is used for
dihedral twisting energy. The non-bonded interactions are
characterized by electrostatic and van der Waals terms.*>*®

GAFF has parameters for most organic molecules made of
C, N, O, H, S, P, F, Cl, Br and L.* However, for some
molecular systems, the parameters must be revised due to
the extended conjugation of C=C bonds in pigments.*® Since
TPPS, has a complex electron delocalization it is necessary to
adjust the FF parameters. There is little published data about
tetrapyrroles parametrization. To date, only naturally found
tetrapyrrole- like pigments have been parametrized for MM:

This journal is © The Royal Society of Chemistry and IChemE 2025

View Article Online

Paper

Guerra et al. performed chlorophyll a and pheophytin a FF
parametrization,”® while Zhang et al developed new FF
parameters for metalloporphyrin heme 5.*' However, these
parameters do not apply to TPPS, since chlorophylls have
different macrocycles and symmetry. There is no published
FF for synthetic tetrapyrroles such as TPPS,, which is
structurally more symmetric than, e.g. chlorophylls (especially
the Z1 form). In the present case several atom types, bond
lengths, valence angles and dihedral angles were adjusted for
bonded interactions for both Z1 and Z2 zwitterions. The
obtained set of parameters is combined in the ESI} Atomic
partial charges of TPPS, were derived by fitting the
electrostatic potential (ESP) of the molecule using the
restrained electrostatic potential (RESP) model.*”*®  All
parametrization and MM calculations were performed with
AMBER 22 software package.*’

Next, the dimers (see Fig. 2(a-c) inside orange rectangles,
respectively) were constructed from TPPS, Z1 or Z2
monomers (see Fig. 2(a-c) inside blue rectangles,
respectively). Each dimer was solvated in a truncated
octahedral box of water (one dimer in one box) with a
3-charge, 4-point rigid water model (OPC) with a distance of
10 A between the solute and the edges of the box.*°

The solvated structures were first optimized using 500
steps of steepest descent (SD) followed by 1500 steps of
conjugate gradient (CG). TPPS, aggregation experiments are
usually performed at room temperature.”"*> Due to this
reason, after minimization, the molecular systems were
heated to 298.15 K for 50 ps constant-volume, constant-
temperature (NVT) ensemble simulations. Positional
restraints (4 kcal mol™ A™) were applied to all non-hydrogen
atoms of the TPPS, dimers (and also tetramers). Next, a 1000
ps constant-pressure, constant-temperature (NPT) ensemble
equilibration at 298.15 K was performed applying the same
constraints on the structures. Finally, a production step of
100 ns at 298.15 K in the NPT ensemble was performed. A
time step of 2 fs was used in combination with the SHAKE
algorithm. Temperature and pressure were controlled with a
Langevin thermostat and a Monte Carlo barostat as
implemented in AMBER 22. Particle-mesh Ewald algorithm
(PME) electrostatics with a short-range cutoff of 10 A were
used for all simulations.”® Asymmetrical flat-bottom distance
restraints were employed to limit the configurational space
available to the tetramers. Specifically, these restraints were
applied between the H(N) atoms of the porphyrin ring and
the oxygen atoms of the sulphonic groups. The potential was
left unchanged for distances below 9 A to allow for a
rearrangement of the tetramer structure while avoiding a
complete dissociation of monomers (this was never observed
for stable initial configurations).

The tetramers were constructed based on the structures
extracted from dimer simulations (see Fig. 2(a) and (b)). Two
linear Z1 and Z2 tetramers (see Fig. 5(a) and (b)) were
constructed from the dimers and their MD simulation was
performed. In the Z1 tetramer due to C, symmetry, both
negative sulfonate groups can be positioned to interact with
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the positively charged porphyrin ring of its neighbour (see
Fig. 5(a)), while in the Z2 tetramer only one negative
sulfonate group can be interacting with the positively charged
porphyrin ring (see Fig. 5(b)). The Z1 and Z2 tetramers were
solvated in a truncated octahedral box of water before MD
simulation. At least 12 A were kept between the TPPS,
tetramers and the edges of the box. The simulation was run
using the same conditions as for the dimers.

MD analysis was performed by using the CPPTRAJ™
module of AmberTools. For trajectory visualization the Visual
Molecular Dynamics (VMD) software was employed.>® Typical
obtained structures are shown in Fig. 5.

The two transitions are responsible for the Q band (600-
700 nm), while the other two are related to the B (Soret) band
(400-500 nm).>® Consequently, the electronic Hamiltonian
(unique for each MD frame) is given by

N N 4 n¥xm 4
H=Y "> "Elndni| + Y > VaimniXm|, )
n=1 i=1 nm=1 jj=1

Here indices n and m mark different molecules, N = 4 is the
number of molecules, |n;) and |m;) are the states where the
nth and mth molecules are excited to their ith and jth states,
respectively, while other molecules remain in their ground
states. E; is the energy of state |n, while V,;,,; is the resonant
coupling constant between excitations |n;) and |m;. The
transition energies are assigned values of E, , = 15485 cm ™'
— 646 nm (Q band) and E;, = 22987 cm™' — 435 nm (B
band). These transition energies were chosen to match peaks
in the experiment at low concentrations (¢ = 3 x 10°° mol L™")
at pH 1,”! when monomers are expected to dominate the
spectra.

Dipole-dipole intermolecular interaction was assumed for
off-diagonal elements of the Hamiltonian between different
molecules:

it _ (ﬂmj‘an) (i Rom)

Vni,mj = ke R R )
nm nm

(3)

where k. = 4neg, ' is the Coulomb interaction constant, g,;
and g, are respectively the nth and mth molecules' ith and
Jth optical transition dipole vectors of each molecule, and
R, is the vector connecting the nth and mth molecules’
dipole origins (in calculations it is taken as a vector
connecting the center of masses of the nitrogen atoms of
specific molecules). R,,, is the vector length (distance). The
transition dipole vectors were assigned values of 3.9D and
11.6D for Q and B bands, respectively. These dipole values
were tuned to fit the main features of the experimental
results presented in ref. 21.

The matrix of transition dipoles forms the aggregate
polarization operator, which can be written in the following
form:

S
Il

N 4
P=Y"3 uloXn| +he. )

n=1 i=1
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where |0) is the vacuum state with all molecules in their
ground state, h.c. is the Hermitian conjugate. This operator
is the basis of the response function formulation of the
optical spectroscopy theory,”” hence, absorption and CD
spectra. For this purpose, the problem is switched into
exciton representation.

The exciton states are calculated by
Hamiltonian eigenvalue equation:

solving the

Hy = ey, (5)

where ¢ is the eigen energy of stationary state y. Given the
full set of eigenvectors with corresponding eigenvalues, and
using the Gaussian line shape model, the absorption
spectrum is given by a sum over the transitions from
electronic ground state to each exciton:

A@—f@%m@f?y ©

2y,

Here o is the frequency (or energy, when # = 1) and ¢, is the
eigenenergy of the associated excitonic state e in cm™'. The
Gaussian function represents the Gaussian spectral line
shape model, with y, being the Gaussian root mean square
(RMS) width of the corresponding exciton. To obtain the best
fit, we assigned two damping constants: y5 = 300 cm™' was
used for the B band and yq = 500 cm™" for the Q band.

N 4
de= > > p,Wni. is the exciton transition dipole, where v, .
n=1i=1 '

is the eigenvector component of excitonic state e. Similarly,

the CD spectrum®>?® is given by:
Nx4 (CU _ 8@)2
CD(C()) = C()ZRE exp _W y (7)
P e
where:
N 4
Re=c. ) > wm,et//mj,eRm(ﬂm Xﬂmj)7 8)
mn i

Conclusions

We performed QM and MM optimization of the TPPS,
zwitterionic form (Z1 and Z2) monomers. The GAFF
description of these monomers was revised. Several
parameters — atom types, bond lengths, valence angles and
dihedral angles — were adjusted to improve the description of
the Z1 and Z2 structures. Two linear TPPS, Z1 and Z2
tetramers were constructed and their MD simulation was
performed. Absorption and CD spectra of these tetramers
were also calculated. It was determined that both Z1 and Z2
tetramers form on average a curved chiral structure, ie. the
four monomers in tetramers (both Z1 and Z2) do not stay on
a perfect line. According to our results, the ring should
contain 48 molecules of TPPS, in the cylindrical structures.
The Z1-based structure is more straight and more compact.

This journal is © The Royal Society of Chemistry and IChemE 2025
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Accordingly, intermolecular couplings in the Z1 tetramer are
larger. A comparison was performed of Z1 and Z2 tetramers’
absorption spectra with the measured spectra from a
previous published article. Our analysis of results
demonstrates that the larger peak shifts of the Z1 tetramer's
spectra are more similar to the experimental data; however,
other configurations can be possible as well.
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