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The L-ascorbic acid and TPPS, complex in water is treated as a close contact associate (intermolecular
distance <0.2 nm). The paper presents the modelling of the structures and electronic excitations of two
types of complexes using quantum-chemical methods. In both complexes, L-ascorbic acid acts as a reduc-
ing agent. In the second complex [L-ascorbic acid + TPPS, + L-ascorbic acid], intermolecular charge trans-
fer occurs. Protonation of the TPPS, centre can be realized by connecting two L-ascorbic acid molecules as
proton sources. The presence of L-ascorbic acid in the solvent enables an efficient protonation of the pri-
mary structure: TPPS, > H,TPPS,.
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1. Introduction (a)

Tetrakis (4-sulfonatophenyl) porphyrin (TPPS,
H,TSPP, see Fig. (a)) represents a heterocyclic
compound consisting of naturally occurring por-
phyrins. Over the last four decades, TPPS, has been
used for several purposes: (i) in cancer therapy for
photodynamic therapy as a potential photosensi-
tizer to produce singlet oxygen; (ii) in biosensing
for detecting HOOH and glucose; (iii) for single-
molecule electronics etc. L-ascorbic acid (vita-
min C, hexuronic acid, see Fig. El(b)) represents
a well-known organic material of high biologi-
cal importance. L-ascorbic acid could be used for
two reasons: a) as an antioxidant to help protect
against oxidative stress in tissues and inflammation
[Iﬁ], and b) as a reducing agent and antioxidant in
the synthesis of nanomaterials [E].

The combined use of TPPS, and L-ascorbic acid
in the same media has been part of research for
the last decade. Firstly, L-ascorbic acid (acting as an Fig. 1. (a) Tetrakis (4-sulfonatophenyl) porphy-
antioxidant) can increase the stability of TPPS, in rin (TPPS,, H, TSPP). (b) L-ascorbic acid (vita-
several chemical reactions []. Secondly, L-ascorbic min C, hexuronic acid).
acid (A) can act as a reducing agent [H]:

(b)

The exact mechanism of interaction between
TPPS, and L-ascorbic acid is complex and only

A+2H +2e = HA. M partially described. Specific conditions, such as
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surrounding pH, pK, temperature, and the first and
second solvation shells of the medium, must be con-
sidered.

This work is devoted to the simulation of pos-
sible structures of TPPS, and L-ascorbic acid (vita-
min C) in water using quantum-chemical methods.
The research hypothesis was formulated as follows:
a) to estimate the stability conditions when the sur-
rounding medium is close to neutral pH = 7; b) to
estimate the role of electronic excitations for TPPS,.

2. Literature review

2.1. TPPS, for photodynamic therapy

TPPS, is important in photodynamic therapy due
to its effectiveness and versatility as a photosensi-
tizer. Excellent solubility and biocompatibility allow
the generation of reactive oxygen species (ROS) for
tumour destruction in vivo. Lapes et al. [E] described
a successful apoptosis of breast cancer using photody-
namic therapy with a dose of <0.3 mg of TPPS , a light
wavelength 630 nm, a fluence rate of <680 mW cm™,
and a fluence of 150 ] cm™. Advantages of the pre-
sented method include a high tumour concentration
of TPPS, and a low total TPPS, dose. Jia et al. [H] re-
ported a study evaluating the biological behaviour
of TPPS, for tumour-targeted therapy. The authors
claim that vitamin C could increase its stability in
vitro. Generally, TPPS, is non-toxic in the dark. This
means that normal tissues remain largely unharmed,
providing an excellent therapeutic window.

TPPS, shows a preferential accumulation in tu-
mour cells due to the potential for electrostatic
targeting. Four sulfonate fragments can interact
with positively charged biomolecules, often over-
expressed on cancer cells. Binder et al. [ﬂ] analyzed
a strong phototoxic effect leading to cell apoptosis
at several radiation doses and six concentrations of
the photosensitizers TPPS, and MgTPPS,. They hy-
pothesize that an irradiation dose of 1 ] cm™ is suf-
ficient to provoke DNA fragmentation. Pessoto et
al. [E] studied the influence of the porphyrin metal
centre and meso ligands on the biological effects of
meso-tetrakis porphyrins.

TPPS, could be used in the drug delivery systems
[E] using conjugation to a nanoparticle. Creating
hybrid systems with enhanced targeting properties
allows for deeper tumour penetration. Conjugation
of graphene oxide as a coating material for gold na-

norods to TPPS, improves their phototherapeutic
properties.

In molecular mechanistic studies, TPPS, is very
useful due to its stable structure and sufficient flu-
orescence yield. Such behaviours allow us to study
ROS-based mechanisms in cancer cell apoptosis
using the interaction between porphyrins and bio-
molecules.

2.2. L-ascorbic acid as an antioxidant

Nowak et al. [@] investigated the properties of L-
ascorbic acid in the presence of Fe**/Fe’* ions and
H,O,. It was concluded that L-ascorbic acid can act
as a prooxidant. In that case, the formation of hy-
droxyl radicals (¢OH) accelerates. Gamov et al. []
analyse the reductive properties of ascorbate, which
depend significantly on the dissociation of L-ascor-
bic acid, which, in turn, is influenced by the ionic
strength value.

Marsalka et al. [] analysed the model system
to monitor the effects of L-ascorbic acid on oxygen-
dependent photoreactions in aqueous solutions at
different pH. It was shown that L-ascorbic acid sup-
presses (auto)photooxidative reactions but facilitates
the photoinduced formation of phlorin-type pho-
toproducts, thereby exhibiting a dual antioxidative
and reducing activity in the presence of a hemato-
porphyrin-type photosensitizer.

2.3. Previous quantum chemical simulations

Simulations of chemical structures can be performed
within the required framework (gas or solution phase)
using density functional theory (DFT) methods. Bich-
araetal. [B] studied L-ascorbic acid in the described
manner. Three stable molecules for the compound
have been theoretically determined in the gas phase,
and only an average of 2 additional stable conforma-
tions are present in the solid phase, as experimentally
observed. They presented a complete assignment
of all the observed bands in the infrared spectrum
for L-ascorbic acid. Magar et al. [E] analyzed L-
ascorbic acid at the B3LYP/6-311G(d,p) level. Ex-
amining HOMO-LUMO energy provided insights
into chemical stability with an energy gap of 5.65 eV.
It was found that the compound with such a large
HOMO-LUMO gap is comparatively rigid. Berg
[] calculated the local minima of L-ascorbic acid
using a density-functional approach.
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Dabbagh etal. [] theoretically studied the struc-
tures, stabilities, conformational analysis, and elec-
tronic transitions of L-ascorbic acid anions (four ste-
reoisomers). It was observed that the deprotonation
at the C5 site of two stereoisomers leads to the ring
opening in both phases. Isomerization of the L-form
to one of the D-form was observed during the opti-
mization of the anions at C5.

Ebrahimi et al. [] reported a conformational
analysis of vitamin C using the second-order Moller-
Plesset perturbation theory (MP2) with the correla-
tion-consistent aug-cc-pVDZ basis set. They claim
that hydrogen bond formation was responsible for
the stability of most local minima on the potential
energy surface and for the formation of cooperative
networks.

In our group, several models for a very effective
cytotoxicity for tumour cells in vitro using the mix-
tures of vitamin C and vitamin K, were analyzed [,
@]. Development of novel therapies for hepatocel-
lular carcinoma (HCC) is very important. Treatment
of mouse hepatoma MH-22A cells with vitamin C
and vitamin Kj; at a 100:1 ratio greatly enhanced cy-
totoxicity. When vitamins C and K, were combined
at the same concentrations, they killed more than
90% of tumour cells. The mechanism of intermolec-
ular charge transfer was created as the basic mecha-
nism for neighbours’ interactions.

3. Original part

3.1. Structures and simulation methods

TPPS, (with formula C, H, N, IUPAC name
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin
and L-ascorbic acid (with formula C HO,, TUPAC
name (5R)-[(15)-1,2-dihydroxyethyl]-3,4-dihydrox-
yfuran-2(5H)-one) were used for quantum chemi-
cal simulations. Table 1 lists the chemical structures
used in the simulations.

Simulations of ground-state molecular structure

and corresponding electronic excitations have been

Table 1. List of chemical structures.

provided using the Gaussianl6 [@] package. Opti-
mization of the ground electronic state has been pro-
vided using the semiempirical CAM-B3LYP method
and the 6-31G(d) basis set, consisting of the po-
larization function (d). Electronic excitations were
calculated using the semiempirical TD method for
singlets only. Environmental effects were included
using the PCM(water) routine for structure simula-
tions as well as for excitations. The polarizable con-
tinuum model (PCM) is a widely used method for
modelling solvation effects.

3.2. Results and discussion

Figure @(a, b) represents the parameters of the simu-
lated structures of M1 and M2 when a different be-
haviour of centre protonation is present. For M1,
two native protons are located; for M2, four protons
(two native plus two additional) are located. The M1
structure is practically flat, but the M2 structure is
presented in a bend format. The bending angle (be-
tween the long axis of the pentaring and the central
plane surface) is less than 30° degrees. Figure E(a, b)
represents the XY and XZ projections of simulated
structures: M4 = M3 + M1 and M5 = M3 + M1 + M3,
respectively. Short intermolecular contacts (less than
0.2 nm) occur between TPPS4 and L-ascorbic acid
when the proton of L-ascorbic acid from position 4 or
5 could be shared between L-ascorbic acid and TPPS,.
In the case of M4 = M3 + M1 (see Fig. E(a ), L- ascorblc
acid loses one proton because the proton is in the near
surroundings of the pentaring of TPPS,. In the case of
M5 =M3 + M1 + M1 (see Fig. E(b ), both monomers
of L-ascorbic acid (M1 from both sides) lose two pro-
tons (each one only). In that case, the reaction product
contains an M2 structure (centre protonated, H,T-
PPS,) and two monomers of L-hydroascorbic acid.
Figure @ represents the hybrid molecular orbitals
(MOs) for complexes M4 (left) and M5. MOs such
as nextLUMO, LUMO, HOMO, and nextHOMO
play a very important role in all chemical reactions

N |Abbreviati0n| Charge |

Chemical name and description

1 M1 -4 Monomer, TPPS,, centre-unprotonated

2 M2 -2 Monomer, H,TPPS,, centre-protonated

3 M3 0 Monomer, L-ascorbic acid

4 M4 -4 Complex, M3+M1 L-ascorbic acid + TPPS,

5 M5 -4 Complex, M3 + M1 + M3 L-ascorbic acid + TPPS, + L-ascorbic acid
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(a) (b)

Fig. 2. (a) M1, centre unprotonated TPPS,. XY (top) and XZ (bottom) projections. Structures after optimization
using the CAM-B3LYP/6-31G(d) method. Solvation effects using PCM(water) were included. (b) M2, centre
protonated H,TPPS . XY (top) and XZ (bottom) projections. Structures after optimization using the CAM-
B3LYP/6-31G(d) method. Solvation effects using PCM(water) were included.

(a) (b)

Fig. 3. (a). M4, complex, M3 + M1. XY (top) and XZ (bottom) projections. Structures after optimization using
the CAM-B3LYP/6-31G(d) method. Solvation effects using PCM(water) were included. (b) M5, complex,
M3 + M1 + M3. XY (top) and XZ (bottom) projections. Structures after optimization using the CAM-B3LYP/6-
31G(d) method. Solvation effects using PCM(water) were included.
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MOs M4, complex, M3 + M1 MOs M5, complex, M3 + M1 + M3
290 336
289, L 335,L
288, H 334,H
287 333, XY
333,XZ

Fig. 4. Hybrid molecular orbitals MOs (nextLUMO, LUMO, HOMO, nextHOMO) for complexes M4 (left) and
MS5. For MO333, two projections — XY and XZ - are presented. Excitations were calculated using the semi-
empirical TD method (for singlets). Structures after optimization using the CAM-B3LYP/6-31G(d) method.
Solvation effects using PCM(water) were included.
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and can be used to estimate molecular stability.
Such MOs were calculated using a semiempiri-
cal TD method (for singlets). Structures opti-
mized using the CAM-B3LYP/6-31G(d) method
were used. Solvation effects using PCM(water)
were included. For the M4 complex (L-ascorbic
acid + TPPS,), HOMO, LUMO, nextHOMO, and
nextLUMO represent the charge distribution in
TPPS,. For the M5 complex (L-ascorbic acid +
TPPS, + L-ascorbic acid), HOMO, LUMO, and
nextLUMO represent charge distributionin TPPS,,
but nextHOMO represents charge distribution in
L-ascorbic acid. In the case of two L-ascorbic ac-
ids, the M5 complex is involved in intermolecular
charge transfer between two molecular units.
Table 2 represents the population of the lowest
‘spectroscopic’ states of complexes M4 and M5/in
aqua. Two state parameters, such as transition en-
ergy Ene_(eV) and oscillator strength Osc , were
presented for the simulated electronic excitations.
The semiempirical TD method (for singlets) was
used. Environmental effects were included using
the PCM(water) method. The structure M4 (L-
ascorbic acid + TPPS) could be titled as an inter-
mediate structure because one proton (lost from
L-ascorbic acid, from position 5 or 6) cannot cre-

ate a fully protonated centre. For M4, the allowed
transition at 1.85 eV (oscillator strength 0.162)
is quite the same as in the case of M1. It means
that L-ascorbic acid is present only as a weak
associate.

Two protons are necessary from L-ascorbic
acid. Unfortunately, the partial fixation of L-
hydroascorbic acid does not allow one to rotate
the L-hydroascorbic acid to another position
that is suitable for the removal of the second pro-
ton (from position 5 or 6). In that case, the sec-
ond L-ascorbic acid is necessary, as presented
in Fig. H(b). The structure M5 (L-ascorbic acid
+ TPPS, + L-ascorbic acid) could be titled as
the complex where intermolecular charge distri-
bution occurs. For M5, Table 3 represents the ex-
panded parameters of electronic excitations sim-
ulated using the semiempirical TD method (for
singlets). Simulation represents the population
of ‘spectroscopic’ states (from ground to excited)
AE and a correspondingset of MOs with the con-
tribution coeflicient k (contribution of the respec-
tive excitation to the configurational interaction
wavefunction). Figure E represents the popula-
tion of ‘spectroscopic’ states (from ground to ex-
cited) for the most promising structure M5. For

Table 2. Simulated electronic excitations of complexes M4 and M5/in aqua: population of the lowest ‘spectro-
scopic’ states, transition energy Ene_(eV) and oscillator strength Osc . Gaussian16, TD(nstate = 6, singlets)

PCM(water) sp.

Name Charge Enel Ene2 Ene3 Ene4 Ene5 Ene6
8 Oscl Osc2 Osc3 Osc4 Osc5 Osc6

M4 4 0.65 1.45 1.85 1.88 2.09 2.39
0.001 0.018 0.162 0.000 0.034 0.044

M5 4 0.67 1.17 1.35 1.62 1.89 1.96
0.002 0.029 0.194 0.006 0.024 0.023

Table 3. Parameters of electronic excitations simulated using the semiempirical TD method (for singlets). Sim-
ulation represents the population of ‘spectroscopic’ states (from ground to excited) AE, and the corresponding
set of MO with the contribution coefficient k (contribution of the respective excitation to the configurational

interaction wavefunction).

Simulation
M5 Transition
AE, eV | A, nm | Oscillator strength | Transition between MO k
So> S, 0.67 1846 0.002 334 > 336 0.9802
So=> S, 1.17 1058 0.029 331> 335 0.7891
So>S; 1.35 919 0.194 331> 334 0.8957
So~> S, 1.62 767 0.006 332> 334 09375
So> S5 1.89 653 0.024 300 > 333 0.5932
So=> S¢ 1.96 632 0.023 330 > 334 0.7975
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Excited Statel: Singlet-A; AE, = 0.67 eV, A = 1846 nm, f= 0.002
334|336  k=0.98023

Excited State2: Singlet-A; AE, =1, 17 eV, A = 1058 nm, f = 0.029
331> 335 k=0.7891

Fig. 5. M5. Population of the ‘spectroscopic’ states (from ground to excited).

the population, the first excited state S, > S, cor-  For the population, the second excited state
responding to charge redistribution between S > S, corresponds to charge redistribution be-
MOs 334-336, occurs, which is typical of the cen-  tween MOs 331-335, which represents intermo-
tre-protonated structure M2, H TPPS,, but not lecular charge transfer between L-hydroascorbic
for the centre-unprotonated structure M1, TPPS,.  acid and TPPS,.
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4. Conclusions

Simulation of molecular structures using quantum-
chemical methods allows us to estimate the most
probable structures of the separate monomers,
L-ascorbic acid and TPPS,, as well as the com-
plexes. The initial hypothesis that L-ascorbic acid
acts as a reducing agent when in contact with
TPPS, was confirmed. In the complex [L-ascorbic
acid + TPPS, + L-ascorbic acid], intermolecular
charge transfer takes place. Protonation of the cen-
tre of TPPS, could be provided using two L-ascor-
bic acids as the proton sources. The presence of
L-ascorbic acid in the solvent allows a protonation
reaction in the form of TPPS, > H TPPS,.
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Santrauka

L-askorbo ragsties ir TPPS, kompleksas vandenyje yra
traktuojamas kaip glaudaus kontakto asociatas (tarpmole-
kulinis atstumas <0,2 nm). Straipsnyje pateikiamas dviejy
tipy kompleksy struktiros ir elektroninio suzadinimo
modeliavimas kvantinés chemijos metodais. Abiejuose
kompleksuose L-askorbo rigstis veikia kaip reduktorius.

Antrajame komplekse [L-askorbo ragstis + TPPS, + L-
askorbo ragstis] vyksta tarpmolekuliné kravio pernasa.
TPPS, centro protonavimas gali biiti realizuotas, prijungus
dvi L-askorbo riigsties molekules kaip protony saltinius.
L-askorbo ragsties buvimas tirpiklyje leidzia efektyviai
protonuoti pirming struktiira: TPPS, > H TPPS,.
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