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Abstract: Mmodification of porphyrins by a replacement of N
atom(s) with a heteroatom(s), resulted in so called
heteroporphyrins, exhibits interesting physicochemical
properties. In this work, the spectral properties of ions and
neutral forms of 5,10,15,20-tetraphenyl-21,23-dithia porphyrin
(S2PP) and 5,10,15,20-tetraphenyl-21-thia-porphyrin  (HSPP)
have been investigated. According to spectrophotometric
analysis in acetonitrile — perchloric acid solution, the dication
H.S:PP?" reveals an ability to coordinate two ClO4 anions,
which not happens for HsSPP?". This fact observed in UV-Vis
absorption spectra indicates the possibility of exhibiting
chemosensory properties of S;PP molecules. Geometries of the
neutral and ionized forms were derived from B3LYP/cc-pVTZ
calculations. Perimeters of the cavities increase in the series:
H,PP-HSPP-S,PP. This trend is kept for the ionized forms;
protonation expands the cavity perimeter. Electron density
distributions were analyzed in terms of quantum theory atoms in
molecule (QTAIM). The UV-vis spectra simulated by TDDFT fits
with the experimental results.

Introduction

The porphyrins are a class of natural pigments and aromatic
macrocycles ‘constructed' from four pyrroles that are fully
conjugated with four meso-carbons. They play an important role
in living organisms. Also, due to ease of modification, the
porphyrins have myriad of applications, including biomedicine ™~
1 catalysis Y and materials #2727,

One of the promising directions for the development of
modern science is the creation of new effective molecular
sensors, allowing determination of concentrations of various ions
in solutions with high sensitivity and selectivity as dominating
demands.

Various approaches are applied to modify compounds of
this class. Firstly, it is a functionalization of porphyrins by
introduction of peripheral substituents. Second is a core-
maodification of porphyrins by replacement of one or two pyrrole
N atoms by heteroatoms such as C, O, S, Se, Te, P, Si, etc.
resulted in so called heteroporphyrins. The latter exhibit
interesting physicochemical properties different from the regular

porphyrins 8%, gpecifically, the heteroporphyrins have an

ability to stabilize metals in unusual oxidation states, such as
Cu(l) and Ni(l) #-*%. However, most of the published results on
heteroporphyrins are limited by the preparation of different metal
derivatives and the exploration of their structural, spectroscopic
and electrochemical properties 2+:2230-3%1,

In our recent work, the absorption and luminescence
spectroscopy was applied for 21-thia- and 21,23-dithia-
5,10,15,20-tetraphenylporphyrins solutions in acetonitrile ¢,
The Spin-orbit couplings in the macrocycle were applied to
interpret the fluorescence quantum yields and fluorescence
quenching of the heteroporphyrins.

Of a specific interest, a mechanism of the counter ion
coordination which involves a protonation of the porphyrin ring
B The ionized tetrapyrrole compounds have a great potential in
nonlinear optics . The protonation of free-base porphyrins and
their structural analogues is one of the fundamental and most
important reactions. Several studies have reported the
protonation and deprotonation of porphyrinoids 4.

Due to the both, steric and electronic repulsions, the two
hydrogen atoms in the central cavity of the free-base porphyrins
occupy the opposite positions in the neutral state. However, a
move of these atoms to the adjacent imino nitrogens is possible.
The latter easily undergo protonation in acidic media. Ng-
porphyrins exhibit similar equilibrium constants for the first (K1)
and second protonation (Ky); therefore detecting the
monoprotonated species by the 'H NMR and UV-vis
spectroscopies 4243,

It should be noted that the acid-base properties of
porphyrinoids and especially heteroporphyrins are not
extensively investigated. In contrast to the protonation behavior
of Ng-porphyrins, that of the thiaporphyrins (S-core-modified
porphyrins) has been seldom studied, although the stepwise
protonation for N3S-porphyrins is believed to occur 44,

In the present study, the UV-visible absorption
spectroscopy data for S-core-modified heteroporphyrins
5,10,15,2-tetraphenyl-21-thiaporphyrin (I or HSPP) and



5,10,15,20-tetraphenyl-21,23-dithiaporphyrin (Il or  S;PP)
represented partially in our recent work “® are supported by
acid-base properties of | and Il obtained by spectrophotometric
titration with perchloric acid solutions in acetonitrile and
compared with  the  previously studied 5,10,15,20-
tetraphenylporphyrin (Il or H.PP). For explanation of
experimental part, spectroscopic data and acid-base properties,
the time-dependent density functional theory (TDDFT)
calculations were involved to simulate UV-visible spectra. In
addition, the quantum theory of atoms in molecules (QTAIM)
was applied to explore the coordination properties of | and II.

Results and Discussion
Spectrophotometric analysis

Porphyrine H,PP Il in organic solvents exhibit amphoteric
properties and, in the presence of acids and bases, can be
protonated and deprotonated at intracycle nitrogen atoms. In a
first approximation (without participation of a solvent and
stabilization of the formed particles by counterions), the
processes of acid-base interaction of porphyrins can be
described by the equations (1-4) “™:

HPP™ & HPP+ H', (1)
HPP? ‘& "HPP' + HY, )
HPP S HPP +H", (3)
HPP & PPZ + H', 4

where H,PP, HPP", PP?, HsPP*, H4PP?" are neutral, cation
and dication forms of the porphyrin ligand; K, and Ky are acidity
and basicity constants, respectively.

In this work, the acid-base properties of ligands | and Il
were studied by spectrophotometric titration in binary solutions
CH3CN-HCIO4 and CH3;CN-(C2Hs)4NCIO, at 298 K in a wide
range of titrant concentrations. During the experiment, mono-
and dicationic forms of ligands were fixed and isolated. This
made it possible to obtain supramolecular systems for
compound I with CIO* anions present in the solution. However,
the doubly protonated form of ligand | did not show such
properties. In CH3CN-HCIO, solutions, reactivity analysis
showed that compound Il has very weak basic properties
compared to | and Ill; for which it was partially studied earlier
(see, for example, 7.

However, for all (I, Il and Ill) compounds, the dissociation
processes of the protonated forms represented by equations (1)
and (2) were observed experimentally, which makes it possible
to study and compare their basicity properties. It is known that
upon protonation the symmetry of the molecules changes &,
Suggested shapes of cation and dication forms of I-lll are
illustrated in ESI (Schemes S1-S3). The main conjugation
contours of the molecules and ions H,PP, H;PP* and H,PP?* are
aromatic formed by 18 m-electrons. But, as follows from
Schemes S1-S3, the sizes, charges and symmetries are
different ¥*%%. For this reason, all acid-base forms of porphyrins
are intensely colored but have characteristic differences in
electronic absorption spectra.

The UV-Vis spectra of | and Il in CH3CN upon titration with
0.01M HCIO4 solutions are plotted in Figure 1 and 2. Under
these conditions, perchloric acid is in a completely dissociated
form, and protonation occurs due to the solvated proton Y.
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Figure 1. (a) Changes in the UV/Vis spectra of ligand I, Cporpr=2.33-10-° mol/L, in the CHsCN-HCIOx (0-3.01-10-* mol/L)
system, hereinafter, concentrations of HCIO4 are given in brackets; 1st stage (0-1.40-10“ mol/L); 2nd stage
(1.40-10* - 3.01-10** mol/L);
(b) optical density A of ligand I vs. pH for the range specified in (a), A=460 nm;
(c) and (d) plots of logInd vs. pH for the 1¢t and 274 stages of ligand I protonation. Ind is an indicator ratio:
Ind=[HSPP]/[H2SPP*] and [H2SPP+]/[HsSPP*] for the stages 1 and 2, respectively.
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Figure 2. (a) Changes in the UV-Vis spectra of ligand II, Cporph=4.98-10° mol/L, in the CHsCN-HCIO4 (0-4.08-10°
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mol/L) system; 1st to 4th stages; hereinafter, concentrations of HCIO: are given in brackets;
(b) 1st and 2nd stages (0-1.77-10* mol/L), optical density A of ligand II vs. pH, A=429 nm;
(c) 3 and 4t stages (1.77-10* - 4.08-10° mol/L), optical density A of ligand II vs. pH, A=686 nm;

(d) Changes in the UV-Vis spectra upon titration of dication of 11 (H,S,PP?*) by solution (C,Hs),NCIO, (0.01 mol/L); in

ACN, a H,S,PP?*(ClO,),) form is obtained, 298 K.



Analysis of the UV-Vis spectra showed that as the
concentration of HCIO, in the I-HCIO4-CH3CN system increases,
the formation of two groups of isosbestic points was observed,
which is due to the presence of two individual equilibria between
the pairs of light-absorbing centers, HSPP/H,SPP* and
H.SPP*/H;SPP?*, see Figure S1 ™). The spectrophotometric
titration curve, Figure 1(b), and the dependence of logind vs pH,
Figure 1(c, d) and the footnote for definition of Ind, based on the
experimental data for each ligand protonation stage at different
wavelengths confirmed a stepwise interaction of porphyrin | with
HCIO..

Considering the basic dissociation processes of the
protonated forms, Equation (1) and (2), material-balance
equation (5) and the current concentration of all forms (6),
subject to the Lambert-Bouger-Beer law, the following
concentration distributions of the molecular and protonated
forms for | in the CH3CN — HCIO, system (Figure S1) were
expressed (equations 7, 8, 9):

Co=100%=[HSPP]+[H,SPP*]+[HsSPP*], (5)
A=(AnsppKp1 Kpo+ AHZSPP+'a'Kb1+a2'AH3SPP2+)/

I(Kpy -Koz+a-Kpp+a), ©)
[HSPP]=Kp; Ko/ (Kpy -Kpo+a-Kpy+a®)-100%, 7
[HoSPP]=a Ko/ (Ko -Knz+a- Kpo+a®)-100%, (8)

[HsSPP*1=a*/(Kpy -Kpo+a-Kpo+a®)-100%, (9)

where [HSPP], [H.SPP'], [HsSPP?'] are concentrations of the
corresponding forms in %; a=10"" — hydrogen ion activity; Kps
and Kp, — basicity constants of the processes (1) and (2),
respectively; At , Auspp , Anzspp+ and Anssppz+ are total (t) and
individual optical densities of the molecular and ionized forms.

For the compound I, during the titration in the CH3;CN-
HCIO, system, four families of spectral curves were revealed,
each corresponded to its own set of isosbestic points (Figure
2a), indicating the sequential course of four processes. It was
shown in ®%%¥ that the dication of the porphyrin HiPP?*
macrocycle can in some cases exhibit the properties of an
anion-molecular receptor. The intracyclic NH groups are able to
coordinate the base molecules of various nature (solvent
molecules Sol. and anions An”) with formation of individual
and/or mixed complexes [[HsPP?](Sol.)z, [HsPP*](AN)(Sol.),
(HsPP#)(An)2. It is known that CHsCN is a solvent weakly
solvating both cationic and anionic species “®*. At the same
time, the protonation depth (the depth of proton incorporation
into the electron shell of the donor atom) in this solvent is quite
high, since the protons in the solution are initially weakly bound
by the solvent and the degree of specific solvation at the central
atoms is small.

It is likely that in the case of the 1I-CH3CN-HCIO,4 system,
the processes of sequential addition of two protons, 15 2"
titration stages (see Equations. (1,2) and Figure 2 (a,b)) occur,
and possibly, followed by the addition of the first and the second
ClOy ions, 3" and 4™ titration stages (Figure 2 (a,c), Equations.

(10,11)), respectively.
Kx1
(H2 SoPPPHCIO, 2 (HaS:PP?)+CI0s Ky (10)

X2

K.
H.S:PPZ)(CIOs), 2 (H2S:PP?)CIOs +ClOs Ky, (A1)
Co=100%=C(S,PP)+C(HS;PP")+C(H,S,PP?*)+

(12)
+C(H2S,PP*"ClO,)+C(H2S:PP?(ClO4)2)
A= (AI328+2'}§b1'Kb2' Kx1'Kxz +£HP52+'K2b2'Kx1'Kx2'a+
+Azs2pp” 1@ K Kia+Arzszep” cloa ™ @ Ky [ClO4T + (13)

+An2s2PP 2+(c|04')2 -a% [ClO4 1)/ (Ko Koz Ky Kot
+a-Kpo Kaa Kxota? Ky - Kiot+a? Ky | [ClO4 1+ a2 [CIO4 1)

On the basis of Equations. (1, 2, 12, 13) and the Beer-
Lambert-Bouguer law, one can derive the concentration
distributions of all the spectrally distinct forms for the studied
compound Il (14-18) in the CH3CN-HCIO, system, Figure S2.

[S2PP]=100%"Kp1- Kbz Ky1 - Ko/ (Kb1 - Kbz Kyi - Kyota: Kpo-

K- Ko+al- Ky Kyora? Ky [CIO4 T+ +a2[ClOsT) (14)
[H32PP+]=1 00%-a- sz . le' szl(Kbl' sz' le' sz+a- sz' le' (15)
‘Kyata® Kyixo+a? Ky [ClO4 T+a? -[CIO4TP)
[H2S2PP*1=100%-a% Ky K1/ (Kp1- Kbz Kya-Keo+a- Koz~ Kia- (16)
‘Kyata® K Kyes+a?-Kyo [ClOs 1+a% [CIO, 1)
[H2S2PP?(Cl04)]=100%-a2 Kya[CIO4 1 (Kb Kbz Ko Ko+ 17)
+a-Kpz K Kxo+a? Kyg - Ko ta® Kyo [CIO4 1+a% [CIO4 TP)

[H2S:PP**(Cl04)2]=100%" a” [CIOT/(Kp1'Kpa'Kia' Ko+ (18)

+a- Koz Ko Ko ta? K- Kia+a? Kie' [ClO4 T+ a2 [ClIO4 1Y),

All figures and tables where [S;PP]; [HS:PP*]; [H2S.PP?1,
[H2S,PP?(CIOy)], [HZSZPP2+(CIO4')2; are concentrations of the
corresponding forms in (%); a=10"" — hydrogen ion activity; Ky
and Ky, — basicity constants of the processes (10) and (11),
respectively; A, Aszpp, A nszpp’” and A wasopp’’ A H2$2PP2+(CIO4-)7
Anzsapptcioa’y2 are total (t) and individual optical densities of the
molecular and ionized forms.

Bearing in mind the weak coordinating ability of CH3CN, it
is obvious that the interaction of the ligand with the solvent gives
no significant influence, and the processes (10, 11) can be
separated. To confirm our assumption, the following experiment
was performed: the region of the concentration HCIO4 where the
dication form H,S,PP** exists was calculated by equation (16)
resulted in pH ~ 7.5 (see the maximum in Figure S2), then the
reaction mixture was brought to that pH value with the followed
titration by CHsCN solution (C;Hs)sNCIOs — (0.01 mol/l). Upon
this titration, the UV-Vis spectra changed manifesting a
bathochromic shift, Figure 2d, which is to be assigned to a
transition from the dication H,S,PP?* to the associated form
H,S,PP*(CIO),. It is to be pointed out, that the possibility of
the associative processes between a dication and perchlorate
ions relevant to Il was not observed in the analogous experiment
with 1.

The quantitative values of the stepwise and the total
constants of the basic ionization for the studied compounds at
298 K were calculated according to equation (19). Their
corresponding values and the parameters of the UV-Vis spectra
of the molecular and ionized forms in the CH3;CN - HCIO,4 system
are listed in Table 1.

pK=—logK=pH-logIind (19)

Where K is the constant for the 1%, 2" (Ky; and Kp), 3
and 4™ (K. and Kyp), titration stages , Ind — the indicator ratio:
Ind=[HSPPJ/[HSPP'] and [HSPP']/[H.SPP*] for | and
[S.PPJ/[HS,PP1], [HSQPP*]/LHZSZPPZ*], [H.S.PP*)/[H.S,PP*ClO,
1, [H2S2PP?*ClO4]/[H2S2PP?*(ClO.),*] for Il, respectively; pH=—
2.48-2.65:10gChcios an uncertainty of the constants
measurement did not exceed 3-5%.



Table 1. Basic ionization constants logarithms pKpi1, pKsz2 pKxi, pKx2 and spectral characteristics of molecular and protonated

forms of porphyrins I-1ll in CHsCN-HCIO, system at 298K

Porphyrin A (loge)® oK1 Kbz S pK, ™
HSPP 423(5.56) 510(4.49)  5444,(3.90)  616(3.63) 676(3.83) 8.76 748  16.24 A7
I H,sPP* 430(5.29) 459(5.60) - - 708(4.20)
HsSPP?* 3954, (5.34)  460(5.11) - - 710(5.39)
S,PP 4124,(5.12) 429(5.30) 509(4.36) 541(3.80) 700(3.66)  12.25  8.95 21.20
HS,PP* 4134,(4.97) 444(5.24) 546(4.19) 594(3.70) 693(3.66)
I H, spP? 345(5.01) 445 (5.37)  548(3.77) 594(3.83) 694(3.82)
H, S.PP?**ClO, 38141(5.10) 412 (4.77) 451(5.39) 689(4.17) 738(4.12) pKa pKiz S pK,
H,S:PP?(ClO,), 38541(5.27) 411(5.30) 454(5.82) 686(5.33) 735(5.32) 593  4.29 10.22
oy HePP 413(5.02) 512(3.56) 546(3.12) 589(2.92) 646(2.96) - - 18.67™%
H4PP? 441(5.04) - - - 661(4.17) 19.8 1
" uncertainty for the extinction coefficients € based on three sets of measurements was derived as 1-3%; A in nm;
[b] S K=Kp1 Koz
Y K=K 'K

The basicity decrease of 21-thia-substituted porphyrin (1)
as compared to that of H,PP (Table 1) is obviously due to the
presence of a less electronegative sulfur atom in the macrocycle
reaction center — the relative Pauling ENs are 2.5 (S) and 3.0 (N)
(551 Moreover, the total basicity index increases when change
from | to Il, apparently, manifested in the CIlO, anions
protonation and association of processes superposition.
Probably, the pKpi, pKse, pKa and pKi, values for Il are
composite quantities that include associative interaction with the
anion. The resultant pK values, due to the formation of
complexes of H,S,PP?* with CIO,, are the sum of the stepwise
values logKp: and logKx; of the [H.S,PP*CIO4] formation, and
analogously, of the logKp, and logKx, of the [H,S,PP**(ClO4)s]
formation, due to ionic bonds, which are characterized by lower
values of the stability constants.

Structure, chemical bonding and simulation of electronic
spectra by quantum chemical calculations.

The QC modeling of tetraphenylporphyrin with one (I) and
two (I1) sulfur heteroatoms introduced into the central cavity was
aimed at exploring the relations between peculiarities of
geometric and electronic structures with the experimental
electronic absorption spectra. Additional attention was paid to
coordinating ability changes caused by the mentioned N-to-S
substitution as well as by protonation and its facilitation to the
perchlorate anion coordination.

Hereinafter, we will discuss the results with PCM

(acetonitrile) applied, unless otherwise stated.

Geometries of neutral and ionized species.

The B3LYP/cc-pVTZ calculations for the neutral forms of
the mono- (I) and dithio (ll) substituted porphyrins resulted in
practically planar structures of cavities with the phenyl groups
are turned by ca. 25° with respect to the plane. This does not
produce essential difference with the parent, H.PP (lll),
compound, see, for example ®¥ and our results in ESI.

Exploring the adjacent and opposite locations of the S
atom in Il showed a significant preference of the latter, by 8.5
kcal/mol, apparently due to steric reasons, see also 5%,

The summarized lengths of the bonds forming the central
cavity (see Figure S3) increase upon substitution in the series:
22.17 (l1), 22.94 (1) and 23.70 (ll) A. This trend appeared to be
also kept for the cation and dication forms. The protonation
leads to expansion of the cavities’ perimeter: 22.98 (1) 23.73, (Il)
A (cations) and 23.05 (1), 23.79 (I1) A (dications). Noticeably, that
in the dications, the location of the H atoms in the cavities are
sterically hindered, that leads to significant misstatement of the
ligand’s planar structure. The molecular models and atom
numbering of | and Il are given in Figure 3.

The solvation has an effect on geometry, atomic charges
and electronic absorption spectra. Introduction of the ACN
solvent in terms of the PCM model resulted in changes not
exceeding 0.004 A for distances and 0.3° for angles, that for all
neutral and ionized species seems negligible.



H2SPP+C: HS2PP+Cs

HSPP Cs S2PP Cav

Figure 3. Structure of neutral and ionized porphyrins I and II calculated at B3LYP/cc-pVTZ level with atom
numbering. The indicated parameters are the dihedral angles between the bonds inside the central cavity relative to
the Cmeso—CaIpha bonds.

7



QTAIM results, charges of atoms.

Influence of a solvent. Unlike a weak influence on the
geometry, the environment causes, nevertheless, a more
pronounced change on the charges, especially in dication
protonated forms: the S;1.23and Hrg 77 atoms in the central ring of
H,S,PP?* get more positive charge: +0.243e and +0.457e (ACN)
vs +0.199e and +0.436e (gas), respectively; for other atoms the
differences are within 0.015e.

Similar tendency is observed in case of HsSPP?* for Sz
and Hys 75 77 atoms. However, the C atoms which have a link with
the N or S atoms also become more positive: the charges on
Cy4 are +0.353e (gas) and +0.383e (ACN), but for Ci114 are -
0.172 e (gas) and -0.163e (ACN). For the singly protonated
forms HS,PP" and H,SPP* these differences are limited by
0.0le.

Influence of protonation. In the gas phase, the H* ion
addition into the porphyrin core changes the charges as: —
1.098e to —1.190e (N) and +0.377e to +0.199e¢ (S) for the S,PP
— H2S,PP*? transition and —1.108e to —1.185e (N) and +0.345e
to +0.172e (S) for the HSPP—H3sSPP*? transition. In acetonitrile,
the same tendencies are observed but in a less pronounced
way, mainly for the N and S atoms: —-1.113e to —1.187e (N):
+0.333e to +0.243e (S) for the S;PP — H,S,PP*? transition and
-1.121e — -1.182e (N) and +0.303e — +0.230e (S) for the
HSPP— HsSPP*? transition.

The bond critical points (BCP) between Sy;...Sz; and
Sz1...H77 (in S;P and HSP, respectively) possess a low electron
density (p), relatively small positive value of Laplacian (V2p,) and
a negative, but close to zero, value of local electronic energy
density (Hp), see Tables 2 and 3. All these characteristics
correspond to intermediate, in terms of the QTAIM terminology,
interactions that describe the Sj;...S3, Sj1...Nxx or Spi...Hz7
chemical bonding in the central hetero-porphyrin ring (cavity).
The Laplacian map (Figure S4) shows the regions of a local
charge depletion (V2p, > 0) and concentration (VZpy, < 0).

Upon double protonation S;PP—H,S,PP*2, the electron
density in the BCPs decreases almost twice for the Sj;...Sz
bond, whereas only by 20% for the Sji2s...N22,24 bond, see
Table 2. This also leads to the Sji...Szs and Spi123...Na22a
distances increase: 3.067— 3.447 and 2.780 — 3.003 A,
respectively that may be attributed to the influence of the H7.7s
atoms. The positively charged hydrogens Hy77s (+0.457€) in
H.S,PP%, push the positive sulfurs Sy »; and pulls the negative
nitrogens Na224 away from the core plane, thereby stretching the
central core.

The delocalization indices &(A|B), Table 2, designate that
the S-C and N-C bond orders in H,S,PP?* are almost the same
and correspond to a single bonding; same is relevant to HsSPP?*
(Table S1 in ESI). Based on that, one may suggest a similarity of
the conjugated systems in H,S,PP?* and HzSPP%".

Table 2. The BCPs and their parameters [ for the neutral and protonated forms of II

Porphyrine ) )
Interaction Re Ap Vp € Hp 5(A|B)
r(S21...S23) 3.067 0.018 +0.058 0.226 -0.001 0.125
S.PpP r(S21,23.+.N22,24) 2.780 0.020 +0.068 0.077 -0.002 0.134
2 r(S21,25~C1.4,11,14) 1.750 0.207 -0.381 0.219 +0.160 1.187
r(N22,24—Cé,.9.16,19) 1.353 0.341 -1.040 0.142 +0.467 1.230
r(Sz1..-S23) 3.201 0.015 0.047 0.194 -0.001 0.105
r(Sz1,23..-H77) 2.392 0.019 0.064 0.030 -0.002 0.127
r(Nas—H77) 1.008 0.350 -2.079 0.031 0.572 0.694
HS,PP™ r(S21,23...N22) 2.813 0.019 0.064 0.030 -0.002 0.127
r(S21,23—Ca11) 1.754 0.205 -0.370 0.210 0.156 1.183
1(S21,25-C1,14) 1.739 0.211 -0.395 0.220 0.164 1.194
r(N22—Cs,0) 1.353 0.341 -1.043 0.137 0.467 1.231
r(N24—Ci6,10) 1.373 0.314 -0.854 0.143 0.446 1.067
r(S21...S23) 3.447 0.010 0.032 0.089 -0.001 0.075
r(S21,23-+» N22,24) 3.003 0.015 0.053 0.488 -0.002 0.068
H,S,PP*? r(Naz,2a—H77.78) 1.007 0.351 -2.095 0.031 0.575 0.709
r(S21,25—C1.4.11,14) 1.749 0.206 -0.371 0.214 0.157 1.190
r(N22,24—Cé,9,16,19) 1.372 0.315 -0.857 0.141 0.448 1.069

[l R. - the equilibrium distance (A); Ap — electron density (e/Bohr®); V?p - the Laplacian of the electron density (e/Bohr®); ¢ -
the bond ellipticity; Hy— local electronic energy density (Hartree/Bohr®), 5(A|B) — the electron delocalization index, e;

Table 3. The BCPs and their parameters © for the neutral and protonated forms of |

Porphyrin Interaction Re(A) P Vép € Hp 5(A|B)"
r(Naz,24...H77) 2448 0.011 +0.043 0.339 -0.002 0.024

HSPP r(Sz1...H77) 2547 0.011 +0.038 0.262  -0.001 0.033
r(N2s—H77) 1.011 0.346  -2.126 0.034  +0.579 0.675

r(S21... N22.24) 2.698 0.025 +0.079 0.110  -0.001 0.174

r(Szi...Hz7) 2.680 0.009 0.031 0.367  -0.001 0.027

r(Sz1... N22) 2.827 0.022 0.075 0.756 -0.002 0.104

r(N22—Hzs) 1.008 0.351  -2.056 0.034 0.567 0.718

H,SPP* r(N2s... N22) 3.110 0.008 0.034 0.158  -0.002 0.026
r(N2s—H77) 1.009 0.348  -2.083 0.033 0.570 0.703

r(S21...N24) 2.729 0.023 0.074 0.063  -0.001 0.163

r(Nas...H77) 2.396  0.012 0.047 0.249  -0.002 0.029

r(Sz1...Has) 3.102 0.004 0.015 0.141  -0.001 0.011

r(N222a—H7e79)  1.007 0.351  -2.075  0.033 0.570 0.724

HaSPP? r(N2s—Hz7) 1.009 0.349 -2.025 0.035 0.557 0.738
r(Szi... N22242) 2,933 0.016 0.059 0.734  -0.002 0.085

I(N23... N2224) 3.088 0.008 0.036 2119  -0.002 0.030

[el_ See footnotes for Table 2; ° — see also Table S1 in ESI for the 5(A[B) indices for the S-C and N-C bonds are given.



An important parameter is a summarized charge of the
central cavity which is an identifier of a possibility of the
molecule to coordinate other ions, molecules or atoms. The
central cavity involves the N, S and H atoms: Si123, N2224 and
H77,73 in HzSzPF’Z+ and H25,73,79, S,z and N21,22,24 in H3$PP2+. It is
of importance to note, that a significant summarized charge in
HsSPP?" (-1.91e) makes it impossible to coordinate the anions,
such as ClO4 of perchloric acid. In contrast, this charge in
H,S,PP?* is twice as little, i.e. —0.97e, and the ClO4 coordination
in this case is thus possible, that clearly depicted in the UV-vis
spectra, see Fig.2(a). The repulsion between the positively
charged protons and sulfur atoms of the central cavity in
H.S,PP?* push them away from to the cavities’ plane but in
opposite directions, i.e. the S atoms are on the one side and the
protons on the another by 1.57 (Si123) and 2.61 (Hz778) A,
respectively. For comparison, these values for | are less than
those of Il and amounted to 2.27 (H7,79) 1.53 (S) and 2.36 (Hvs)
A, and, in combination with the cavity’s charge, a coordination of
anions is not favorable.

TDDFT calculations and simulation of electronic absorption
spectra.

Theoretical electron absorption UV-vis spectra were
simulated for H,S,PP*, HS,PP*, S,PP, HsSPP*, H,SPP" and
HSPP species as for the gas as well for the solutions (in terms of
PCM approach) with 30 excited states taken into consideration,
Figure 4. and Figure 5. It is worth noting, that an attempt of the
spectra simulation with 10 excitations revealed to be clearly
insufficient due to essential contribution of the higher levels

being populated.

Below, we briefly discuss the spectra of the dication forms
since they may be able to coordinate a counterion and, due to
that, may be considered as gas-sensors.

H2S2PP?". The most intense experimental band at 445 nm
with a shoulder at 414 nm may be assigned to the simulated
ones at 448 nm and 420, respectively. The shoulder on the
theoretical spectrum is summarized from, mainly, 426, 419, 418,
407, 405 nm bands with 0.10, 0.25, 0.20, 0.32 and 0.05
contributions, respectively, Figure 4, which are related to the
electron transitions from the periphery to the central cavity.

The band at ca. 448 nm is composed by transitions
corresponding to HOMO—LUMO with HOMO-1— LUMO+1 (448
nm) and HOMO-1-LUMO (447 nm) orbitals which located
within the central cavity.

- - -S,PP (exp)
—— S,PP (theor)

Comparing to the experiment, the simulated 420 nm
shoulder’s overall contribution is overestimated, due probably to
the time necessary for the closest states relaxation not taken
into account correctly.

HsSPP?". Both. Experimental and simulated spectra are
similar to that of H,S,PP*". The intense maximum at 443 nm in
the simulated spectrum is formed by the transitions from HOMO-
1 to LUMO, and HOMO to LUMO+1 molecular orbitals Figure 6,
but, unlike the experiment, an additional band occurs at 409 nm
which corresponds to the HOMO-7, HOMO-5, HOMO-3, HOMO-
6, HOMO-4, HOMO-2 and HOMO, to the LUMO+1 and LUMO
molecular orbitals, Figure 5.

As for the band at 409 nm, much more transitions
contribute than to that at 443 nm, though of lower impact: from
HOMO-7, HOMO-5, HOMO-3, HOMO-6, HOMO-4, HOMO-2,
HOMO to LUMO+1 and LUMO. These transitions correspond to
the electron density transfer from the periphery to the central
cavity.

Concluding, these two most intense bands in the UV-vis
spectra of the dication forms of the compounds under study |
and |l resulted from the main processes: the ‘in-core’ electron
density redistributions and the ‘periphery-to-central cavity’
transfer, arguing an importance of the structure study of the
macroheterocycle core.

Analyzing the spectra, one should note that the protonation
of the neutral forms shifts the main bands to the long-wave
region that is due to the energy gap reduction between HOMO-
1, HOMO and LUMO, LUMO+1. Moreover, the new maxima
appeared in the long-wave region over 600 nm support this
observation, see Figure 4(c). and Figure 5(c).

The simulated spectra of the neutral S,PP Il and HSPP |
are in a good agreement with the experiment - the theoretical
main maxima at 424 and 414 nm are shifted by only 5 and 10
nm, respectively, from the measured ones, Figure 4(a) and
Figure 5(a).

The significant hypsochromic shift of the theoretical
maximum relative to the experiment in the ionized forms of
HSPP | can be a result of trend of TDDFT method to
overestimate the vertical excitation energies with respect to
experiment. This tendency is typical for such kind of compounds,
see for example %Y,

440 {‘{ 4 oS
g
—— HS,PP** (theor) . s @ b
R s T (R P o

- = H,S,PP?* (theor)
—— H,S,PP* (exp) <
{ . \L 677 o3
== vl | B S P B
300 400 A, NM 500 600 700

Figure 4. Experimental (dashed lines) and simulated (solid lines) UV-vis spectra of II: (a) neutral,

cation (b) and dication (c) forms.
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— — HSPP (exp)
——— HSPP (theor)

e

—— H,SPP"" (theor)
- = H,SPP" (cxp)

327 369

— — H,SPP™" (exp)
—— H,SPP** (theor)

300 ' 400 1,,' nm 500 600 )]

Figure 5. Experimental (dashed lines) and simulated (solid lines) UV-vis spectra of I: (a) neutral, cation
(b) and dication (c) forms.

LUMO LUMO+1
Figure 6. Molecular orbital’s of HsSPP™2.
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Conclusion

Protonated forms of 21.23-thio- and 21-dithio-5.10.15.20-
tetraphenylporphyrins dissolved in CH3CN were obtained at
titration by HCIO, at 298 K with following characterization of their
properties. It was found that for the compound I, the ionization
starts at pH=10 reaching maximum concentration of H,SPP" at
pH=8. For the compound I, the protonation starts at pH=14, and
the concentration of HS,PP* reaches a maximum at pH=10.5,
which indicates more pronounced basic properties than of that of
l.

It should be noted that the dicationic form of Il is also
formed under milder, as compared with I, conditions, and
already at pH=7.5 its concentration reaches a maximum, starting
at pH=10.5, while for | the start and the maximum correspond to
pH=9 and pH=5, respectively.

Upon further titration, it was found that the doubly
protonated form of II, H,S,PP?, is able to coordinate the CIO*
counterion, unlike that of 1. To explain this difference in the
coordination ability, a quantum-chemical calculation of the
equilibrium geometry of compounds | and Il was performed,
taking into account the interaction with the solvent, which
indicated an increase in the perimeter of the cavity upon
heteroatomic substitution in the series Ill—-l—Il with a step of
about 0.8 A, in the both, neutral and ionized, forms. Moreover,
during protonation and diprotonation, a distortion of the core
plane is observed with a significant out-of-plane shift of the
central atoms N, S and H for the compounds | and II. As follows

HO S OH H =
N
OO0 el 0 e O
BF3 MeOH
Chlorany!

Scheme 1.

Spectroscopic experiments.

The IR - spectra were recorded by Avatar 360 FT-IR
spectrophotometer (“Thermo Nicolet”, USA) in KBr pellets
(approximately 1 mg porphyrin / 100 mg KBr) in the frequency
region 400 - 4000 cm™" at room temperature. The H NMR
spectra were recorded by Bruker-500 spectrometer at the
operating frequency 500 MHz, in CDCls, internal reference TMS.
UV-Vis spectra were recorded by two-beam spectrometers
“Shimadzu UV-1807, using a quartz cell with optical pathways of
1 mm and 10 mm in acetonitrile (hereinafter referred as ACN)
and CH2C|2

Computational details.

A hybrid DFT computational method with B3LYP functional
and cc-pVTZ basis set was used for all calculations. Geometry
optimizations were performed for HSPP, S,PP and their
protonated ionic forms HS,PP*, H,S,PP**, H,SPP* and
HsSPP**, followed by calculations of vibrational harmonic
frequencies in order to confirm whether the optimized structures
are minima on the potential energy hyper-surface. The ACN
solvent environment was modeled by employing the PCM
method. The solvation effects (with ACN) were introduced by the
Self-Consistent Reaction Field (SCRF); this keyword requests
that a calculation is performed in the presence of a solvent by
placing the solute in a cavity within the solvent reaction field
using the CPCM polarizable conductor calculation model. The
UV-Vis absorption spectra for the ionic and neutral forms of the

11

from the results of the QTAIM calculations, the central cavity of
HsSPP?" bears twice as much negative charge as H.S,PP?,
which indicates a higher ability to coordinate the counterions
(CIO*) by the cavity of the latter. The UV-vis spectra simulated
by TDDFT match the experimental data in reproducing the trend
of the spectra changes during titration in the series
neutral—cation—dication for | and II.

The results obtained in this work can serve as a theoretical
basis for obtaining the active components of highly sensitive
anion-selective  materials based on heterosubstituted
porphyrinoids.

Experimental Section
Syntheses.

A general procedure was used to synthesize meso-
substituted 21-thia and 21, 23-dithia porphyrins.

1 mole of 2,5-thienediylbis(phenylmethanol), synthesized
as described in F2%%%2 \was condensed with 2 moles of
arylaldehyde and 3 moles of pyrrole under porphyrin forming
conditions ¥ to obtain 21-thia-substituted porphyrin 1, yield
15.7%. Dithiaporphyrin Il was isolated as a by-product, yield
3.2%, see Scheme 1. This compound was purification by column
chromatography on Al,O3 (Ill active stage by Brecman), eluent —
dichloromethane. The control of purity of the compound was
carried out by TLC method, used Silufol (Merck) plate with a
thickness of active layer 0.5 mm and an eluent CH,Cl,. Sgectral
characteristic of molecules | and Il satisfy the literature 3+%°62]

studied dyes in ACN were simulated using TD-DFT method. All

calculations have been realized for the closed-shell electronic

state. The Gaussian09 software ®* was used for calculations.
The topological analysis of electron density distribution

function p(r) in terms of quantum theory atoms in molecule
(QTAIM) was carried out using AIMAIl Professional software %,
The visualizations of molecular models were realized by
Chemcraft *® program.

The geometrical parameters (as sets of Cartesian
coordinates) of the complexes are listed in ESI.
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