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Cunmesuposanwt 5,10,15,20-mempaxuc(1'-kapookcumemunnupud-4-un) nopgupun mempa-
xaopuo (1) u 5,10,15,20-mempakuc(1'-kapboxkcumemunnupuod-4-un)noppupun mempaopomuo
(2). Pacmeopumpie ¢ 600e npou3eo00Hvle mempanupuouinoppuna npeocmaesnaom coooii coau
2a7102eHU006 C MHO203aPAOHBIMU KAMUOHAMU CO CJI0HCHOU APOMAMUUECKOU CIMPYKMYpPOU. 3HA-
YCHUA CIMAHOAPMHBLIX IHMATLRUN 00PA308AHUA COCOUHEHUN PACCUUMBIEAIU C UCHONbIO6AHUCM
Memooa adOumueHbvIX ZPYNN, OCHOBAHHO20 HA ZPYNNOGOU CUCMEMAmUKe ¢ Kiaccuuxauuer
dpazmenmos muna bencona, Komopas yuumovieaem 6UAHUE NEPEUUHO20 OKPYHCEHUA OIA AMO-
mos. Tennosvie ghghexmut pacmeopenus Kpucmaniuueckux mempanupuounnopgunos (1) u (2)
6 800e u ¢ 6oonvix pacmeopax KOH npu 298,15 K onpedenanu npamvim Kaiopumempuueckum
memooom. Humezpanvnvie IHmanvnuu pacmeopenHus Usmepaiucy Ha Kanopumempe nepemeHHol
memnepamypul ¢ u3omepmuyeckoi 00010uxkou. Peakyuonnas wacmey Kanopumempa u 6ce Hym-
PeHHue uacmu, KOHmaKmupylouwue ¢ pacnmeopom, u3zomosieHsl U3 mumano6o2o cniaea BTI-0.
Ob6vem Kanopumempuueckoii aueiiku cocmaenan ~60 cm®. CmabunvHocms cucmemvt mepmocma-
MUPOAHUA NPU KANOPUMEMPUYECKUX UIMeEPenuax noddepycusanacy ¢ mounocmoio 107 K. Pa-
Oomy ycmamnoeKu npoeepAnu no UWHMEZPAAbHOU IHMATLRUU PACHMEOPEHUS KPUCMATLIUYECKO20
xopuda Kanus ¢ eooe. Bnepevie nonyuenvt 3nauenus cmanoapmuplx IHMAILRUTL 00PA306AHUA
mempanupuounnopphunos u nPpooyKmoe ux ouccouuauuu 6 600Hom pacmeope. Onu agnawomcs
K104 €e6bIMU GETUYUHAMU 6 MEPMOXUMUL IMUX COCOUHEHUTI, OMKPLIEAION 603MONCHOCb NPO-
6e0eHuUn CMpozUxX MepMOOUHAMUYECKUX PACYEMO8 6 CUCHEMAax ¢ MempanupuouInopHuiom.
Paznuuun 6 mepmoounamuueckux napamempax 0nsa nopgupunos (1) u (2) ceazannwl, oueeuono,
C GUAHUEM PA3HBIX O CB0€Il RPUPOOE RPOMUGOUOHOE (XIOPUOOM UAU OPOMUOOM). IMO OMKDbI-
6aent 603MOIICHOCHIL UCNOJIb306AMY NOJIYUCHHbIE KANOpUMEMPUYECKUue OAGHHbIE 011 UOeHMUpU-
Kauuu Imux uoHo8, Ymo ModHcem 0blmb NOJIE3HO 6 HEKOMOPHIX 001ACIMAX NPOMBIMIEHHOCHIU.
Cnosicnocmov U MHO2000pazue cmpyKmyp noppupunos onpeoensem cneyuuKky ux noeeoeHus 6
XUMUYECKUX PEaKUUAX U PUSUKO-XUMUUECKUX RPOUECCAX, UMEIOWUX MECHO 8 PACHEODAX.
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nop(hUHBI
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5,10,15,20-tetrakis(1'-carboxymethylpyrid-4-yl)porphyrin tetrachloride (1) and 5,10,15,20-
tetrakis(1'-carboxymethylpyrid-4-yl)porphyrin tetrabromide (2) were synthesized. Water-soluble
tetrapyridylporphine derivatives are salts of halides with multicharged cations with a complex aro-
matic structure. Thermal effects of dissolution of crystalline tetrapyridylporphins (1) and (2) in
water and in aqueous solutions of KOH at 298.15 K were determined by direct calorimetric method.
The integral enthalpies of dissolution were measured on a variable temperature calorimeter with
an isothermal shell that we designed. The reaction part of the calorimeter and all internal parts in
contact with the solution are made of titanium alloy VT-1. The volume of the calorimetric cell was
~60 cm?®. The stability of the thermostating system during calorimetric measurements was main-
tained with an accuracy of 10 K. The standard enthalpies of formation of compounds were cal-
culated using the additive group method. This method takes into account the influence of the pri-
mary environment for atoms. The values of the standard enthalpy of tetrapyridylporphine for-
mation and its dissociation products in an aqueous solution were obtained for the first time. They
are key guantities in the thermochemistry of this compound, open up the possibility of conducting
rigorous thermodynamic calculations in systems with tetrapyridylporphine. The differences in ther-
mochemistry of porphyrins (1) and (2) related to different counter-ion (chloride or bromide) opens
a possibility to use solution calorimetry for distinguishing between these ions, which can be useful
in some industrial applications.

Key words: thermodynamics, solutions, calorimeter, enthalpy, constant, tetrapyridylporphines

The complexity and diversity of porphyrin
structures determines the specifics of their behavior in
chemical reactions and physicochemical processes tak-
ing place in solutions. The application of the thermo-
chemical method to the study of the solvation proper-
ties of porphyrin molecules is of great practical and
theoretical interest, since it allows us to directly char-
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acterize the energy of interparticle interactions in solu-
tion. Most physicochemical studies of porphyrins and
their complexes have been performed in non-aqueous
media. The same applies to thermochemical measure-
ments. It is characteristic that foreign researchers, de-
spite the presence of commercially available precision
calorimetric measurement techniques, practically did
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not deal with the issues of solvation of porphyrins in
solutions [1-4].

In this work, the 5,10,15,20-tetrakis(1'-car-
boxymethylpyrid-4-yl)porphyrin tetrachloride (1)
and 5,10,15,20-tetrakis(1'-carboxymethylpyrid-4-yl)por-
phyrin tetrabromide (2) were chosen as the objects of
research (Fig. 1).

HOOCH,C. X X. CH,COOH
\

) B
\N+X

HOOCH,C” “CH,COOH

X =Cl, Br
Fig. 1. 5,10,15,20-tetrakis(1'-carboxymethylpyrid-4-yl)porphyrin
tetrachloride (1) and 5,10,15,20-tetrakis(1'-carboxymethylpyrid-4-
yl)porphyrin tetrabromide (2)
Puc. 1. Terpaxnopun 5,10,15,20-terpaxuc(1'-kapOOKCHMETHIIH-
pun-4-um)nopoupuna (1) u rerpabpomun 5,10,15,20-terpa-
kuc(1'-xkapbokcumeTuimupu-4-un)nophupud (2)

Previously, the authors [5] noted that tetra-
pyridylporphine derivatives substituted in pyridyl frag-
ments by hydrophilic functional groups are the most
convenient model compounds of porphyrins, which are
of significant interest for the study of the state, solva-
tion and reactivity of porphyrins in agueous media. In
particular, the enthalpies of dissolution of meso-
tetrakis(1'-methylpyrid-4- and 3-yl)porphyrin tetrato-
sylates in water, alcohol and phosphate buffer were
measured earlier by the authors [5]. The effect of pe-
ripheral substitution and the anion of the porphyrin
molecule on the enthalpy of solvation has been studied
by calorimetry and uv-vis spectroscopy. It is estab-
lished that the nature of the anion and the isomer of the
pyridylporphyrin substituent significantly affects the
thermochemical characteristics of the transition of
compounds into solution. In particular, it was found
that porphyrin tosylates are solvated several times bet-
ter than their iodide analogues [6].

In this regard, in order to study the energy of
interparticle interactions in solutions that are most ac-
curately determined by the calorimetric method, the
processes of dissolution of compound 1 and 2, differ-
ing in the nature of the anion, in water and aqueous so-
lutions of KOH at a temperature of 298.15 K. For the
first time, the calculation of the standard enthalpy of
formation (4¢H°) of these porphyrins was carried out.
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EXPERIMENTAL PART

Water-soluble porphyrins alkylated by carbox-
ymethyl groups were synthesized by quaternizing of
corresponding 5,10,15,20-tetra(pyrid-4-yl)porphine.

5,10,15,20-Tetra(pyrid-4-yl)porphyrin. *H NMR
spectrum (CDCls), 6, ppm (J, Hz): 9.06 d (8H, 2'-H,
3,5-H,J=5.7,), 8.89 s (8H, B-H), 8.21 d (8H, 2,6'-H,
J=5.7),-2.80 s (2H, NH).

Compounds (1) and (2) were synthesized ac-
cording to the method [7].

5,10,15,20-Tetrakis(1'-carboxymethyl-pyrid-
4-yl)porphyrin tetrachloride (1). UV-vis (H20) Amax
(Ige) um: 641 (3.65), 585 (4.81), 554 (3.80), 518 (4.21),
422 (5.59). FT-IR (KBr, cm'): 807 (5(C-H)); 1550
(6(N-H)); 1436 (v»(C-C)); 1186 (v(C-N)); 1466
(v(C=C), 1592 (v(C=N)); 3129 (v(C-H)); 3468
(v(N-H)); 3419 (v(0-H)); 1023 (v(C-0)); 1640 (v(-
CH»-C0O0)).

5,10,15,20-Tetrakis(1'-carboxymethyl-pyrid-

4-yl)porphyrin tetrabromide (2). UV-vis (H20) Amax
(Ige) am: 641 (3.81), 585 (4.32), 554 (4.31), 518 (4.72),
422 (5.44). FT-IR (KBr, cm—1): FT-IR (KBr, cm'):
807 (6(C-H)); 1551 (S(N-H)); 1440 (w(C-C)); 1191
(v(C-N)); 1466 (v(C=C), 1591 (v(C=N)); 3125 (v(C-
H)); 3473 (v(N-H)); 3421 (»(O-H)); 1023 (»(C-0));
1642 (v(-CH2-COO)).

UV-vis spectra of solutions porphyrins were
recorded with SF-56 spectrophotometer (LOMO, Rus-
sia). FT-IR spectra of water-soluble porphyrins 1-2 and
pyridinium salts were recorded on a VERTEX 80v
spectrometer with a KBr pellet in the wave number
range from 4000-400 cm™*. *H NMR experiments were
performed in DMSO-ds on a Bruker 500 NMR spec-
trometer.

The integral enthalpies of dissolution were
measured on a variable temperature calorimeter with
an isothermal shell that we designed [8]. The reaction
part of the calorimeter and all internal parts in contact
with the solution are made of titanium alloy VT-1. The
volume of the calorimetric cell was ~60 cm?, The stability
of the thermostating system during calorimetric measure-
ments was maintained with an accuracy of 102 K. The
thermometric and energy sensitivities of the calorime-
ter were 2:107* K-mm™ and 1-102 J-mm™ of the scale
of the recording instrument. The thermal effect was
compensated by electric current. To assess the accu-
racy and reliability of the calorimetric setup, we meas-
ured the thermal effects of KCI dissolution in water at
298.15 K. From ten independent measurements of the
enthalpies of KCI dissolution in H>O and data on dilu-
tion enthalpies, we obtained the standard value AsH® =
= 17.23 £ 0.06 kJ-mol?*, which is in good agreement
with the recommended value in the literature (17.22 +
+0.04 kJ-mol™) [9].
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Table 1
Numerical values of energy contributions to the values
of the enthalpy of formation according to the Benson
classification
Tabnuya 1. UYncneHHble 3HAYeHUS JHEPTreTHYECKUX
BKJIA/10B B 3HAYCHUSA JHTAJBIINHA 06pa303a}mﬂ 0 KJjac-
cupuxanun bencona

Ne Group o fglrltjjrl?;)sezn) -AH ¢y, kJ-mol?
1 | (C)-COOH 4 453.30+2.30 [13]
) @ ) -330.00+41.13
[12]*

N

:
3 (C)s-CH 12 -19.90+29.30 [13]
4 (C)sN 6 -102.00+64.30 [13]
5 (C)s-C 8 -9.40 [11]
6 (C)s(N)-C 4 15.48 [10]
7 | (C)a(N)-CH 8 21.60+20.40 [13]
8 | (C)(N)-CH; 4 42.60+20.60 [13]
9 cr 4 15.90 [10]
10 Br 4 20.92 [10]

*The contribution value and the error are calculated based on
the error of the experimental values of the enthalpy of formation of
2,4-dimethyl-3-ethyl-5-carbethoxypyrrole [(Me)EtCEOP] and
5.5-dicarbethoxy-4,4-dimethyl-3,3-diethyldipyrrolylmethane-

2,2- [(CEO)2(Me)2(Et).DPM]

*BeanunHa BKJIaJla ¥ MOTPCIIHOCTH PACCUUTAHBI UCXOJA U3
IMOTPEUIHOCTH DSKCIIEPUMEHTAJIBHBIX 3HAYCHUM HSHTAJBIITUNA
obpaszoBanus  2,4-gumeruni-3-3Tui-5-kapO63TOKCHIIHPpOIIA
[(Me)2EtCEOP] u 5,5-nukap6atokcu-4,4.-mumernn-3,3-1au-
stuiaunppoauMeran-2,2-[(CEO)2(Me)2(Et)2DPM]

O.N. Krutova et al.

RESULTS AND DISCUSSION

The values of the standard enthalpies of for-
mation of porphyrins (1) and (2) are calculated using
the additive group method. This method is based on the
fact that in the disproportionation reaction (ABA +
+ CBC — 2ABC, where A, B, C are atoms or groups),
the change in the thermodynamic functions of the sys-
tem is associated only with a change in symmetry. This
circumstance makes it possible to calculate the thermo-
dynamic functions of organic substances by summing
the thermodynamic values of the fragments or groups
that make up the molecule.A group is a central atom
together with ligands, for example, a carbon atom in an
alkane bonded to three hydrogen atoms and one carbon
atom (C—(H)3(C)). The carbon atoms of aromatic
compounds, alkenes and alkynes are marked with
subscripts: Cp, Cq, Ct. For the nitrogen atom in various
compounds, the following designations are accepted:
N - nitrogen with simple bonds; N is hitrogen with a dou-
ble bond in imines; N—(Cy) is nitrogen in pyridine; N is
nitrogen with a double bond in azo compounds [10-12].

The initial data for the calculation of A% =
= -695.92 + 86.78kJ-mol ! (1) and AtH°(r)=-716.00 +
+ 86.78kJ-mol ! (2) of the test compounds is given in
Table 1.

The process of dissolution of compounds (1)
and (2) in water can be represented by the scheme:

H4P(cr) + nH20 = H4P (sol., nH20). (1)

Table 2
Enthalpy of dissolution of compounds (1) and (2) in water at 298.15 K
Tabnuya 2. Jutanbnus pacrBopenus coeaunenuii (1) u (2) B Boge npu 298,15 K

m-103, 4 | AtHP(H2P, sol.,

m, comp. (1), ¢ mol HaP /1000 g H;0 n, mol HyO/mol H4P AsoiH, kJ-mol? nHzo(, 298.15K)
0.0101 0.2351 230616 56.23+(0.25)* -639.63
0.0113 0.2631 206126 56.35 -639.51
0.0126 0.2933 184859 56.48 -639.38
0.0205 0.4773 113620 56.69 -639.17
0.0313 0.7287 74416 56.82 -639.04
0.0404 0.9406 57654 57.23 -638.63
0.0481 1.1190 48424 57.59 -638.27

m, comp. (2), g | m-10%, mol H4P /1000 g H,O | n, mol H,O/mol H4P AsoiH, kJ-mol? AH(HAP, sol.,

' s ' ' ’ nH>0, 298.15K)
0.0092 0.1817 298321 76.50+(0.25)* -639.5
0.0103 0.2035 266462 76.56 -639.44
0.0132 0.2608 207921 76.82 -639.18
0.0215 0.4248 127653 76.89 -639.11
0.0314 0.6204 87406 76.99 -639.01
0.0422 0.8338 65036 77.09 -638.91
0.0501 0.9900 54781 77.12 -638.88

*error in thermal effects of compounds (1) and (2) dissolution in water
*ommOKa B TETUIOBHIX 2 deKTax pacTBopeHus coenunenuii (1) u (2) B Boze
ChemChemTech. 2024. V. 67. N 4 31
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The standard enthalpy of formation of a solu-
tion of compounds (1) and (2) at different dilutions was
calculated by the equation:

AtHP(H4P, sol., nH20, 298.15 K) = AdH°(H4P, cr.,
298.15 K) + AsaH(H.4P, cr., 298.15 K), (2)
where AHO(H4P, cr., 298.15 K) is the standard enthalpy
of formation of crystalline porphyrin; AsH(H4P,cr.,
298.15 K) is the heat of dissolution of porphyrin. The
experimental data are presented in Table 2.

The standard enthalpy of formation of porphyrin
in a hypothetically undissociated state upon final dilution
in an aqueous solution was found using the equation:

AH(H4P, sol., nH20, hyp. nedis., 298.15 K) =

= AfHO(H4P, SOI., IleO, 298.15 K)- al*AdisHol -

— 02™AdisH%-0i3* AgisH%- 04* AgisH%, (3)

where o; are fractions of particles HsP-, HoP%, HP*, P*

respectively; AqisH% were calculated by using the
HEAT computer program.

We used universal software (HEAT [13, 14]),
which allows you to work with any user defined sys-
tems. If the changes in the enthalpy of any reactions are
unknown (which is usually encountered in practice),
then it is necessary to solve a system of linear equa-
tions, the form of which depends on the type of exper-
imental setup. Thus, for an ampoule calorimeter with
an isothermal shell, the expression

1
AHexps = ?,=1 Aa;s AH;, (4)

CBjs

where AHexps IS the experimentally determined thermal
effect in series s, Cag;js is the total concentration of the
reagent Bj in experimental series s, relative to which
AHexps, Aais are calculated change in the equilibrium
concentration of the product i reaction in the experi-
mental series s, N is the total number of reactions, AH;
— enthalpy change i reaction. The obtained values are
presented in Table 3.

Table 3

Enthalpies of stepwise dissociation of compounds (1) and (2) at a temperature 298.15 K (kJ-mol?)
Tabnuya 3. DATANLIHH CTYIEHYATOl Aucconnamuu coenunennii (1) u (2) npu remneparype 298,15 K (x/Ix-moan?)

ArHis, kJ-mol™" (com- , AtHgis, kJ-mol™! (com-
Process PKi [7] pounds 1)( pKi pounds 2)(
HsP — HsP + H* 3.25+0.26 25.9+2.5 3.11+0.50 27.1+£2.8
HsP-— HoP% + HY 5.344+0.33 43.3+2.7 6.01£0.56 53.3+2.7
H,P?> — HP* + H* 8.26+0.36 76.4+2.9 7.89+0.52 79.842.6
HP%* — P* + H* 9.02+0.53 93.44+2.6 9.34+0.56 111.8£2.9

The equilibrium composition of the solutions
was calculated using the KEV program [15]. The paper
describes an algorithm for determining unknown equi-
librium constants from UV-Vis or potentiometric ex-
perimental data using a minimizing function (maxi-
mum likelihood method). Recommendations are given
for estimating the equilibrium constants from experi-
mental data. We found thatthe fractions of particles
HsP-, H.P?, HP*, P* were no morethan 2.8:1073
1.3:107%; 3.5-10%and 4.8-107, respectively. The total
contribution from the summands (au*AgisH%+
+ 02*AgisH%+as* AgisHO%+ 0(4*Adi5HO4) in the I’ight part
of Eq. (3) thus did not exceed 0.06 kJ-mol* and
changed slightly in the studied range of concentrations,
due to which these contributions can be ignored. From
the Table 2 it can be seen that the heat of formation of
compounds (1) and (2) in an aqueous solution in the
studied concentration range practically does not de-
pend on the dilution value, which is not surprising for
such large dilutions.

In order to calculate the standard enthalpy of
formation of compounds (1) and (2) in a hypothetical
undissociated state at infinite dilution, we built Fig.2.
These values were found by extrapolating the values
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obtained by equation (4) to the zero value of the molal-
ity m of the solution (Fig. 2).

AH kJemol ™
-637
-638
-639 . L]
L

-640 -

-641

-642

0,0 0:2 0:4 0:6 0:8 me10? 1:0
Fig. 2. Graphical definition of the standard enthalpy of formation
H4P particles in aqueous solution
Puc. 2. I'paduaeckoe omnpezeseHne CTaHAAPTHOW YHTAIBITHU 00-

pazoBanus yactuil H4P B BogHOM pacTBope

According to least squares, we found:
compound (1)
AtH°(H4P, sol.HO, std. s., hyp. non-dis., 298.15 K) =
=-639.9 + 1.9 kJ'mol?,
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compound (2)

AtH°(H4P, sol. H2O, std. s., hyp. non-dis, 298.15 K) =
=-639.4+ 1.9 kJ-mol™.

We also used the second method. An inde-
pendent series of experiments was carried out to deter-
mine the enthalpies of dissolution of the studied com-
pounds (1), (2) in alkaline solutions at an equivalent
ratio of at least 1:4. This was done to independently
determine the standard enthalpy of formation of P*
particles and other products of the dissociation of com-
pounds (1), (2) in an aqueous solution.

The process of dissolving in a KOH solution
can be represented by the following scheme:

H,P(cr.) + 40H (sol.,nH,0) =
- P* (sol.,nH,0) + 4H,0. (5)

The experimental data of thermal effects of the
dissolution of crystalline compounds (1) and (2) in
aqueous solutions KOH at 298.15 K are presented in
Fig. 3 and Table 4.

AH, kdemol™
155 —

150 -
145 -
140 —
135 —
130 —

125

120 T T T T T T T
0 1 2 3 4 5 6 7
C(KOH)+*103, mol+kg™
Fig. 3. Graphical determination of the enthalpy of dissolution of
H4P in KOH solution at infinite dilution
Puc. 3. I'padudeckoe onpeaeneHue SHTANbINKA pacTBoperus HaP
B pactBope KOH npu 6eckoHeuHOM pa3baBiicHUN

In order to obtain the thermal effects of disso-
lution of compounds (1) and (2) at zero ionic strength,
we used the equation presented in [16]. It is designed
to calculate the standard thermodynamic characteris-
tics of reactions in solution - equilibrium constants,
thermal effects, and so on at zero ionic strength accord-
ing to experimental data relating to solutions with fi-
nite ionic strength.

Graphical extrapolation of the heats of dissolu-
tion of the compounds under study in potassium hydrox-
ide solutions to zero ionic strength is shown in Fig. 2.

Using the values of the standard enthalpies
of formation of hydroxide ion and water (H-O) in an
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Table 4
Solubility enthalpies of 5,10,15,20-tetrakis(1'- carbox-
ymethyl -pyrid-4-yl)porphyrin tetrabromide in KOH
solution at various concentrations and T = 298.15 K
Tabnuya 4. JHTAIBINN pacTBOPUMOCTH TeTpakuc(l'-
KapOokcuMeTHIMUpHI-4-mi)noppupuHa Terpadpo-
Muaa B pacteope KOH npu pa3inyHbIX KOHIEHTPAa-
muax u T =298,15 K

m, g Ckon, mol kg* -AsoiH, k] mol?t
0.00221 131.940.40
0.00222 e 1318035
0.00220 1.739-10 131.940.41
0.00421 137.740.40
0.00422 e 137.540.30
0.00420 3.308-10 137.940.42
0.00863 150.940.40
0.00862 e 150.940.42
0.00861 6.778:10 151.040.39

aqueous solution, we calculated the standard enthalpy
of formation of the deprotonated P* ion:
A¢H°(P*, sol., H,0, std.s., 298.15 K) =
= A{H°(H,P,cr.,298.15K) +
+ 4A¢H°(OH™, sol., H, 0, std.s., 298.15 K) +
+A.H°) — 4 AfH°(H,0, lig., 298.15 K). (6)
The standard enthalpies of formation of HP*,
H,P?, HsP-, HsPparticles in an aqueous solution were
calculated using the equations:
A¢H°(HP3~,s0l., H,0, std., hyp., non —
—dis., 298.15 K) = A{H°(P*7,sol.,
H,0,std.,298.15K) —
—AgisHO(HP3~,298.15 K). (7)
A¢H°(H,P?7, sol., H, 0, std., hyp.,non —
—dis., 298.15 K) = A¢H°(HP3~, sol,
H,0, std. hyp., non — dis., 298.15 K) —
—AqisH°(H, P27, 298.15 K). (8)
A¢H°(H;P~, sol., H, 0, std., hyp., non
—dis., 298.15 K) = A¢H°(H, P2, sol,
H,0, std. hyp.,non — dis., 298.15 K) —
—AgisH°(H3P~,298.15 K). (9)
A¢H°(H4P, sol., H,0, std., hyp., non —
—dis., 298.15 K) = A¢H°(H3P~,sol,
H,0, std. hyp.,non — dis., 298.15 K) —
—AqisH°(H4 P, 298.15 K). (10)

The thermodynamic characteristics of porphy-
rin dissolution will allow us to obtain a lot of useful
information about the state of tetrapyridylporphine in
solutions. Moreover, the study of porphyrin solvation
can also shed light on the behavior of other related
macrocycles, such as phthalocyanines. These mole-
cules have similar structures and properties to porphy-
rins, and their solvation behavior can be studied using
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similar methods. The values of the standard enthalpy
of porphyrin formation in an aqueous solution are
obtained in this work for the first time. Overall, the
study of solvation properties of porphyrin molecules is

an important area of research. The use of thermochem-
ical methods can provide valuable insights into the be-
havior of these molecules in solution and their applica-
tions in various fields. The obtained values are pre-
sented in Table 5.

Table 5

Standard enthalpies of formation of 5,10,15,20-tetrakis(1'-carboxymethyl-pyrid-4-yl)porphyrin tetrachloride and
5,10,15,20-tetrakis(1'- carboxymethyl -pyrid-4-yl)porphyrin tetrabromide and products of its dissociation in aque-
ous solution ( kJ-mol™")

Tabnuya 5. CtanaapTHble JHTAIbIUM 00pa3oBanus 5,10,15,20-Terpakuc(l'-kapdokcuMeTHINUPHI-4- W) TETPaXJIo0-
puaa noppupuna u 5,10,15,20-rerpaknc(l’-kapookcumMeTHIANMHPHI-4-) WI)TeTpadpoMua NophUPHHA H MPOIYKTOB
MX JMCCOMALAH B BOAHOM pacTBope (k] [xemonnb 1)

. AfH°(298,15 K), kJ-mol ™! AH°(298,15 K), kI-mol ™!
Particle State (compounds (1)) (compounds (2))
H.P cr. -695.9+1.9 -716.0£1.9
sol., H20, std. s., hyp.

non-dis. -639.94£2.9 -639.4+2.9

HsP~ sol., H»O, std. s., hyp. -613.9+2.9 -612.3+£2.9
non-dis

H,P%- sol., Hz0, std. s., hyp. -570.742.9 -559.0+2.9
non-dis.

HP* sol., H20, std. s., hyp. -494.34+2.9 -479.2+2.9
non-dis

P+ sol, H0, std. s. -400.84+2.9 -367.4+2.9

CONCLUSIONS

Water-soluble cationic  pyridyl-substituted
porphyrins are widely studied as model compounds
and new materials for their possible use as sensitizers.
Even for fairly simple cases, it is difficult to quantify
the thermodynamic aspects of the behavior of sensitiz-
ers in solution. We present new experimental infor-
mation on the dissolution of these structurally complex
macrocyclic compounds in aqueous and aqueous-alka-
line solutions. The dependence of the influence of their
structure on the thermochemical characteristics of their
dissolution is shown. We hope that the results of our
study and the calculated thermodynamic characteris-
tics of the dissolution of tetrapyridylporphyrin deriva-
tives will be useful in further studies of this series of
compounds in agqueous solutions and the solid phase.
The thermal effects of dissolution of compounds (1)
and (2) in water differ from each other by 20 kJ-mol™,
and when these substances are dissolved in aqueous so-
lutions of alkaline, the sign of the thermal effect
changes. Such significant differences in thermal effects
can be considered as a potential tool for distinguishing
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ClI, Br., OH ions in an aqueous solution. The physico-
chemical study of bioligand solutions is a very urgent
task for today [17-27].
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