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Memooom Keanmogoii Xumuu ¢ UCHOIb306AHUEM Meopul QYHKYUOHANA ITNeKMPOHHOU
naomnocmu (DFT) 6 éapuanme B3LYP ¢ npumenenuem 6azucnozo naéopa 6-31G, oononnennozo
ROJIAPUZAUUOHHDIMU PYHKUUAMU, U 8 DAMKAX MOOEIU CAMOCO2IACOBAHHO20 PEAKIMUGHO20 NOJIA
(PCM) nposeoensvt pacuemet snepeemuru u cmpykmyput moexynovt nupuouna (Py) é ceé0600nom
cocmosinuu, memanone (MeOH), auemonumpune (AN), oumemuncyavgpoxcuoe (DMSO) u oume-
mungpopmamuoe (DMF). Yemanoeneno, umo nepexod monexyivl nupuouna u3z c60600H020 co-
cmoanus ¢ cpedy MeOH, AN, DMF u DM SO npueooum:. k ysenuuenuro On1un césaszei mojibKo
MEHCOY AMOMAMU A30MA U Y2Nepo0a AMUNA; K 3HAUUMETbHbIM USMEHEHUAM Ge/IUYUH 3APA006 HA
amomax yznepood, C6A3aHHbIX C PEAKWUOHHBIM YEeHMPOM (DOCH ROSLOIHCUMENbHBIX 3aPA008 U3Me-
naemcsa ¢ pady. DMF = DMSO < MeOH = AN); k pocmy nonoscumensnozo 3apada Ha amomax
6000pooa, komopulit uzmensemcs 6 pady.: MeOH = AN < DMF = DM SO. Ilpogeden cpasnumens-
Hoii ananus sumanvnuii nepenoca nupuouna us MeOH ¢ AN, DMF u DM SO (4rH°(Py)meoH—so),
ROJIYUEHHBIX U3 KATIOPUMEMPUUECKUX UBMEPEHUIL U YHUMbIGAIOUWUX KAK YHUGEPCAIbHbIe, MAK U
cneyugpuueckue munvt ¢zaumooeiicmeuii, ¢ genuuunamu AH(Py)meon—solv, HOTyUeHHBIMU U3
K8AHMOBO-XUMUYECKUX PACUEN06, KOMOPbIE YUUMbIEAION MOIbKO YHUBEPCATbHYIO COCIABIAI0-
W{YI0 nepecobeamayul. YCmanoeieHo, Ymo 0CHOGHOI 6K1a0 6 UIMEHEHUE COTbEAMHOZ0 COCHLO-
anus nupuouna npu cmene cocmaesa pacmeopumensns MeOH—-DMF u MeOH—AN oaem nepe-
conveamayus amoma azoma. B ciyuae nepenoca Py uz MeOH ¢ DM SO eknadwt om nepeconvea-
mayuu amoma azoma u y2neeo00pooH020 PAOUKANA 8 OOULYIO IHEP2EMUKY REPECOTbEAMAUUYU MO-
JIeKYJ1bl RPUMEPHO 0OUHAKOGDL.

KuroueBble ciioBa: ConbBatanys, MUPUIHH, METAHO, AlETOHUTPHII, AUMETUICYIb(MOKCH, TUMETHII-
dhopmamuz
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Quantum-chemical calculations of the energy and structure of pyridine molecule (Py) in
the free state, methanol (MeOH), acetonitrile (AN), dimethyl sulfoxide (DM SO) and dimethylforma-
mide (DMF) have been performed using the density functional theory (DFT) at the B3LYP with the
6-31G basic set supplemented by polarization and diffuse functions and within the model of the self-
consistent reactive field (PCM). It was found that the transfer of the pyridine molecule from the free
state to the MeOH, AN, DMF and DM SO media leads to: an increase in bond distances only between
nitrogen and carbon atoms of amine; significant changesin the charges on the carbon atoms associ-
ated with the reaction center (the growth of positive charges varies in the series: DMF = DM SO <
MeOH = AN); an increase in the positive charge on hydrogen atoms, which variesin the series: MeOH =
AN < DMF = DM SO. A comparative analysis of the results from quantum chemical calculationswas
carried out with data on transfer enthalpies of amine from MeOH to AN, DMF and DMSO
(4rH°(Py)meon — soiv) Which were obtained by calorimetric method. It was found that the resolvation of
the nitrogen atom gives the major contribution to the change in the solvate state of pyridine when the
composition of the solvent MeOH — DMF and MeOH — AN changes. I n case of transfer of Py from
MeOH to DM SO, contributionsfrom theresolvation of the nitrogen atom and the hydrocarbon radical
to the overall energy of the resolvation of molecule are approximately the same.

Key words: solvation, pyridine, methanol, acetonitrile, dimgdtbulfoxide, dimethylformamide
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INTRODUCTION impossible without studying the influence of the-so

Pyridine (Py) is a heterocyclic tertiary aminevent on the solvation of the reacting and formiag-p

capable of forming strong complexes with metal jon%des' (Ijn turnr,] changes lr? soI\I/atlc_)n state of fmﬁg?s_
so it is a relevant object of scientific reseansttie 9€PeNd on changes in the solvation state of theiF |

field of coordination compounds chemistry [1-3]. vidual atoms, functional groups and reaction center
Solvation processes of both reagents and pri&_n these reasons, the calculation of the bond engt
ucts accompany complex formation reactions, whide) Petween atoms in the Py molecule, of the charge

proceed in solutions. Therefore, understandinchef t VaIUes on the atoms (q) in the amine moleculegasa
factors that determine the stability of the fornecedn- pha_lse, In d|methylf0|_'mam|de (DMF) and dlme_thyl sul-
plexes and the energy of reactions of their foromets  10Xide (DMSO) media, as well as the enthalpiesyf P
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solvation QsovH%adPy)) in methanol (MeOH), ace- Table 1
tonitrile (AN), DMSO and DMF were made. The val- Values of the bond distances in the pyridine moleds

ues of re and o} of Py in MeOH and AN were takemfro Tabauya 1. BeIMYHMHBI MeXbSIAEPHBIX PACCTOSIHU T
the literature [4]. B MOJIeKy/le NHPHIHHA

Using the literature data on the enthalpy of P t?osr']ggfa' ihe fe, A
dissolving in MeOH [5], AN [5], DMSO [6] and DMF the bond  gas in MeOH in AN in in DMF
[6], obtained by calorimetric method, the energytde | gistance| phase | [ [4] | DMSO
butions from the universal and specific interactibe- |["c1g1 | 1.089 | 1.089] 1.08d 1.080  1.089
tween the Py molecules and the solvent moleculé®to | coq2 | 1.086 | 1.085| 1.085 1.085  1.085
common energy of amine resolvation were estimated, c3-H3 | 1.087 | 1.086| 1.08d 1.086 1.086
CALCULATIONS C5-H5 | 1.089 | 1.088] 1.089 1.089) 1.089
N1-C1 | 1.339 1.343 1.3472 1.34p 1.342
Quantum-chemical calculations were performedci-c2 | 1.396 | 1.396| 1.395 1.395 1.395
using the GAUSSIAN 03 software package [7]. Thec2-Cc3 | 1.395| 1.395] 1.395 1.395 1.395
calculations were performed using density functiona c3-c4 | 1.395| 1.395/ 1.395 1.395 1.395
theory (DFT) at the B3LYP [8-10]. In all calculati®, | C4-C5 | 1.396 | 1.396| 1.39§ 1.395 1.395
bases 6-31G [11, 12] supplemented by polarizatioh af C5-N1 | 1.339| 1.343] 1.342 1.342 1.342

diffuse functions [13] were used. Visualizatiorcofn-

. Analysis of the charges on atoms in the Py
pleted structures was performed in ChemCraft pro- . .
gram [14]. The study of Py structure in solvateatest molecule in the gas phase, in MeOH, AN, DMSG and

as well as the determination of amine solvation eRMF shows (Table 2) that the maximum negative

thalpies in MeOH, AN, DMSO and DMF, was per_charge is concentrated on the nitrogen atom of the

formed within the polarizable continuum modefMN€ molecule.

(PCM) [15]. Table 2

RESULTS AND DISCUSSION Values of the Mulliken charges on the atoms in thpyri-
dine molecule

Tabnuya 2. Betmunupl 3apsioB no Mauinkeny

Ha aTOMax B MOJICKYJI¢ IHPUANHA

The geometric parameters of the pyridine mol-
ecule in the gas phase and in the solvent mediam, a

well as Mulliken charges on atoms in the free atd-s [The des] q,e

ated states obtained as a result of optimizati@n argnation| .

given in Tables 1-2. The structure of the amineamol| ofa | M"€ fhMeoH in in in

cule is shown in Fig. charge o p%ZZe [4] | AN[4] | DMSO | DMF

an atom

N1 -0.358| -0.430[ -0.430 -0.48p -0.484
C1 0.058 | 0.094| 0.094 0.074 0.074
Cc2 -0.089| -0.093 -0.093 -0.112 -0.112
C3 -0.057| -0.058 -0.058 -0.070 -0.074
C4 -0.089| -0.093 -0.093 -0.112 -0.112
C5 0.058 | 0.094| 0.094 0.074 0.075
H1 0.100 | 0.100f 0.100 0.124 0.124
H2 0.090| 0.093] 0.093 0.126 0.125
H3 0.098 | 0.100/f 0.100 0.134 0.134
H4 0.090| 0.093] 0.093 0.126 0.125
H5 0.100 | 0.100f 0.100 0.124 0.124

Fig. Structure of the pyridine molecule

Puc. CtpykrypHas hopmysia MOJIEKYIIbl THPUANHA .
The influence of solvents on the electronega-

As follows from Table 1. the transition of thelivity of the pyridine reaction center increasesthe
pyridine molecule from the gas phase to MeOH, AN€Ties: MeOH = AN < DMF = DMSO. This correlates
DMSO and DMF leads to the increasing of bon#ith the change in the donor properties of thesde so
lengths only between nitrogen and carbon atoms. TH&NtS (DE“/'eoH: 19.0~ DNan = 14.1 < DNwr = 26.6~
bond distances between other atoms in the molegule®Nomso = 29.8 [16]).

solvated Py and in the amine molecule in the gas@h Charges on carbon atoms directly combined
do not differ significantly from each other. with the reaction center of pyridine are positive,
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charges on other carbon atoms are negative. The trAy the molecules of the mixed solvent should be per
sition of the amine molecule from a free statehte t formed, mainly, by the donor-acceptor mechanism,
solvent medium results in significant changes i@ thand the solvation of the hydrocarbon radical occurs
charge values at the carbon C1 and C5 atoms, &nd ldrgely due to Van der Waals forces.
growth of positive charges changes in the serid4=D In order to estimate the energy contribution to
= DMSO < MeOH = AN. The transition of the aminethe common energy of the resolvation of amine from
molecule from the gas phase to the DMSO and DMiniversal and specific interactions between pyadin
media leads to an increase of the negative chargemolecules and solvent molecules, there were cordpare
the carbon atoms which are not combined with the rithe values of the enthalpies of the Py transfemfro
action center. The charges on these carbon atotine inmethanol to acetonitrile, dimethyl sulfoxide anthdk
gas phase, methanol and acetonitrile are approgiynatthylformamide, obtained from calorimetric measure-
the same. ments and considering both universal and specific
Charges on hydrogen atoms of solvated pyriypes of interactions, and the valuesfgH°(Py) ob-
dine are more positive than those in the gas plade tained from quantum chemical calculations using the
change in the series: MeOH = AN < DMF = DMSO. model of the self-consistent reactive field (PCI5]f
Earlier we determined by a calorimetricThe values af\yHC%:dPyeorsov aNAAHad PYMeoH sol
method the enthalpies of dissolution of pyridine iare presented in Table 3 along with the values of
mixtures of methanol with acetonitrile [5], dimethy A, Ho%.(Py) 1 AsoH%ad PY).
sulfoxide [6] and N,N-dimethylformamide [6]. On It can be noted that the calculated and exper-

their bases the enthalpies of the amine transéen fr imental values of the enthalpy of amine solvation a
MeOH to the MeOH-AN, MeOH-DMSO and MeOH-fajrly close, although the transfer enthalpies

DMF mixed solvents were calculated. It was foura th o, o, (Py)eorson and AeH%adPYveorson differ,

an increase in the concentration of aprotic sol/@mt \yhich may be due to the use of a self-consisteat-re
the binary mixture provides the decreasing of eoth tjye field model in calculations that takes intaaint
micity of Py solvation. _ _ only the universal component of resolvation [15].

Changes in the solvation energy of dissolved As was noted earlier, the transfer of pyridine
substances are known to depend on the changes infldm the amphoteric solvent to the basic leadsde-a
solvation state of individual atoms or functioned@ps  crease in the exothermicity of the amine solvation,
in their molecules when the composition of the 80tv \yhjch can be mainly due to a decrease in the ergrgy
is changed. One can distinguish the following dentrthe donor-acceptor interactions between the hyaroge
butions to the energy of the resolvation of pymdin atoms of the solvent molecules with the unshared
contribution from the resolvation of the nitrogeora  gjectron pairs of the amine nitrogen atom due & th
of the amino group and the contribution from the reyecrease in the acid properties of the solvents
solvation of the hydrocarbon radical (benzene (iNgQAN.on = 41.3, ANw = 18.9, AN = 16.0, ANso =
and solvation of the reaction center in the Py mulle  -19 3 [16]) [5,6].

Table 3

The enthalpies of pyridine solvation f«H%xp(Py), ArH%a(Py)) in methanol, acetonitrile, N,N-dimethylformanide

and dimethyl sulfoxide and the transfer enthalpie®f amine from MeOH to AN, DMF and DMSO

(Atr H Oexp(PY)(MeOH—solv), AvH 0calc(l:’y)(MeOH—>soIv))
Taoauya 3. duranbnuu conbataunn mupuauHa (AsovH %xen(PY), AsovH %paca(PY)) B MeTanoIe, aneTOHUTPHITE,
auMeTuIGopMaMue U TMMETHICYIb(OKCHIE H IHTAIbLINHU epeHoca amuHoB u3 MeOH B AN, DMF u DMSO
(Atr H Oaxcn(Py)(MeOHﬁsolv), ArH 0pacq(Py)(MeOHﬁsolv))

0 *k 0 *k
Solvent | AsoH%x(PY)*, kd/mol| AsonH%adPY), kd/mol ArH ex'{ig)/(x]egl%s""’) | AvH ca"{i?]/}x]e&%“"’) '
MeOH -44.08 -35.55 - -
AN -38.14 -39.23 5.94 -3.68
DMF -40.61 -35.97 3.47 -0.42
DMSO -39.11 -32.43 4.97 3.12

Notes: * calculated by the formulasonH%xp = AsoH® — AvapH®, whereAsoHC — enthalpies of Py dissolution in the solventsA()3

AvapHC® — enthalpy of vaporization of pyridine (40.21 kdlnj17]).
** calculated by the formulaAtHO(Py)meoH-solv = AsovHO(PY)an,omF,oMs0 — AsovHO(PY)MeoH

[pumeuanus: * paccuntansl mo popmyie: AsovH%xen = AsoH® — AvapH?, e AsoHP - sHTaNbMMK pacTBopenus Py B nsyuaembix pac-

tBopurensx ([3,4]); AvapH® — suransnus ucnapenus mupununa (40,2 1k x/Mons, [17]).
** paccunrtansl o popmysie: AtrHO(PYMeoH-sov = AsovH(PY)an,oMF,oMso — AsovHO(PY)veoH
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Methanol, acetonitrile, dimethylformamidewith allowance for quantum-chemical modeling,
and dimethylsulfoxide belong to the group of mid-poshowed that the main contribution to the changéen
lar solvents §wveor) = 32.6,€an) = 37.5,6omr) = 36.7, Solvate state of pyridine during its transfer frist@OH

gomso) = 46.6 [18]). It was suggested in [5,6] thato DMF is provided by the resolvation of the niteog
changes in the solvate state of the hydrocarbdoaiad atom. The change in the energy of solvation ofchye

in the Py molecule upon changing the composition #fith the replacement of MeOH by AN and DMSO is
the solvent MeOH-. AN, DMSO, DMF will not have due to both a change in the solvate state of astien

a significant effect on the change in the overalva- center and the hydrocarbon radical. Moreover, & th
tion energy of the molecule. The calculation ofase of the transfer of pyridine to acetonitrife te-
AvH%{Py) showed that this assumption is valid onlgolvation of the reaction center is dominant (Te)le
in the case of transfer of pyridine from MeOH to BM and in the case of transfer of pyridine from MeG@H t
(Table 3). Replacement of MeOH by AN leads to a sigPMSO, the contributions from the resolvation of the
nificant increase in the solvation of the hydrocarb Nhitrogen atom and the hydrocarbon radical to thal to
radical, and the change of the solvent MeQHDMSO —  €nergy of the resolvation of the molecule are axipro
to its desolvation (Table 3). mately the same (Table 3). _

Analysis of the solvation contributions of the Thus, a comparative analysis of the values of
functional groups of the pyridine molecule in the e A«H(PY), obtained by calorimetric method and by
thalpy of amine transfer from methanol to acetdaitr duantum-chemical modeling, showed that quantum
dimethyl sulfoxide and dimethylformamide carried ouchemical calculations can be useful for detailimgi-

molecular interactions in solutions.
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