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Proton exchange in ammonia, water and formic acid dimers:
quantum-chemical calculation

Proton exchange in hydrogen-bounded complexes occupies an important place among dynamic processes tak-
ing place in molecular systems with hydrogen bond. However, despite numerous experimental and theoretical
studies in this field, a single point of view on the mechanism of proton exchange has not yet been accepted by
scientists. Ammonia, water and formic acid are small in size protolytes with widely differing acid-base prop-
erties. This makes them suitable and comfortable for theoretical modeling of proton exchange reaction. Quan-
tum-chemical simulation of the proton exchange reaction in model dimers of ammonia, water and formic acid
was carried out by AM1 and ab initio 6-31G, 6-31G++ methods of Gaussian-2009 program. The search of
transition state structure was performed by using of QST2 procedure, the descent along the reaction coordi-
nate was held by using of IRC procedure. The symmetrical structure of transition state in the case of formic
acid dimer and the asymmetric structure of transition complex in the case of ammonia dimer were obtained
for studied proton exchange reaction. A synchronous mechanism of proton exchange reaction is shown in the
case of the formic acid dimer and a sequential mechanism is shown in the case of ammonia dimer. The dy-
namic shortening of the hydrogen bridge length was noted during proton exchange reaction in all model sys-
tems. It was suggested that the mechanism of proton exchange reaction is determined by the nature of the re-
sulting transition state (symmetrical or asymmetrical). At the same time, the transition state structure is de-
termined by the acid-base properties of reaction partners.

Keywords: proton exchange, dimer, sequential and synchronous reaction mechanism, hydrogen-bounded
complex, AM1, ab initio, 6-31G, QST2, IRC.

Introduction

Proton exchange in hydrogen-bounded complexes occupies an important place among dynamic pro-
cesses taking place in molecular systems with hydrogen bond [1]. Formation of the hydrogen bond can be
considered as an intermediate stage of the proton exchange protolytic reaction in this case [2]. However, de-
spite numerous experimental and theoretical studies in this field, a single point of view on the mechanism of
proton exchange has notyetbeen accepted by scientists today [3]. Study of the proton exchange reaction
mechanism by modern quantum chemistry methods can help us to clarify important aspects of the hydrogen
bonding phenomenon, as well as specific features of a number of physical, chemical and biological phenom-
ena.

It is assumed that the proton exchange reaction proceeds through the formation of intermediate cyclic
complexes with H-bonds [4]. As we know, many nitrogen- and oxygen-containing organic compounds tend
to form cyclic dimers both in solutions and in the gas phase. Geometry of dimers is favorable for the proton
exchange reaction [5]. For example, formic acid exists in dimer form both in liquid and gaseous state. Strong
H-bonds between molecules can be found in water and liquid ammonia. At the same timeammonia, water
and formic acid molecules have small size and very different acid-base properties. This makes them suitable
and comfortable for theoretical modeling of proton exchange reaction.

Methods

The purpose of the investigation was to study the proton exchange reaction mechanism in water, am-
monia and formic acid cyclic dimmers by quantum-chemical methods.Cyclic complexes of objects have
been treated ab initio using the 631G and 6-31G++ basis sets as well as by the semiempirical AM1 method.
The choice of methods was determined by the desire to compare the results of semiempirical and non-
empirical modeling with each other, as well as the specification of methods.Thus, the semiempirical method
AM1 is applicable for organic molecules calculation, especially those containing nitrogen and oxygen, as
well as for hydrogen bonded systems. Simultaneously high-level ab initio methods can be used as a standard
for interatomic interaction accurate description at the quantum-chemical level. The search of transition state
structure was performed by using of QST2 procedure, the descent along the reaction coordinate was held by
using of IRC procedure. Calculations were made using the Gaussian 2009 package [6, 7].
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Results

Proton exchange in dimers of protoliths is an energy-degenerate process. New products are not formed
as a result of this exchange reaction:
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Scheme 1 shows that the initial A and final A, states are geometrically and energetically identical and
correspond to two independent molecules of the protolith with intermolecular interaction. Hydrogen bonded
cyclic complexes (dimers) B and B; were formed as a result of this type interaction. Synchronous double
proton transfer can occur in the case of intermediate C formation -symmetric hydrogen bonded molecular
complex (HBMC) and sequential proton transfer can occur in the case of intermediate C; formation —
asymmetric hydrogen bonded ionic complex (HBIC). It was interesting to determine the proton exchange
mechanism in ammonia, water and formic acid dimers by quantum chemical AM1 and ab initio methods and
to perform their comparative analysis.

The calculation of ammonia, water and formic acidcyclic dimer structures was originally carried out
(structures B and B; on Scheme 1). Regardless of the calculation method identical structure of the NH;—NHj,
H,0-H,0, HCOOH-HCOOH cyclic complexes was obtained as a result of geometry optimization proce-
dure. However, different length of hydrogen bridge in the same dimers were noted as a result of
semiempirical or ab initio calculation method. Table 1 shows the structure and hydrogen bridge length
R(X-X), A, obtained as a result of quantum-chemical calculations for model associates. Table 1 also presents
the literature experimental data of hydrogen bond lengths in studied cyclic associates. It can be seen from the
experimental data that the hydrogen bridge length is maximal for ammonia dimer and minimal for formic
acid dimer. The same relationship between the hydrogen bridge lengths was also obtained on the basis of
quantum-chemical calculations.

Table 1

Structure and length of the hydrogen bridge for model dimers of ammonia, water and formic acid

Dimer Structure of dimer R(X-X),A | AM1 | 631G | 6-31G++ |Exp./gas.p.

NH;-NH; ‘) }) R(NI-N5) | 348 | 327 3.32 3.27[8]
r ’J R(O1-04) | 2.68 | 2.67 2.68 2.76 [9]

9 R(09-03) | 3.06 | 2.72 274 | 2.73[10]
HCOOH- \k
HCOOH ’_f.) R(02-05) | 3.06 | 2.72 274 | 2.72110]
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It can be seen from the data presented in Table 1 that the best agreement with the experimental data on
the hydrogen bridge length was obtained by ab initio Hartree-Fock method for ammonia and formic acid di-
mers. The semiempirical AM1 method gives highly overestimated distances between heteroatoms in model
dimers in the same time. There is however, a large difference in the calculated and experimental data of hy-
drogen bridge length for water dimer. This may be a consequence of the discrepancy between the theoretical
model of the dimer and the practical one. This can be cause by difference between theoretical and practical
model of water dimer. Data for linear structure water associates are given in literature generally. We did not
succeed in obtaining accurate experimental data about water cyclic dimer structure.

Obtained structures of dimers have been used to simulate the proton exchange reaction. It was taken
that initial and final states of the reaction system (scheme 1) are geometrically and energetically identical.
The search of transition state structure was carried out by using of QST2 procedure (Quadratic Synchronous
Transit Approach) [11]. Table 2 shows obtained geometric structures of the proton exchange reaction transi-
tion states. It is interesting to note that the hydrogen bridge length in transition state is smaller than in origi-
nal dimer in all cases.

Table 2
Geometric structures of transition states for proton exchange reaction in model dimers

Dimer Structure of the transition state according to the method
¢ AMI 631G
9 :
. 7 9
NH;-NH; 4 g ;
e 9
R(NI-NS5) =234 A R(NI-NS) =236 A RN =244 2
9 2 ¥
219 @9 5
H,0-H,0 “ ‘J ‘9—' ‘3
: 9 9
R(01-04)=2.08 A R(O1-04) = 2.05 A symmetrical R(O1-04)=2.12 A
° Q@ ° 9 ° 9
8l y 8l y 8l 3
HCOOH-
HCOOH 9 9 )
R(02-05)=2.40 A R(02-05)=2.39 A R(02-05)=2.39 A
R(03-09) ='2.40 A R(03-09)=2.39 A R(03-09)=2.39 A
symmetrical symmetrical symmetrical

It can be seen from the data presented in Table 2, that there are two types of transition state: 1) symmet-
rical structure (structure C on scheme 1); 2) asymmetric structure (structure C; on scheme 1). Formation of
an asymmetric structure of ion-type transition complex is observed for ammonia and water dimers (excepted
for H,O-H,O complex calculated by 6-31G method). Formation of a symmetrical structure of molecular type
transition complex is observed for dimers of formic acid. It can be assumed that symmetrical structure of
transition state for proton exchange reaction is typical for dimers of acid type particles, and asymmetric
structure of transition state is typical for basic type particles. Since water is ampholyte, it can form both types
of transition state.

In the same time the mechanism of the proton exchange reaction will be determined by the molecular or
ionic type of transition state. Synchronous double proton transfer should be expected in the case of symmet-
ric type of transition state structure; sequential proton transfer should be expected in the case of asymmetric
type of transition state structure.

66 BecTHuk KaparaHguHckoro yHuBepcuteTa



Proton exchange in ammonia, water and formic acid dimers ...

The descent along the reaction coordinate was carried out by using of IRC procedure (Intrinsic Reaction
Coordinate method) [11]. Figure 1 shows the reaction path diagram for proton exchange in model dimers,
obtained by using of AM1 semiempirical calculation method.
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Calculation method: AM1 ("1 A.U.=2625.5 kJ/mol)
Figure 1. Reaction path diagram for proton exchange in model dimers

From graphs in Figure 1 we can see that the potential barrier height for proton exchange in water dimer
is maximal, and in formic acid dimer is minimal. Activationenergyoftheproton exchange reaction was esti-
mated as the difference in the total energies of the transition and initial states of the system. By AMI
activation energy calculations it was found 342.57 kJ/mol for ammonia dimer, 419.66 kJ/mol for water dimer
and 154.28 kJ/mol for formic acid dimer. Calculated activation energy values are close to the covalent bond
energy that indicates about overestimation of the hydrogen bond energy by the semiempirical AM1 method.

Reaction path diagrams for proton exchange in model dimers were obtained analogically by ab initio
6-31G, 6-31G++ calculations with the help of IRCprocedure. The results of calculations are shown in Fig-
ure 2.

Figure 2 shows that ab initio calculated curves have more acute energy peak in comparison with graphs
obtained as a result of semiempirical AM1 calculation. The lower values of total energy were obtained as a
result of 6-31G++ ab initio calculations. In the6-31G/ 6-31G++ basis set the barrier height of
282.84/272.20 kJ/mol for double proton transfer in ammonia dimer and 253.89/ 249.05 kJ/mol in water
dimer and 65.40/68.18 kJ/mol in formic acid dimer was found. It should be noted that the barrier for the pro-
ton exchange in formic acid dimer obtained in the present investigation agree with the experimental results
for the double proton transfer in DCOOH dimer (50.66 kJ/mol [12]). The difference in the values may be due
to the difference in the phases: calculations were made for the gas phase, and the experiment was carried out
for the liquid.

Thus, quantum-chemical simulation of the proton exchange reaction in model dimers of ammonia, wa-
ter and formic acid was carried out by the AM1 and ab initio 631G, 6-31G++ methods. Activation energy,
change of the reaction system geometry and of the hydrogen bridge length AR(X-X), A were monitored dur-
ing the calculations. Obtained characteristics are presented in Table 3.

Cepust «Xummsi». Ne 2(90)/2018 67



|.A. Pustolaikina, K.Zh. Kutzhanova et al.

IIntrinsic Ireaction poordinate

ON T S 2 4 6
E...=|282.84kJ/mol’
a) NH3 — NH3,
Euu= 272.20kJ/mol”
______ -———-—-/ \'—-———. 6—3 1G++
77 Bew AU
121 ok Intrinsic reaction coordinate
-6 -4 D s 2 4 6

B _:25_3_- 2_3915‘]/_@91*_ _4_5_11__\ \\

AR\ YRR
E..$249.05kJ/mol” . ] N \
~ s — 631G+

152.02 Etotal, AU
e s Intrinsic reaction coordinate

-6 I S, - _3__._._‘___ 2 4 6
37?.34, A

—- _Ea_c‘_ - §§ _4_0_1(_]_/1:11_0_1f -- _/_f\\ C) HCOOH - HCOOH
— 33 Z \\--...__
E,..68.18kJ/mol’ / \ 631G
—————— -——/- T \-—- 6—3 1G++

77 Eow AU

Calculation method: 6-31G, 6-31G++ ("1 A.U.=2625.5 kJ/mol)

Figure 2. Reaction path diagram for proton exchange in model dimers

Table 3

Calculated characteristics of proton exchange in model dimers of water, ammonia and formic acid

Method
Dimer AM1 6-31G 6-31G++
Enr, kKJ/mol | ARX-X), A | Euq, kl/mol | ARX-X), A | Eu, ki/mol | ARX-X), A
Ammonia 342.57 1.14 282.84 0.91 272.20 0.88
Water 419.66 0.6 253.89 0.62 249.05 0.56
Formic acid 154.28 0.66 65.40 0.33 68.18 0.35

It can be seen from the data presented in Table 3, that the shortening of the hydrogen bridge length dur-
ing the proton exchange reaction was fixed both by the semiempirical AM1 method and ab initio calcula-
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tions. The maximum shortening of the hydrogen bridge length was observed for proton exchange in ammo-
nia dimer (AR(N-N) = 0.88-1.14 A). There are asymmetric types of transition state structure and sequential
proton exchange mechanism was fixed. The minimum shortening of the hydrogen bridge length was ob-
served for proton exchange in formic acid dimer (AR(O-0)=0.33-0.65 A). There are symmetrical types of
transition state structure and synchronous proton exchange mechanism was fixed.

It should be noted that the barrier height for the proton exchange in formic acid dimer is minimal. In the
case of water, which is the ampholyte, a synchronous mechanism of proton exchange was recorded by 6-31G
ab initio calculations and a sequential mechanism was showed by AM1 and 6-31G++ calculations. It was
suggested that the mechanism of proton exchange reaction is determined by the nature of the resulting transi-
tion state (symmetrical or asymmetrical). At the same time, the transition state structure is determined by the
acid-base properties of reaction partners.
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N.A. Ilycronaiikuna, KOK. Kyrxanosa, A.B. ITymuna, A.®. Kypmanosa

AMMI/IaK, CY /K9HE€ KYMBIPCKA KbIIKbIJbI zmMep.ﬂepinleri IMPOTOH ajIMacy:
KBaAHTTBI-XUMHSJIBIK €CENITCYJICD

Cyreri apKpUIbl TY3UIT€H KOMIUIGKCTEpJEri NPOTOH aiaMacy CyTeri OaiiiaHbichl 0ap MOJEKYJIajbIK
KyHenepaeri IUMHAMMKAIBIK HPOLECTEpPJE MAaHBI3ABI OpPBIH anaabl. bipak OCbl OOJBICTaFbl KONTEreH
TOKIpUOETIK JKOHE TEOPHSIBIK OepiireHnepre KapaMmacTaH, HPOTOH ajMacyIblH MeXaHH3Mi Typasibl
FajgpIMaapaa Oipael Ke3kapac KaublITaclaraH. AMMHAK, Cy XOHE KYMBIPCKAa KBIIIKBUIBI KYIITi KBIIKBII-
HETI3MIK KAacHeTTEepIMEH epeKIIEeNICHETiH, OJIIeMi JKaFblHaH KillkeHe, MPOTOH anMacy peakIHsIapblH
TEOPUSUIBIK MOJISIIBICYTe BIHFAMIIBI IPOTONUTTEP OOJIBIN TaObUIa bl AMMHAK, CY JKOHE KYMBIPCKA KBIITKBLIBI
MOJIETBl AUMEpIIepiHe MPOTOH alIMacy peaKIsIapbIHBIH KBAaHTTH XUMUSUIBIK MoJenbaeyi Gaussian-2009
6argapnamacelnbly ab initio 6-31G, 6-31G++ Oasucrepinge xone AMI1 omicTepi apKbUIbl OPBIHIAIIBL.
Aysbicniansl Ky#iH Kypsuibicbl QST2 mporeaypachlHbIH KOMETiMEH aHBIKTAIIbI, PEeaKIus KOOPAUHATACHI
6oitpinma tycy IRC mpouenypachiHBIH KOMETiMeH IKYpri3iimi. 3epTTeiilm OTBIpFaH MPOTOH aiMacy
peaKkuMsIapbIHAa KYMBIPCKA KbILIKBUIBI AUMEPIiHIH aybICHalibl KYHiHIH CHMMETPHSIBI KYPBUIBICHI KOHE
aMMHAaK JUMEpIHIH aybICTIANbl KYHIHIH acCHMMETPUSUIBI KYPBUIBICHI anbHABL. [IpoTOoH anmacy MexaHU3Mi
KYMBIPCKA KBIIIKBUIBI JUMeEpiHfe Oip yakbITTa, ajl aMMHAKTa caTbUIall XXYPETiHAIri kepceTinmi. bapibik
MOJIETBl JKyiienepae MPOTOH alMacy pPeakmusChl Ke3iHAe CYTEKTiK OaifJIaHbIC Y3BIHABIFEI KBICKApasbl.
IIporon ammacy MexaHM3Mi TY3UIeTiH ayblcmaibl KyWHAiH TaOWraThlHa (CHMMETpHSUIBI  HeMece
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ACHMMETPHSLIbI) HETI3AENIeH, ajl OHBIH KYPBUIBICHI PEaKLHsAFa TYCETiH 3aTTapAblH KBIILIKbUI-HET13diK
KacHeTTepiMeH aHBIKTaJIa/bl IETeH 00JDKaM JKacalbIH/IbI.

Kinm ce30ep: mpoTOH anmacy, JUMep, PEaKUMsSHBIH CaThulall XoHE Oip yaKbITTarbl MEXaHW3Mi, CyTeri
OaliTaHBICHI ApKBLIBI TY3UICTIH KoMIuteke, AM1, ab initio, 6-31G, QST2, IRC.

N.A. Ilycronaiikuna, K.OK. Kyrkanosa, A.B. Ilymuna, A.®. KypmanoBa

OO0MeH NpOTOHAMH B JUMepPaX AMMHAKAa, BOJAbl U MYPABbUHOI KHCJIOThI:
KBAHTOBO-XMMHUYECKHUH pacyet

ITpoToHHEIT 0OMEH B BOAOPOAHOCBS3aHHBIX KOMIUIEKCAX 3aHMMAeT BaXKHOE MECTO CPeAU IHHAMHYECKHX
MPOLECCOB, UMEIOINX MECTO B MOJIEKYJISIPHBIX CUCTEMAaX C BOJOPOAHOI CBs3bt0. OJJHAKO, HECMOTPST HA MHO-
TOYHCIIEHHbIE 3KCIIEPUMEHTANbHBIE 1 TEOPETHUECKUE M3bICKAaHHS B JaHHOW 007acTH, €IMHON TOUYKH 3PEHUS
Ha MEXaHH3M IPOTOHHOTO 0OMEHa y4eHBIMU HE BBIpaOOTaHO. AMMHAK, BOJa U MypaBbHHAs KHCIIOTA SIBJIS-
I0TCS HEOONBIINMHU IO pa3Mepy NPOTOJUTAMHU C CHIIBHO Pa3iMYalOIINMHUCS KHCIOTHO-OCHOBHBIMH CBOWCT-
BaMH, YIOOHBIMH JJISl TEOPETUYECKOTO MOJCIIMPOBAHMS peakny ooMeHa nporoHa. Meronamu AM1 u ab ini-
tio B Oasucax 6-31G, 6-31G++nporpammel Gaussian-2009 BBITOJHEHO KBAaHTOBO-XUMHYECKOE
MOJICTIMPOBAaHUE PEAKIUH IPOTOHHOTO OOMEHAa B MOJEIBHBIX AMMEpax aMMHaKa, BOABI M MYpPaBBHHON
KUCTOTHL. IToHCK CTPYKTYphI MEPEXOAHOTO COCTOSIHUSI OCYLIECTBIEH C MOMOLIbI0 mpoueaypsl QST2, cmyck
[0 KOOpJIMHATE peakuun — ¢ nomouipio npouenaypsl IRC. [lnsg ucecnenyemoil peakuun oOMeHa IpOTOHAMHU
MOJTy4eHO CHMMETPUYHOE CTPOEHHE TEePEXOJHOTO COCTOSIHUS B Cllydae AUMEPa MypaBbUHOI KHCIOTBI U
aCUMMETPHYHOE CTPOEHHE MEPEXOAHOTO KOMIUIEKca B cayuae AuMepa ammuaka. [lokazaH CHHXPOHHBIH Me-
XaHM3M OOMEHa NPOTOHAMH B JIMIMEpPEe MYPaBBHHON KHCIIOTHI, ITOCJIEIOBATEIbHBIM MEXaHU3M B JIHMEpE aM-
Muaka. Bo Bcex MOJEIBbHBIX CHCTEMaX OTMEUYEHO IUHAMHUYECKOE COKPALCHUE JIMHBI BOJLOPOJHOIO MOCTHKA
B XOJ/I¢ PeaKkIuH MPOTOHHOTO oOMeHa. ClenaHo HpeIIoNoKeHne, YTO MeXaHU3M OOMeHa IMpOTOHAMH 00y-
CJIOBJINBAETCS XapaKTepoM 00pa3yIoIIerocs: IepexoJHOTO COCTOSIHHS (CHMMETPHYIHOE WM aCHMMETPUYHOE),
CTPYKTypa KOTOPOTO, B CBOIO Ouepellb, ONPENEIsIeTCs KHUCIOTHO-OCHOBHBIMH CBOMCTBAMH pPEaKLHOHHBIX
MapTHEPOB.

Kniouesvie cnosa: npOTOHHBIH OOMEH, AWMEp, MOCIENOBATENbHBI M CHHXPOHHBIH MEXaHM3MBl PEaKIUH,
KOMIUIEKC 3a cYeT BOJOPOAHOM cBsi3u, AM1, ab initio, 6-31G, QST2, IRC.
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