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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.Сyclic complexes of objects have 
been treated ab initio using the 6–31G 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: 
 

(1)

 
Scheme 1 shows that the initial A and final A1 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 B1 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 C1 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 B1 on Scheme 1). Regardless of the calculation method identical structure of the NH3–NH3, 
H2O–H2O, 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), Å, 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. 

T a b l e  1  

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

Dimer Structure of dimer R(Х-Х), Å АМ1 6–31G 6–31G++ Exp./gas.p.

NH3-NH3 R(N1-N5) 3.48 3.27 3.32 3.27 [8] 

H2O-H2O 

 

R(O1-O4) 2.68 2.67 2.68 2.76 [9] 

HCOOH-
HCOOH 

R(O9-O3) 3.06 2.72 2.74 2.73 [10] 

R(O2-O5) 3.06 2.72 2.74 2.72 [10] 
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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. 

T a b l e  2  

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

Dimer 
Structure of the transition state according to the method 

АМ1 6–31G 6–31G++ 

NH3-NH3 

 
R(N1-N5) = 2.34 Å 

 
R(N1-N5) = 2.36 Å 

 
R(N1-N5) = 2.44 Å 

H2O-H2O 

 
R(О1-О4) = 2.08 Å 

 

 
R(О1-О4) = 2.05 Å symmetrical R(О1-О4) = 2.12 Å 

HCOOH-
HCOOH  

R(О2-О5) = 2.40 Å 
R(O3-O9) = 2.40 Å 

symmetrical 

 
R(О2-О5) = 2.39 Å 
R(O3-O9) = 2.39 Å 

symmetrical 

R(О2-О5) = 2.39 Å 
R(O3-O9) = 2.39 Å 

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 С1 on scheme 1). Formation of 
an asymmetric structure of ion-type transition complex is observed for ammonia and water dimers (excepted 
for H2O-H2O 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. 
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tions. The maximum shortening of the hydrogen bridge length was observed for proton exchange in ammo-
nia dimer (ΔR(N-N) = 0.88–1.14 Å). 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 (ΔR(О-О)=0.33–0.65 Å). 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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Аммиак, су жəне құмырсқа қышқылы димерлеріндегі протон алмасу:  
квантты-химиялық есептеулер 

Сутегі арқылы түзілген комплекстердегі протон алмасу сутегі байланысы бар молекулалық 
жүйелердегі динамикалық процестерде маңызды орын алады. Бірақ осы облыстағы көптеген 
тəжірибелік жəне теориялық берілгендерге қарамастан, протон алмасудың механизмі туралы 
ғалымдарда бірдей көзқарас қалыптаспаған. Аммиак, су жəне құмырсқа қышқылы күшті қышқыл-
негіздік қасиеттерімен ерекшеленетін, өлшемі жағынан кішкене, протон алмасу реакцияларын 
теориялық модельдеуге ыңғайлы протолиттер болып табылады. Аммиак, су жəне құмырсқа қышқылы 
модельді димерлерінде протон алмасу реакцияларының квантты химиялық модельдеуі Gaussian-2009 
бағдарламасының ab initio 6–31G, 6–31G++ базистерінде жəне АМ1 əдістері арқылы орындалды. 
Ауыспалы күйдің құрылысы QST2 процедурасының көмегімен анықталды, реакция координатасы 
бойынша түсу IRC процедурасының көмегімен жүргізілді. Зерттеліп отырған протон алмасу 
реакцияларында құмырсқа қышқылы димерінің ауыспалы күйінің симметриялы құрылысы жəне 
аммиак димерінің ауыспалы күйінің асимметриялы құрылысы алынды. Протон алмасу механизмі 
құмырсқа қышқылы димерінде бір уақытта, ал аммиакта сатылап жүретіндігі көрсетілді. Барлық 
модельді жүйелерде протон алмасу реакциясы кезінде сутектік байланыс ұзындығы қысқарады. 
Протон алмасу механизмі түзілетін ауыспалы күйдің табиғатына (симметриялы немесе 
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асимметриялы) негізделген, ал оның құрылысы реакцияға түсетін заттардың қышқыл-негіздік 
қасиеттерімен анықталады деген болжам жасалынды. 

Кілт сөздер: протон алмасу, димер, реакцияның сатылап жəне бір уақыттағы механизмі, сутегі 
байланысы арқылы түзілетін комплекс, AM1, ab initio, 6–31G, QST2, IRC. 
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Обмен протонами в димерах аммиака, воды и муравьиной кислоты:  
квантово-химический расчет 

Протонный обмен в водородносвязанных комплексах занимает важное место среди динамических 
процессов, имеющих место в молекулярных системах с водородной связью. Однако, несмотря на мно-
гочисленные экспериментальные и теоретические изыскания в данной области, единой точки зрения 
на механизм протонного обмена учеными не выработано. Аммиак, вода и муравьиная кислота явля-
ются небольшими по размеру протолитами с сильно различающимися кислотно-основными свойст-
вами, удобными для теоретического моделирования реакции обмена протона. Методами АМ1 и ab ini-
tio в базисах 6–31G, 6–31G++программы Gaussian-2009 выполнено квантово-химическое 
моделирование реакции протонного обмена в модельных димерах аммиака, воды и муравьиной 
кислоты. Поиск структуры переходного состояния осуществлен с помощью процедуры QST2, спуск 
по координате реакции — с помощью процедуры IRC. Для исследуемой реакции обмена протонами 
получено симметричное строение переходного состояния в случае димера муравьиной кислоты и 
асимметричное строение переходного комплекса в случае димера аммиака. Показан синхронный ме-
ханизм обмена протонами в димере муравьиной кислоты, последовательный механизм в димере ам-
миака. Во всех модельных системах отмечено динамическое сокращение длины водородного мостика 
в ходе реакции протонного обмена. Сделано предположение, что механизм обмена протонами обу-
словливается характером образующегося переходного состояния (симметричное или асимметричное), 
структура которого, в свою очередь, определяется кислотно-основными свойствами реакционных 
партнеров. 

Ключевые слова: протонный обмен, димер, последовательный и синхронный механизмы реакции, 
комплекс за счет водородной связи, AM1, ab initio, 6–31G, QST2, IRC. 
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