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A DFT method is employed to elucidate the degree of proton transfer (PT) for XH- - -NHs (X = F, Br, HS, and
HCOO) heterodimers upon an excess electron attachment. Only the anionic complex of (BrH- - -NH3)™ has
an intermolecular barrier-free proton transfer (BFPT) with a larger vertical detachment energy (VDE) of
16.60 kcal/mol. The anionic complexes without BFPT have only one (F—H---NH; and HCOO—H - -NHj3)
or two minima (HS—H---NH; and HS—NH}) in the potential energy surfaces (PESs). In the latter case,
there is a transition state with an energy barrier of 1.76 kcal/mol. When solvent is considered as the envi-
ronmental conditions, intermolecular PT occurs for anionic complexes of (H,0),(FH---NH3)~ and
(H20),(HCOOH. - :-NH3)~. The minimum number of water molecules is three for the former and two for

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The influence of an excess electron attachment has been an
important issue in chemistry and biology for several decades
[1-7]. In biology, attachment of an excess electron to DNA or
RNA would result in mutagens [1]. In chemistry, the suspended
excess electron could affect the intramolecular or intermolecular
structural parameters [2], or provide extra stability for neutral
complexes [3]. In the past years, people found that the excess elec-
tron could act as a driving force to induce barrier-free proton trans-
fer (BFPT) in many reactions [7-12]. Moreover, intermolecular PT
has been involved in the reactions of acids and bases, which,
according to the Lowry-Brensted theory, are the proton donors
and proton acceptors, respectively [13].

As an excellent work described by Gutowski et al., electron-
driven acid-base chemistry in CIH---NHs; complex had been
investigated in details [14]. It was known that no appreciable PT
occurred for the neutral (CIH---NHs3) dimer [15]. In other words,
ammonia (NHs3) and hydrogen chloride (HCI) cannot react under
isolated condition [16]. In addition, the ability of excess electron
attachment for PT is determined by the electrostatic dipole poten-
tial of the neutral cluster [17]. In fact, due to the excess electron in
(CIH- - -NH3) system, PT occurs from molecule HCI to NHs, where
the excess electron is localized [14]. The computational dipole
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moment for (CIH.--NHj3) systems varies from 4.15 to 9.82 D upon
the intermolecular PT, indicating the formation of CI"NHj. The
driving force for PT is employed to stabilize the excess negative
charge on Rydberg orbitals of NHs. The final structure could be
described as (CI"NHj)~, which is characterized as the value of ver-
tical detachment energy (VDE) (0.51 ev) upon intermolecular PT at
CCSD(T) level. A significant value of VDE is a consequence of inter-
molecular PT to the group where unpaired electron is localized
[6,10], and smaller values of VDE correspond to chemically
untransformed structures, in which no PT occurs [18]. So, the
VDE value can be used to assess the ability of the anion with
respect to the neutral structure [10,12].

In the work done by Gutowski et al., only HCl was considered.
For other acids (HX), such as hydrogen fluorine (HF), hydrogen bro-
mine (HBr), sulfureted hydrogen (H,S), and formic acid (HCOOH),
no calculations were carried out systematically. In this work, calcu-
lations were performed in order to investigate the interaction of
HX with NH5; upon attachment of an excess electron. The degree
of PT in XH---NHs (X=F, Br, HS, and HCOO) heterodimers upon
an electron attachment was studied. For the same purpose, water,
as an environmental factor, was also considered in systems
XH- - -NH;3 (X = F, HCOO).

2. Computational details

Calculations had been carried out using Gaussian 03 program
[19]. The geometries of XH- - -NHj3 systems, neutral and anion, were
initially optimized using the density functional theory (DFT)
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method with a hybrid B3LYP functional [20,21] and the 6-31++G**
basis set [22,23]. Five d functions were used on heavy atoms. The
extended basis set of 6-31++G**(5d) had been used for the anionic
states in previous studies and had been demonstrated through
comparison with the second-order Meller Plesset (MP2) predic-
tions [5,7,11,24]. The most accurate electronic energies for the
neutral and anionic complexes were calculated at the B3LYP/6-
31++G*(6d,7f) level of theory. The electron vertical detachment
energies (VDEs) were derived for the anion systems to monitor
whether they were vertically bond. The value of VDE, which could
be used to assess the trend of PT, was defined as the difference be-
tween the energy of anion and the corresponding single point (SP)
energy. Furthermore, potential energy surfaces (PESs) for the neu-
tral and anionic states were also scanned along PT pathway at
B3LYP/6-31++G**(5d) level.

3. Results and discussion
3.1. Validation of calculations

The reliability of the B3LYP/6-31++G**(5d) method for the
XH- - -NHs system has been validated by the anionic system of
CIH- - -NHas. Firstly, we have fully optimized the (CIH- - -NH3)~ struc-
ture at the same level. Then, the corresponding energies were cal-
culated at B3LYP/6-31++G**(6d, 7f) level. The corresponding bond
distances and VDE value are given in Fig. 1. The distance of Cl---H
is 1.90 A and H. - :N is 1.10 A. Obviously, with the attachment of an
electron, the proton in CI- - -H-. - -N has transferred to N atom. This is
consistent with the previous work of Gutowski et al. [14]. Our VDE
value is 14.63 kcal/mol and consistent with the experiment value
of 0.541 £ 0.01 eV (about 12.48 + 0.23 kcal/mol) and computed va-
lue of 0.512 eV (about 11.81 kcal/mol) at CCSD(T)/aug-cc-pvdz le-
vel [14]. Such small differences indicate that our method is
reliable for describing geometries for anionic XH---NH;3 systems.
Therefore, in the following calculations, the B3LYP/6-31++G**(5d)
method was used for optimizations of the (XH-:--NHs3) (X =F, Br,
HS, and HCOO) systems. The distances of the optimized geometries
and PESs (neutral and anion) are schematic in Figs. 2 and 3 respec-
tively. The values of dipole moment for the neutral complexes are
shown in Table 1.

3.2. Degree of proton transfer for (XH- --NH3) (X = F, Br, HS, and HCOO)
systems

Upon an electron attachment, the equilibrium F1---N3 distance
for anion (FH---NH3)~ is 2.55 A (Fig. 2a), which is 0.06 A shorter
than that of the neutral complex, (FH---NHs3). The F1-H2 valence
bond distance increases to 1.00 A, which is 0.03 A longer than that
in neutral, and the distance between H2 and N3 decreases to
1.55 A. Analysis of F1.--H2---N3 distance in anion and neutral

VDE=14. 63

Fig. 1. Geometry of the optimized anionic (CIH- - -NH3)™: distance in angstrom and
energy in kcal/mol.

indicates that although no PT occurs from HF to NH3 upon an elec-
tron attachment, the valence bond F1-H2 and the hydrogen bond
(HB) H2---N3 has been elongated and shortened respectively.
Clearly, the trend of PT has been induced upon attachment of an
excess electron, which could be seen from the PES in Fig. 3a. It indi-
cates that not only the neutral (FH---NHs3) but also the anion
(FH- - -NH3)~ surface exhibits a well that corresponds to a hydro-
gen-bonded complex. Although the PES becomes very flat upon
an excess electron attachment, the proton is still coordinated to
F1 in (FH---NH3)".

For (BrH- - -NHs) system in Fig. 2b, the valence bond Br1-H2 in-
creases from 1.55 A in neutral complex to 2.06 A in anionic com-
plex, while the HB distance H2-N3 decreases from 1.54A to
1.09 A. Such changes in equilibrium geometries indicate that a
new H2-N3 valence bond has been formed in anionic complex.
Therefore, PT from HBr to NH3 is complete upon an excess electron
attachment and this process may be easily understood by examin-
ing the PESs in Fig. 3b. The neutral surface (black line) shows a well
that corresponds to a hydrogen-bonded complex, namely,
(BrH- - -NH3). On the same distance scale, the corresponding surface
of anion exhibits a well at the proton-transferred state, (Br” NH; ).
It is obvious that the Br1---H2---N3 proton coordinates to Br1 in
the neutral and to N3 in the anion. Therefore, the formation of
(Br"NH;)~ should be similar to that of (NH4)°Cl~ [14]. Since only
one minima is founded in this plot, the PT from HBr to NHj is bar-
rier-free upon an electron attachment.

In (H,S---NH3) system (Fig. 2c), with an electron attachment,
the valence bond S1-H2 increases from 1.37 A in neutral to
1.40 A in anion, and the HB (H2:--N3) decreases from 2.13 A to
1.89 A. In this case, (H,S- - -NH3) ™ is still a hydrogen-bonded anionic
complex, H,S---NHj3, and the S1---H2---N3 proton coordinates to
S1. The PES of the neutral in Fig. 3¢ indicates that the curve of an-
ionic (H,S---NH3)~ becomes quite flatter, in which two wells are
found in this plot. The smooth curve reveals that the proton is able
to localize at either side of the two atoms S1 or N3. The transition
state (TS) and proton-transferred state (product) are obtained and
shown in Fig. 4. In the TS, the S1-H2 distance becomes 1.64 A, and
H2-N3 decreases to 1.35 A. The proton H2 is not in the center of
S1---N3 distance but a little closer to N3 atom. Moreover, vibration
analysis shows this stationary point has only one imaginary fre-
quency (809.32i), indicative of a true transition state. For the prod-
uct, the S1.--H2 and H2-N3 distances are 1.93A and 1.13 A,
respectively. It is evident that the previous S1-H2 valence bond
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Fig. 2. Schematic diagram of distance changes during the hydrogen exchange
process: (a) for FH---NHs3; (b) for BrH---NHs; (c) for H,S---NHs3; (d) for
HCOOH-: - -NHj3. In each group, the values in the upper line show the bond lengths
of the neutral (N) complex (XH---NH3), and in the lower line for the anionic (A)
complex. Distances in Angstrom.
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Fig. 3. Potential energy surfaces (PESs) along the proton transfer pathway for the neutral (N) and anionic (A) forms, XH---NH3 and (XH- - -NHs) ", respectively.

Table 1
Dipole moment (, unit in Debye) of the neutral (XH: - -NHs), where X = F, Br, HS, and
HCOO, determined at the B3LYP/6-31++G**(5d) level.

Geometry  (FH.--NHs;) (BrH.--NHs;) (HSH.--NH;) (HCOO-H.--NH;)
u 478 5.07 3.19 442

has broken and a new valence bond H2-N3 has been formed. How-
ever, for the formation of this proton-transferred state, there is an
energy barrier of 1.76 kcal/mol (see Fig. 4). In addition, the energy
of the proton-transferred state is 0.84 kcal/mol higher than that of
the untransformed state (reactant). Therefore, the intermolecular
PT for (H,S- - -NH3)~ is not BFPT.

The geometries and PESs for X =HCOO system are shown in
Figs. 2d and 3d, respectively. Analysis reveal that the correspond-
ing changes of the geometries as well as the trends of PESs are sim-
ilar to that of X = F. It means that the valence bond X-H2 has been
elongated and the HB H2- - -N3 has been shortened upon an excess
electron attachment. Only one minima is found in PES, in which
the O1---H2---N3 proton still coordinates to O1 side. Thus, inter-
molecular PT has not occurred with the attachment of excess elec-
tron for the (HCOOH- - -NH3)".

The excess electron spin density distributions for the
(XH---NH3)~ (X =F, Br, HS, and HCOO) systems are similar to that
of (CIH.--NHs3)~ (see Fig. 1) which are not shown. The unpaired
electron is always localized on the ammonia end of the XH- - -NH3
complex.

The possibility of PT for XH..--NHs; complex qualitatively
depends on the energy difference between the protonation of the
anion (NHs3)™ and deprotonation of HX. For (BrH- - -NH3)™ complex,
the product of PT is (Br"NH;)~, with the N3 atom hydrogenated
and the Br deprotonated. Calculations reveal that deprotonation
of HBr requires the energy of 325.32 kcal/mol, while the proton-
ation of (NH3)~ provides an energy of 339.12 kcal/mol. Therefore,
besides enough energy for the PT process, there are extra energies

Energy/ (kcal/mol)

Reactant

Reaction coordinate

Fig. 4. The stationary points for the intermolecular proton transfer of (H,S- - -NH3)~
system along reaction pathway. Energy in kcal/mol and distances in angstrom.

to release. However, deprotonations of HF, H,S and HCOOH require
energies of 371.29, 353.05, and 343.34 kcal/mol respectively. Each
of these values is much larger than that of the energy provided by
protonation of the ammonia anion. Thus, it is difficult for PT in
these corresponding anionic complexes.

3.3. Degree of proton transfer for (H>0),(FH---NH3)~ and
(H50),(HCOOH. - -NH3)~

It is known that ammonia and hydrogen chloride cannot react
with each other under isolated conditions [25-27]. However, in
the aqueous solution, the reaction for HCl and NH; is almost
instantaneous. That is to say, the external factors, such as water,
may play a vital role on assisting PT from HCI to NHs. Besides, it
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Fig. 5. The optimized anionic clusters of (H,0),(FH...NH3)~ (a-c) and (H>0),(HCOOH- - -NH3)~ (d-f), where n = 1-3. Besides, the excess electron spin density distributions are

shown for each structure. Distances in angstrom.

had been shown that PT could occur in the gas phase in the pres-
ence of only a few water molecules. We have mentioned that the
excess electron could not drive PT in (FH---NH3) and
(HCOOH- - -NH3) complexes. Here, calculations were carried out in
order to investigate the influence of solvent conditions on PT pro-
cess in these two clusters.

Calculations had been performed on a series of clusters for
(H20),(F-H- - -NH3)~ and (H,0),(HCOO-H- - -NH3)~, where n=1-3.
The spin density distributions and equilibrium distances for these
clusters were obtained at B3LYP/6-31++G**(5d) level and shown in
Fig. 5. Besides, the PESs along the PT pathway for each cluster were
also derived at this level and shown in Fig. 6.

Fig. 5a-c shows the changes of distance (F1-H2, H2---N3 and
F1---N3) for (H,0),(F-H- - -NH3)~ clusters when n = 1-3. The corre-
sponding PESs are represented in Fig. 6a. When n =1, the valence
bond distance F1-H2 increases from 1.00 A in (F-H..--NH3)~ to
1.05A in (H,O)(F-H:--NH5)~ and the HB distance H2---N3 de-
creases from 1.55 A in (FH: - \NH3)~ to 1.42 A. Obviously, the proton
in the (H,O)(F-H---NH3)~ cluster remains untransformed. Fig. 6a
shows that PES of one water molecule system (black line) still
exhibits one minima that corresponds to the hydrogen-bonded
complex, indicating that the F1...H2---N3 proton coordinates to
F1. When the second water molecule is brought into (F-H- - -NH3)",
compared with one water molecule system, the equilibrium F1-H2
distance increases to {F1-H2) = 1.21 A, while the H2. - -N3 distance
decreases to 1.22 A. Thus, the F1---H2.--N3 proton has moved to
N3 to some extent. Compared with the PES of n=1, the PES of
n=2 (red line) only result in a relatively flatter pathway for PT.
When n =3, the valence bond F1.--H2 distance reaches 1.30 A
and the HB distance H2-N3 decreases to 1.16 A respectively. Such
an equilibrium geometry reveals that the valence bond F1-H2 has
no longer in existence and a new valence bond H2-N3 has been
formed. Clearly, the F1---H2---N3 proton has been coordinated to
N3. Therefore, this cluster (H,0);(F"NH;)~ should be a proton-
transferred state, which can be seen from the PES in Fig. 6a (green
line). There is a deep well that corresponds to the proton-trans-
ferred state, (H,0);(F NH;)™.

Fig. 5d-f gives the distance changes (O1-H2, H2-.-N3 and
01---N3) for (H,0),(HCOO-H---NH3)~ clusters when n=1-3,
respectively. The corresponding PESs are represented in Fig. 6b.
Comparing with (HCOO-H- - -NH3)™ anion, the O1-H2 valence bond
for (H,0)(HCOO-H- - -NH5)~ anion increases to 1.08 A and the HB
distance decreases to 1.51 A respectively. Obviously, this anion
exists as a hydrogen-bonded complex, (H,O)(HCOO-H---NHs)",
which could be shown from the position of the well in Fig. 6b.
when n=2 (Fig. 5e), the intermolecular PT occurs because the
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Fig. 6. Potential energy surfaces along the proton transfer pathway for
(H20),(FH- - -NH3)~ (a) and (H,0),(HCOOH: - :-NH3)™~ (b) clusters, where n =1-3.

01---H2 distance changes to 1.49 A and H2-N3 to 1.12 A, which re-
veals that the valence bond O1-H2 is no longer in existence and a
new valence bond H2-N3 has been formed. The corresponding PES
(n=2, red line) exhibits a well and indicates a proton-transferred
state, [(H,0),(HCOO™NH,]~. When the number of water molecules
increases to three, the O1---H2---N3 proton in (H,0)3(HCOO-
H---NH3)™ is closer to N3 than that in cluster (H,0),(HCOO-
H---NH3)~, with a more deep well in Fig. 6b (green’ line).

1 For interpretation of color in Figs. 1-6, the reader is referred to the web version of
this article.
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Table 2
Selected bond lengths for the optimized anionic (XH- - -NHs3)~, (H,0),(FH- - -NHs3) ", and
(H20),(HCOOH- - :NH3)~ clusters calculated at B3LYP/6-31++G**(5d)level.

Complexes r(H-X) r%H-X) r(N---H) 7°(N-H) ppr
(FH---NH3)~ 1.00 0.93 1.55 1.05 -0.43
(HCL - -NH3)~ 190 129 1.10 1.05 0.56
(BrH- - -NH3)~ 2.07 1.42 1.09 1.05 0.61
(H3S---NH3)~ 1.40 135 1.89 1.05 -0.79°
(HCOOH- - :NH3)~ 1.05 0.97 1.60 1.05 -0.47
(H,0)(FH- - -NH5)~ 105 093 1.42 1.05 ~025
(H0)5(FH- - -NH5)~ 121 093 1.22 1.05 0.11
(H,0)3(FH. - -NH3) 1.31 093 1.16 1.05 027
(H,0)(HCOOH:--NH;)~ 1.08 097 1.51 1.05 ~035
(H,0),(HCOOH.- NH;)~ 149 097 1.12 1.05 0.45
(H,0)3(HCOOH. - -NHs)~ 153 097 1.10 1.05 051

2 This value corresponds to the proton untransformed state; for the proton-
transferred state, (HS™ ---NHj )", the corresponding ppr value is 0.50.

Additionally, the excess electron spin density distributions of
the optimized clusters, (H,0),(F-H---NH3)~ and (H,0),(HCOO-
H---NH3)7, are shown in Fig. 5. It could be seen that excess electron
is also localized on Rydberg orbitals in all anionic complexes and
which is similar to that in (CIH- - -NH3)~. However, the spin distri-
butions of the hydrogen-bonded and proton-transferred states
are different. For the proton untransformed structures, such as
(H20),(F-H---NH3)~ (where n=1 and 2) and (H,O)(HCOO-
H---NHs3)7, spin density surfaces are relatively dispersive. For the
proton-transferred states, such as (H,0)s(HF---NH3)~ and
(H20),(HCOOH- - -NH3)~ (where n =2 and 3), spin density surfaces
are centralized together. Thus, the spin distributions provide an-
other scale to access PT. On the same scale, dispersive electron spin
distributions correspond to an untransformed structure, while cen-
tralized electron spin distribution correspond to a proton-trans-
ferred state.

For aforementioned structures, the attachment of an excess
electron results in an elongation of H-X bond and a corresponding
decrease of N-.--H distance. A single “proton-transfer parameter”
(ppr) could be used to describe the simultaneous changes in these
distances [28]. The relationship is shown in the following equation:

Per = [r(H=X) = r*(H=X)] = [r(N---H) — r(N—H)] (1)

where r°(H-X) and r%(N-H) refer to the H-X and N-H bond lengths in
free HX and protonated ammonia (H-NH3)" or ammonia anion
(H-NH3)°, respectively. The distances r(H-X) and r(N.--H) refer to
the valence bond and HB distances in the complexes of interest,
respectively. Therefore, this parameter (ppr) assesses the changes
of these bonds [29]. When r(H-X) = r%(H-X) and r(N- - -H) > r°(N-H),
the proton coordinates to X radical and ppr < 0. The corresponding
anion is a hydrogen-bonded species. When the proton is transferred
to N, the length of H-X is elongated and N --H distance decreases,
therefore the value of ppr changes from negative to positive. When
the stretch of the valence bond H-X is equal to the elongation of
hydrogen bond N-H, then ppr = 0. Values of ppr for anions calculated
from the optimized structures are listed in Table 2. For (XH- - -NH3)~
clusters, only (HCI- - :NH3)~ and (BrH- - -NH3)~ have strongly positive
ppr values, indicative of a complete degree for PT. Values of ppr for
(XH---NH3)™ (X =F, HS, and HCOO) are strongly negative, indicating
that no PT occurs in these species and these complexes are hydrogen-
bonded. Here, X=HS refers to anion (H,S---NH3)~ where the
S1---H2---N3 proton coordinates to S1, (HS-H---NH3)~. However,
when proton coordinates to N3, there is a positive value of ppr (see
note in Table 2), indicative of a proton-transferred form,
(HS™NH;) ™. Furthermore, the trends for PT are related to the acidity
of HX moiety, which is similar to a previous work of intermolecular
proton transfer in anionic complexes of uracil with alcohols [24].
They suggested that the structures of the anionic complexes ura-
cil-alcohols (labeled aAnU) evolved systematically as the gas-phase

Table 3
Electron vertical detachment energies (VDEs) of the optimized

anions  (XH---NH3)~ determined at the B3LYP/6-
31++G**(6d, 7f) level, unit in kcal/mol.
Geometries VDE
[(HF)(NH3)]™ 0.01
[(HBr)(NH3)]~ 16.60
[(H2S)(NH3)]~ 12.56
[(HCOOH)(NH3)]~ 0.01

Note: Value in parenthesis corresponds the state that proton
is coordinated to N3, (HS™ ---NHj)".

acidity of different alcohols increased. In our system, the values of
ppr vary from negative to positive from HF, HCI to HBr, revealing that
increasing acidity of HX moiety is also accompanied with increased
proton-transferred trend. Additionally, analysis of ppr values reveal
that the clusters of (H,0),(H-F---NH3)~ and (H,0),(HCOO-
H---NH3)~, undergo a obvious transition from hydrogen-bonded
(ppr < 0) to proton-transferred (ppr > 0) states with increased num-
ber of water molecules.

It is known that the smaller values of VDE correspond to hydro-
gen-bonded states and PT does not occur, while larger values of
VDE correspond to a proton-transferred state [6]. In this study,
the VDE value of the corresponding anionic (XH---NH3)~ com-
plexes are summarized in Table 3. For X = F, the corresponding an-
ion, which is hydrogen-bonded complex, has a small VDE value of
0.01 kcal/mol. When X refers to Br, the VDE value becomes
16.60 kcal/mol and the anionic complex is a proton-transferred
geometry. Besides, our calculated VDE value for anionic
(CIH- - -NH3)~ complex is 14.63 kcal/mol (see Fig. 1). It is obvious
that VDE values for (XH---NH3)~ complexes evolve as the gas-
phase acidity of HX (from HF, HCl to HBr) increases. Moreover,
for X = HS, the VDE value is 12.56 kcal/mol when the S1---H2---N3
proton coordinates to N3. As to the X =HCOO, only a small VDE
(0.01 kcal/mol) value is obtained. Clearly, the values of VDE portray
a picture in which increasing acidity of HX moiety is accompanied
with increased proton-transferred state.

4. Conclusions

In the present study, the influence of an electron attachment to
PT of heterodimers XH---NH5 (X =F, Cl, Br, HS, and HCOO) com-
plexes were studied systematically with DFT method.

Two kinds of minima can be found in the anionic (XH---NH3)~
systems. One kind of anionic complex is X—H - --NHj3, describing
a hydrogen bond between an intact HX and anionic ammonia
(NH;3), such as F—=H---NH;, HS—H---NH;, and HCOO—H - --NH;.
The other kind is X™---NH4, which describing as a consequence of
the proton transfer. The anionic complexes with BFPT possess only
one minimum, such as CI™---NH,4 and Br~- - -NHy4. The anionic com-
plexes without BFPT can have only one (F—H---NH; and
HCOO—H---NH3) or two minima (HS—H---NH; and HS™NHj).
In the latter case, there is a transition state with an energy barrier
of 1.76 kcal/mol.

For the hydrogen bond complex of F—H---NH; and
HCOO—H - - - NH;, when solvent is considered as the environmental
conditions, degree of PT becomes larger. Analysis indicates that
excess electron, indeed, could drive PT in (H,0),(FH---NH3)~ and
(H20),(HCOOH- - :NH3)~ clusters. The minimum number of water
molecules is three for the former and two for the latter.
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