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Abstract High-level ab initio quantum chemical calcu-
lations (G4(MP2)//MP2/6-311+G(2df,p)) have been used
to examine homodimers of second-row bases, and to
compare the results with those obtained previously for the
first-row analogs. The relationship between the binding
energies of the dimers and the proton affinities (PAs) of the
bases follows the same pattern as that for the first-row
systems, with the binding energies initially increasing with
increasing proton affinity but subsequently decreasing.
This may be attributed to the opposing effects of increased
PA on the hydrogen-bond donor and hydrogen-bond
acceptor. The binding energies are generally smaller for the
second-row dimers than for the corresponding first-row
dimers. There is an increased tendency for asymmetrical
hydrogen bonds in homodimers of the second-row com-
pared with first-row dimers. This may be attributed to the
lower electronegativities of second-row atoms relative to
their first-row counterparts, and to the longer internuclear
separation between the hydrogen-bonded second-row
atoms.
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1 Introduction

Hydrogen bonding has long been recognized as an
important type of intermolecular interaction. Despite an
extensive history, the structures, binding energies, and
other spectroscopic properties of hydrogen-bonded com-
plexes continue to be subjects of current interest and
investigation [1-6]. Such studies are desirable, since
hydrogen bonding plays a key role in determining the
structures and properties of many chemical and biological
systems, and understanding what occurs in these systems
therefore requires an understanding of the hydrogen bond.

For a series of closely related proton-bound dimers, it
has been found that the binding energies (BEs) of com-
plexes are inversely related to the difference between the
proton affinities (PAs) of the proton-donor (D) and proton-
acceptor (A) molecules, provided that only a single mini-
mum exists across the proton-transfer coordinate [6—12].
This is generally the case for first-row complexes, for
which the closer the proton affinities of D and A, the
stronger the binding. Therefore, for first-row complexes, it
is generally the proton-bound homodimer that has the
greatest binding energy. Such is not necessarily the case for
second-row proton-bound complexes for which double
minima can exist across the proton-transfer coordinate. In
such situations, the highest binding energy is found for the
complex in which the weaker base is protonated and acts as
a proton donor to the stronger base [13].

In the present study, we are interested in the second-row
proton-bound homodimers in which the bases D and A are
the same. For these, the hydrogen bond may be represented
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as [RX--H--XR]*, with X representing the basic site at
which the proton is bound. Proton-bound homodimers are
of special interest due to their unusual properties compared
with those of ordinary hydrogen-bonded complexes. For
example, some homodimers have binding energies greater
than 100 kJ mol™" [8, 14—17] compared with binding
energies for neutral complexes with typical hydrogen
bonds that are generally no more than several tens of
kJ mol~' [1-6, 18-20]. The hydrogen bonds in these spe-
cies are sometimes symmetric, that is, the two X:--H dis-
tances are equal, and sometimes asymmetric. In the
symmetric or near-symmetric cases, proton-shared hydro-
gen bonds are often formed in which the X---X distances
can be shorter than twice the van der Waals radius of X.

We have previously investigated both the energies [21] and
the structures [22] of proton-bound homodimers in which the
donor/acceptor atom X is a first-row electronegative element
(N, O, F, or Ne). In these studies, we addressed the relationship
between hydrogen-bond energies of proton-bound dimers and
the proton affinities of the corresponding bases, and the factors
that determine whether a proton-bound homodimer has a
symmetric or asymmetric hydrogen bond. Both the binding
energy and geometry of such dimers are influenced by
opposing effects related to the partial breaking of the X-H
bond of the donor and the partial formation of the H---X bond
with the acceptor. These opposing effects can lead to non-
monotonic trends in binding energies and geometries among a
series of closely related proton-bound homodimers.

It is of interest to examine whether the features observed
previously for proton-bound homodimers of the first-row
also apply to the proton-bound dimers of the second-row.
In the present study, we address this question by examining
proton-bound homodimers involving corresponding sec-
ond-row atoms (P, S, CI, or Ar).

2 Computational details

Standard ab initio molecular orbital theory calculations [23,
24] were carried out with the Gaussian 03 [25] and Gaussian
09 [26] programs. Geometries were obtained at the MP2/6-
3114+G(2df,p) level of theory. Unless otherwise noted, sin-
gle-point energies were obtained at the G4(MP2) level.
Vibrational frequencies were computed to identify equilib-
rium and transition structures with zero and one imaginary
frequency, respectively. Vibrationless proton affinities (PA)
of bases and binding energies (BE) of dimers were obtained
as the negative of the energies for the respective reactions:

RX +H" — RX-H*' (1)
RX-H" +RX — [RX---H---XR]". (2)

Unless otherwise noted, geometrical parameters in the
text refer to MP2/6-3114+G(2df,p) values, while relative

@ Springer

energies are G4(MP2)//MP2/6-3114+G(2df,p) vibrationless
values. Natural bond orbital (NBO) population analysis
was carried out at the MP2/6-311+G(2df,p) level. All
reported bond lengths are in A and relative energies are in
kJ mol .

One question that was addressed in our previous study
and will be asked again is what factors determine whether a
proton-bound homodimer has a symmetric or an asym-
metric hydrogen bond. To assist in the analysis, we defined
measures of the energy requirements to move from an
asymmetrical to a symmetrical proton-bound dimer, and
vice versa. In the case of a proton-bound dimer for which
the equilibrium structure is asymmetrical, the symmetri-
zation energy (AEqy;,) can be defined as

AEsym = Esym - Easym (3)

where Egy, is the energy of the constrained symmetric
structure, while E,., is the energy of the asymmetric
equilibrium structure. For a dimer with a symmetrical
equilibrium structure, it follows that AEy, =0. In
addition, it is convenient to define the distortion energy
[AEgis(Ar)] as

AEdist(Ar) = Edist(Ar) - Esym (4)

where Egi(Ar) is the energy of a non-symmetrical struc-
ture in which all structural parameters are optimized except
for the bonds to the shared proton, which are constrained to
differ in length by Ar.

3 Results and discussion

The results of this study are subdivided into four sections
as follows:

1. examination of relationships between binding energies
and proton affinities for second-row bases and com-
parison with first-row bases;

2. analysis of proton affinities for first-row and second-
row bases and comparison of the binding energies of
their proton-bound dimers;

3. analysis of the structures of second-row versus first-
row proton-bound homodimers; and

4. examination of the symmetrization energies and dis-
tortion energies for second-row proton-bound dimers.

3.1 Comparison of relationships between binding
energies and proton affinities of first-row
and second-row proton-bound homodimers

Figure 1 shows the BE-PA relationships for the prototyp-
ical first-row and second-row hydrides. The corresponding
relationships between BEs and PAs for the second-row
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bases in which H atoms are substituted in the parent mol-
ecules (H;P, H,S, HCI) by groups of varying electron-
withdrawing or electron-donating ability are shown in
Fig. 2. From Figs. 1 and 2 (and Fig. 3 in Ref. [21]), it is
apparent that the correlations for first-row and second-row
bases are similar. Thus, initially as the PA increases, the
BE of the dimer also increases. However, at some point the
BE starts to decrease as the PA increases. In our previous
study of first-row bases, we attributed this to the opposing
effects of increasing the PA of the hydrogen-bond-donor
and hydrogen-bond-acceptor molecules [21]. Hydrogen-
bond formation is associated with partial breaking of the
X—H bond in the donor, and this becomes more difficult as
the PA of X increases. On the other hand, formation of the
new H---X bond becomes increasingly favorable as the PA
of X increases. It is the compromise between these two
effects that leads to the non-monotonic behavior in the BE-
PA correlation. This is observed for both the first-row and
second-row bases.

Within each subset (P, S, Cl), the BE and PA are related
quadratically according to the following equations:
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Fig. 1 Binding energies (BE, kJ mol™") of first-row and second-row

proton-bound dimers versus proton affinities (PA, kJ mol™') of the
corresponding bases
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Fig. 2 Binding energies (BE, kJ mol~") of second-row proton-bound
dimers versus proton affinities (PA, kJ mol™") of the corresponding
bases

P: BE = —6.85 x 107*PA? + 1.27 PA — 547 (5)
S: BE = —1.16 x 107> PA* + 1.97 PA — 766 (6)
Cl: BE = —1.79 x 1072 PA% 4-2.31 PA — 666. (7)

The corresponding equations that were found previously
[21] for the first-row bases are:

N: BE = —5.69 x 107 PA% 4 0.981 PA — 317 (8)
O: BE = —7.61 x 107*PA% + 1.14 PA — 287 (9)
F: BE = —1.57 x 107> PA? + 1.74 PA — 344. (10)

An examination of the coefficients of PA? and PA in
Egs. 5-10 shows that for both first-row and second-row
bases, the coefficients decrease in the order group
17 > group 16 > group 15. Thus, BEs for group 17
(halogen-group) proton-bound dimers are most sensitive
to changes in the PA of the bases, while those for group 15
(nitrogen-group) dimers are least sensitive to PA changes.

3.2 Analysis of proton affinities for first-row
and second-row bases and comparison
of the binding energies of their proton-bound
dimers

A closer examination of Fig. 1 reveals an interesting dif-
ference between first-row and second-row PAs. Although
H,S, HCl, and Ar have higher PAs than H,O, HF, and Ne,
respectively, the PA for H;P is lower than that for H3N.
This is consistent with observations made in a previous
study [27], which showed that the PAs for the nitrogen-
group (group 15) hydrides decrease down the group,
whereas the PAs increase for oxygen- (group 16), fluorine-
(group 17), and neon- (group 18) group bases. Table 1
shows that there is a monotonic trend in the differences in
proton affinities between first-row and second-row bases
(APA,_;), which become more positive from group 15
(N/P) to group 18 (Ne/Ar). However, the fact that the
second-row bases do not uniformly have higher or lower
PAs than their first-row counterparts suggests that there are
at least two opposing effects at work.

Table 1 provides data for two major factors that influ-
ence protonation at lone pairs: (1) the amount of electron
density at X as measured by the NBO charge (Q) and (2)
the polarizability («) of X, which provides a measure of
how easily the density can be transferred to the incoming
proton. The data of Table 1 indicate that in going from a
first-row to a second-row base, the polarizability increases
significantly, and Awa,_; is positive. This favors a greater
PA for second-row bases. On the other hand, a second-row
element is less electronegative than the corresponding first-
row element. As a result, the central atom in a second-row
base has a reduced electron density compared with the
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Table 1 Proton affinities and dimer binding energies (kJ mol ") for
bases H, X, NBO atomic charges of X in H,X, and the polarizability
of atomic X

First-row Second-row Asy

Proton affinity (H,X)*

H;N/H;P 888.9 801.3 —87.7

H,0/H,S 718.7 727.0 8.3

HF/HCI 507.8 576.0 68.2

Ne/Ar 216.9 391.9 175.0
Binding energy ([H,X-H---XH,]")*

H;N/H;P 108.9 36.5 =725

H,O/H,S 140.8 57.1 —83.6

HF/HCI 137.2 72.0 —65.2

Ne/Ar 65.1 62.1 -3.0
NBO charge (X in H,X)"

H;N/H;P —1.030 0.163 1.193

H,O/H,S —0.922 —0.224 0.699

HF/HCI —0.560 —0.251 0.310

Ne/Ar 0.000 0.000 0.000
Polarizability (X)°

N/P 7.26 24.93 17.67

S/O0 5.24 19.37 14.13

F/C1 3.70 14.57 10.87

Ne/Ar 2.68 11.10 8.42

4 Obtained at the G3(MP2)-RAD//MP2/6-31+G(d,p) level for first-
row bases [21] and the G4(MP2)//MP2-6-311+G(2df,p) level for
second-row bases

® Calculated at the MP2/6-311+G(2df,p)//MP2/6-311+G(2df,p)
level

¢ CCSD(T) values from Ref. [28]

corresponding first-row base, as reflected in the positive
values of AQ,_; in Table 1. This effect can be expected to
be more pronounced as the number of X—H bonds in the
base increases. Thus, for first-row bases the negative
charge on X increases in the order HF < H,O < H3N. The
second-row bases HCI and H,S have small negative char-
ges on Cl and S, Ne and Ar have no charge, and P has a
positive charge, due to its slightly smaller electronegativity
of 2.19 compared with that for H (2.20). The greater neg-
ative charge on X favors a higher PA for first-row bases.
Since the second-row bases Ar, HCI, and H,S have higher
PAs than the corresponding first-row bases, it is the
polarizability that dominates in these cases. However, a
lack of a negative charge on P leads to a lower PA for H;P
than for H5N.

It is also apparent from Table 1 and Fig. 1 that for group
15, 16, and 17 bases, the second-row proton-bound dimers
have significantly smaller BEs than the corresponding first-
row dimers. A closer examination of the changes in the
BEs in going from first-row to second-row dimers
(ABE,_) reveals a non-monotonic trend: H3N/H;P < H,O/
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H,S > HF/HCI > Ne/Ar. How can this be explained? We
have previously demonstrated that the charge on the donor
atom is an important factor influencing the magnitude of
the BE of a hydrogen-bonded complex [29]. However, as
in the case of PAs, the increased polarizabilities of second-
row bases can be expected to favor stronger hydrogen
bonds. These two opposing effects also account for the
non-monotonic trend in ABE,_;. In contrast to the PAs, it is
the charge on X that tends to dominate and make the BE of
dimers of first-row hydrides significantly greater than
dimers of second-row hydrides. However, as AQ,_;
decreases from group 15 to group 18, the polarizability
assumes increased importance and leads to comparable
BEs for [Ar---H---Ar]" and [Ne---H---Ne]™.

3.3 Structures of second-row versus first-row
proton-bound dimers

In our studies of first-row proton-bound homodimers, we
observed that whether a proton-bound dimer has a sym-
metric or asymmetric X---H---X hydrogen bond is deter-
mined primarily by the electronegativity of X. Thus,
dimers with F and O bases generally form complexes with
symmetric hydrogen bonds (with the exception of one case
involving an sp*-hybridized oxygen base that also forms an
intramolecular hydrogen bond). When the electronegativity
is lowered by moving to N, then only sp-hybridized N
bases tend to form symmetric hydrogen bonds, while sp>
and sp> N bases form asymmetric hydrogen bonds. How do
these findings for first-row homodimers compare with
those for the second-row analogs?

The noble gases Ne and Ar form symmetric proton-
bound dimers Ar,H' and Ne,H™. Likewise, the proton-
bound Cl dimers (FCl),H', (HC1),H', and (MeCl),H"
have symmetric hydrogen bonds, as do the corresponding
first-row dimers (FF),H™', (HF),H™, and (MeF),H*.

The sp-hybridized base C=S does not protonate at S nor
does it form a stable proton-bound dimer at S. This
behavior is quite different from its first-row analog C=0,
which can be protonated at O and forms a symmetric
O--H"---O proton-bound dimer. The sp*-hybridized S
bases often form complexes with symmetric hydrogen
bonds as do their first-row counterparts. These dimers
include (S=C=S),H", (H,C=S),H", (MeHC=S),H",
(Me,C=S),H", and (FHC=S),H'. However, electron-
withdrawing F substituents lead to an asymmetric proton-
bound dimer for (F,C=S),H', whereas (F,C=0),H" is
symmetric. This difference between first-row and second-
row (F,C=X),H" dimers may be associated with the lower
electronegativity of S, as well as its greater polarizability,
both of which make it more sensitive to substituent effects.

The proton-bound dimer of H,S has an asymmetric
hydrogen bond, although the energies of the symmetric and
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asymmetric structures are essentially identical over a range
of distances, as demonstrated by the distortion energy
curve shown in Sect. 3.4. However, methyl substitution
increases the basicity of S and allows MeHS and Me,S to
form symmetric proton-bound dimers. Like the sp® base
F,C=S, proton-bound dimers of the sp3 bases FHS and F,S
have asymmetric bonds. Such is not the case for corre-
sponding proton-bound sp® dimers of O bases, all of which
have symmetric hydrogen bonds. However, the symmetri-
zation energies of asymmetric dimers of S bases are quite
small at 2-3 kJ mol .

The sp-hybridized bases HC=P and MeC=P do not
protonate at P nor do they form stable proton-bound dimers
at P [30]. This is similar to the sp-hybridized S base C=S,
but notably different from the corresponding sp-hybridized
N bases, which usually form symmetric N---H---N proton-
bound dimers. The sp® and sp® proton-bound dimers of P
bases are asymmetric, as are the corresponding N dimers.
The P dimers have much greater symmetrization energies,
reflecting both the lower electronegativity of P and the
longer P---P distances.

There are other secondary factors that also influence the
detailed structures of proton-bound homodimers of the
first-row and second-row bases. For example, bond angles
are generally considerably narrower at second-row atoms
than at first-row atoms. The structures of the protonated
jons and the proton-bound dimers of corresponding sp*-
hybridized bases H,C=0O and H,C=S demonstrate the dif-
ference. Fig. 3 displays the equilibrium structures of
H,C=OH" and the proton-bound dimer (H,C=0O),H™". The
C-O-Hangle is 114° in H,C=OH" and 119° in (H,C=0),H™".
In contrast, the C—S—H angle is 98° in H,C=SH* and 93°in the
dimer (H,C=S),H". Thus, the angle at which a base is

Fig. 3 The structures of H,C=OH", (H,C=0),H', H,C=SH*, and
(H,C=S),H"

protonated is reflected in the structure of the corresponding
proton-bound dimer.

The pairs of C-N-H and C-P-H bond angles in the
protonated  sp>-hybridized bases H,C=NH," and
H,C=PH," are equivalent and have values of 121° for both
systems. The similarities in the bond angles at N and P are
also seen in the corresponding proton-bound dimers, which
have C; symmetry. For (H,C=NH),H", the C-N-H angle
for the proton-donor molecule is 121°, while the H-N-C
angle for the proton acceptor is 129°. The corresponding
angles for (H,C=PH),H" are 121° and 126°, respectively.
Of course, the neutral molecules H,C=NH and H,C=PH
have only one H atom bonded to N or P, so the difference
between corresponding first-row and second-row bases
appears once again as the H-X—C angles are 110° and 97°,
respectively.

Another factor that influences the structure and stability
of a proton-bound dimer is the existence of long-range
interactions, that is, interactions involving atoms or groups
of atoms in addition to those directly involved in the
X--H*..X hydrogen bond. These interactions may be
either attractive or repulsive and are evident in proton-
bound dimers when (non-H-bonding) H atoms of the parent
bases are replaced by substituents such as F or CHj3. The
effects of such long-range interactions can readily be seen
by comparing the BEs and structures of the isomers of
(FHC=S),H' and (MeHC=S),H" with symmetric hydro-
gen bonds, in which the substituents are cis and trans to the
hydrogen-bonding region with respect to the C=S bond.
For this comparison, the structure of the cis isomer of
(FHC=S),H" was optimized under the constraint of Cs,
symmetry since that is the symmetry of the cis isomer of
(MeHC=S),H™". Fig. 4 displays these dimers, and Table 2
provides relative BEs, S---S distances, and C-S---H angles.

The BEs of both isomers of (MeHC=S),H" are greater
than the BEs of the isomers of (FHC=S),H™, as expected (see
Fig. 2 and Table 2). However, the more stable isomer of
(MeHC=S),H" has the methyl group trans to the hydrogen-
bonding region, while the more stable (FHCS),H™" isomer
has the F atom cis to the hydrogen-bonding region (Table 2).
Having the methyl groups “trans” to the hydrogen bond
reduces repulsive interactions. On the other hand, the “cis”
structure of (FHC=S),H" provides a favorable interaction
between the F atoms and the hydrogen-bonded proton, which
in turn compensates for other repulsive interactions. The
repulsive interactions in the cis isomer of (MeHC=S),H" are
also reflected in its structure. Thus, it has the longest S---S
distance as well as the widest C-S---H angle. Long-range
interactions are also responsible for making the equilibrium
structure of the asymmetric phosphinine dimer (CsHsP),H™
C,, perpendicular rather than planar, in agreement with the
equilibrium structure of its first-row counterpart pyridine
dimer (C5H5N)2H+.
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Fig. 4 The cis and trans C,, isomers of (MeHC=S),H" and
(FHC=S),H"

Table 2 MP2/6-D31 1+G(2df,p) relative energies [AE, kJ mol '],
S---S distances (A) and C-S---H angles (°) of the cis and trans isomers
of (MeHC=S),H* and (FHC=S),H" with C,, symmetry

Dimer Isomer AE R(S---S) /C-S-+-H

(MeHC=S),H* Cis 13.7 3.326 101
Trans 0.0 3.287 93

(FHC=S),H" Cis 0.0 3.321 95
Trans 11.6 3.309 91

3.4 Symmetrization energies and distortion energies
of second-row proton-bound dimers

To further examine the factors that govern the structures of
proton-bound dimers, we examined their symmetrization
energies (AE,y,,) and distortion energies (AEg;y). Figure 5
provides a plot of AEg, values for second-row proton-
bound dimers versus the PAs of the second-row bases. As
observed previously for proton-bound first-row dimers
[22], this diagram clearly illustrates that AEy,, of second-
row proton-bound dimers are not determined by PAs. It
also shows that the AE,, of homodimers with CI bases are
zero (i.e., the structures are symmetrical), those with S
bases are less than a few kJ mol™!, whereas those for P
bases vary from about 15 to 40 kJ mol ™" and are therefore
much greater than AE,y,, of first-row N homodimers [22].
This reflects in part the low electronegativity of P bases and
the much longer P---P equilibrium distances in these pro-
ton-bound dimers, which must contract significantly to
form a symmetric hydrogen bond.
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Fig. 5 Symmetrization energies (AEgy, kJ molfl) versus proton
affinities (PA, kJ molfl) of proton-bound homodimers of bases
containing Cl (filled square), S (filled diamond), and P (filled triangle)

There is an interesting arrangement of points in Fig. 5
belonging to dimers with P-H".-.P hydrogen bonds, and
these points can be grouped according to the hybridization
of P and the nature of the substituents. There are five points
that have AEg,,, values between 15 and 20 kJ mol ™! that
belong to the proton-bound sp*-hybridized dimers of
H,C=PH, MeHC=PH, Me,C=PH, (SiH3)HC=PH, and
CsHsP. There are eight points for dimers in which P is sp®
hybridized that have higher AEy, values, and these form
what might be described as a “V” in this plot. The point at
the bottom of the “V” belongs to (HsP),H". Those to the
left and higher in symmetrization energy correspond to the
three fluoro-substituted H;P dimers; points to the right and
higher in symmetrization energy than H;P are the three
proton-bound methyl-substituted H3sP dimers and the pro-
ton-bound dimer of (SiH3)H,P.

For both the methyl- and fluoro-substituted bases, the
proton-bound dimers of the trisubstituted derivatives have
the highest symmetrization energies, while the monosub-
stituted dimers have the lowest. What could account for the
increase in symmetrization energies with increasing num-
ber of substituents in both the fluoro- and methyl-substi-
tuted proton-bound dimers? Upon examination of the
structures of the dimers, we find a correlation between
AE,,,, and the P---P distances (Fig. 6). Thus, as the P---P
distance increases, a greater contraction of this distance is
required to form a symmetric hydrogen bond, resulting in a
larger AEgym. The P---P distance increases with the number
of substituents, which may reflect increased repulsive
interactions between the substituents, especially in the
symmetric structures. It is also evident from this figure that
the effect of the substituent on the P---P distance, and hence
AE,,,, is greater for F than for Me groups.

How do the distortion energies for proton-bound dimers
vary? Figure 7 presents plots of AEg versus Ar for the
first-row proton-bound dimers (HF),H", (H,0),H", and
(H3N),H™ and the corresponding second-row proton-bound



Theor Chem Acc (2012) 131:1088

Page 7 of 8

45
— 40 -
2 m FiP
o
£ 351 Me,HP BlesP
2 B F,HP
E 307 (SiHy):P 5 FHP
w " MeH,P
<] 2
251 u
H4P
20 - - - T )
3.85 3.90 3.95 4.00 4.05 4.10
PP (A)

Fig. 6 Sygnmetrization energies (AEgym, kJ mol™") versus the P---P
distance (A) in H3P and substituted H;P proton-bound dimers

90 1w HF _
45 * H,0 - : @
$_“ aHéN g™
o HCI & *
_E: 50 'H,S i | 5 *
= 30_..H3P - + 5
- " * A
3 l. . & 4 *
= 101 l..o’ x
G *Ez'f, : -
L AAAAL A
4_10.
=30 T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Fig. 7 MP2/6-3114+G(2df,p) distortion energies (AE ;i (Ar), kJ mol™ h
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the difference between the X—H bond lengths across X—-H"---X hydrogen
bonds (Ar, /&)

dimers (HCI),H", (H,S),H", and (H3P),H". We loosely
classify the distortion energy curves in Fig. 7 into three
types. Those for (HF),H', (H,0),H', and (HCI),H"
increase as Ar increases since the equilibrium structures of
these dimers are symmetric. Curves for (H;N),H' and
(H5P),H™ decrease initially until Ar becomes equal to the
difference between the two X—H distances in the equilib-
rium structure and then increase. The curve for (H,S),H" is
in between, with a very flat potential in the region near the
minimum. At the highest level of theory used to investigate
the (H,S),H' complex [CCSD(T)/6-3114+G(2df,p)], it
retains an asymmetric structure, but with a symmetrization
energy of just 1.8 kJ mol™".

The potential curves for these dimers indicate that dis-
torting the hydrogen bond away from its symmetric
structure is much easier for the second-row dimer
(HC1),H™ than for (HF),H" and (H,O),H". At each value
of Ar in the range from 0.0 to 1.4 A, the order of curves
from greatest to least distortion energy is (HF),H" >
(H,0),H' > (HCl),H™. In general, the X---H*---X poten-
tial curves show that distortions from symmetric structures
are easier for second-row dimers than for their first-row

Table 3 X--X and X-H distances (R, A) and binding energies
(BE, kJ mol™}) for proton-bound dimers of first-row and second-row
hydrides

Dimers Symmetric HB Asymmetric HB BE*
R(X-X) RX-H) RX-X) R(X-H)
(HF),H" 2.288 1.144 137
(H,0),H" 2384 1.192 142
(HsN),Ht  2.602 1.301 2.686 1.129 109
(HCl),H* 3.132 1.566 78
(H,S),H" 3.328 1.664 3.333 1.615 61
(H3P),H" 3.490 1.745 3.906 1.421 32

* MP2/6-311+G(2df,p) binding energies

counterparts, which may also be a consequence of their
significantly longer intermolecular X:--X equilibrium dis-
tances, as evident from Table 3.

A closer examination of Fig. 7 indicates that there is
a crossing of the curves for (H,S),H" and (H;N),H" at Ar
~ 1.1 A. Two other curve crossings arise as Ar increases
further, one involving (H,0),H" and (HF),H*, and the
other involving (H3N),H™ and (HCI),H". These occur
because the potential curves asymptotically approach a
limit corresponding to the energy of dissociation to the
appropriate isolated neutral and protonated bases. This
limit is equal to the binding energy in the case of sym-
metric complexes, and the binding energy minus AEgyy,
(Eq. 3) in the case of asymmetric structures. At the MP2/6-
3114G(2df,p) level, the asymptotic ordering is (HsP),H"
(12 K mol™") < (H,S),H" (61 kJ mol™") < (HCI),H"
(78 KJ mol™") < (H3N),H" (107 kJ mol™!) < (HF),H"
(137 kJ mol ') < (H,O0),H" (142 kJ mol™").

4 Conclusions

High-level ab initio quantum chemical calculations have
been used to examine proton-bound homodimers of sec-
ond-row bases and compare them with their first-row
analogs. The following important points emerge from the
present study.

1. The relationship between the binding energies (BEs) of
second-row dimers and the proton affinities (PAs) of
the corresponding bases follows the same pattern as
that for the first-row systems, with the binding energies
initially increasing with increasing proton affinity but
subsequently decreasing. This non-monotonic trend
may be attributed to the opposing effects of increased
PA on the hydrogen-bond (HB) donor and HB
acceptor.

2. The PAs of the first-row and second-row bases are
influenced by the charge on the proton-acceptor atom
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and its polarizability. These two effects oppose one
another, with the polarizability usually dominant and
leading to higher PAs for Ar, HCI, and H,S compared
with their first-row counterparts. However, the positive
charge on P leads to a lower PA for H;P than for H;N.
Second-row dimers generally have smaller BEs than
those for the corresponding first-row dimers. This can
usually be attributed to the smaller negative charge at
the HB acceptor atom.

There is a reduced tendency for second-row homodi-
mers to form symmetrical hydrogen bonds compared
with the corresponding first-row dimers. This may
be attributed to the longer internuclear separations
between second-row atoms, as well as to their lower
electronegativities relative to their first-row analogs.
Finer structural details of the dimers are related to the
structures of the corresponding protonated monomers
and are also influenced by long-range attractive and
repulsive interactions.
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