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ABSTRACT: Ab initio molecular orbital and density functional theory (DFT) in
conjunction with different basis sets calculations were performed to study the

N—H:- - -:O and S—H:- - -O blue-shifted H-bonds in the HNO- - -HFSO, complex. The
geometric structures, vibrational frequencies, and interaction energies were calculated
by both standard and CP-corrected methods. Natural bond orbital (NBO) analysis was
used to investigate the origin of blue-shifted H-bonds, showing that the decrease in the
0*(N—H) and ¢*(5—H) is due to the electron density redistribution effect. The structure
reorganization effect on the blue-shifted hydrogen bonds was discussed in detail.
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Introduction

H ydrogen bonding is an important type of

noncovalent interaction that is present in
many chemical and biological systems [1]. A sound
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knowledge of H-bonding is fundamental to under-
standing chemical structures, enzyme catalysis, ma-
terial properties, self-assembly phenomena, and
functions of molecular and biological devices and
machines. Therefore, considerable experimental
and theoretical research has been conducted con-
cerning the structural, spectroscopic, and energetic
issues of diverse H-bonds [2-4]. Most hydrogen
bonds are of X—H- - -Y type, where X is an electro-
negative atom and Y is either an electronegative
atom having one or more lone electron pairs, or a
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region excess electron density such as aromatic m-sys-
tem [5]. Recently, a new type of intermolecular bond-
ing, termed blue-shifting hydrogen bond, accompa-
nied by X—H bond contraction and a blue shift of the
X—H bond stretching frequency, continues to receive
significant experimental and theoretical attention
[6-15]. The blue-shifting H-bonds studied so far are
mainly C—H:---Y systems, such as C—H- N,
C—H:--Oand C—H- - ‘F [8, 11, 16]. To rationalize the
C—H bond shortening and the consequent blue shift
of the C—H stretching frequency, two explanations
have been proposed [17]. Recently, Yang et al. [18]
confirmed the N—H: - ‘O H-bond blue shifts by the-
oretical calculations. However, to the best of our
knowledge, the researches on S—H: - -O blue-shifted
hydrogen bond systems are scarce.

Species containing N (e.g., HNO and HNO,) and
containing S (e.g., H,SO, and HFSO,) are important
in the atmosphere chemistry and combustion chem-
istry, hence many theoretical and experimental stud-
ies were performed [19-21]. The C—H and N—H
blue-shifted hydrogen bonds involving HNO have
been reported by our group [18]. The HNO: - -HFSO,
system is involved in the N—H---O and S—H:---O
blue-shifted H-bonds. It is helpful to give more infor-
mation about the N—H- - -O and give S—H- - ‘O blue-
shifted hydrogen bonds that the investigations were
performed on HNO- - -HFSO, system.

In the present work, we perform ab initio molec-
ular orbital and density functional theory (DFT) in
conjunction with different basis sets calculations
[both standard and counterpoise (CP) calculations]
to report the optimized structures, interaction ener-
gies, and vibrational frequencies of the HNO-
-+ *HFSO, complex. The S—H- - -O blue-shifted H-
bond is confirmed for the first time. In addition, we
confirm the existence of the N—H- - -O blue shift
H-bond. Natural bond orbital (NBO) analysis and
partial optimization were carried out to provide
reasonable explanations of the origin of N—H and
S—H blue shifts by hyperconjugation, rehybridiza-
tion, electron density redistribution, and structure
reorganization. Our aim is to predict the existence
of N—H: - -O and S—H: - ‘O blue-shifted H-bonds
and to give more insight into the nature of the blue
shifts.

Computational Details

The HNO:- - -HFSO, complex was investigated
by different theoretical methods, including DFT
(Becke’s three-parameter hybrid functional in con-

junction with Lee, Yang, and Parr’s correlation
functional, abbreviated B3LYP) and second-order
Moller-Plesset perturbation (MP2) methods [Har-
tree-Fock (HF) calculation, followed by Mseller—
Plesset correlation energy correction truncated at
second order] in conjunction with different basis
sets. Both standard and CP-corrected gradient op-
timization was performed, followed by vibrational
frequency calculations, to confirm the actual min-
ima obtained. Basis set superposition errors (BSSE)
were calculated according to the CP method pro-
posed by Boys and Bernardi [22]. In addition, inter-
action energies were calculated at the G2MP2 lev-
els. NBO analysis was performed at the B3LYP/6-
311+G** level [23]. Partial optimization was carried
out at both the B3LYP/6-311+G** and MP2/6-
311+G** levels. All calculations were carried out
using the Gaussian-03 package [24].

Results and Discussion

GEOMETRIES, FREQUENCIES, AND
INTERACTION ENERGIES

The characteristics of the HNO- - -HFSO, com-
plex, determined by both standard and CP-cor-
rected optimization and stretching frequency
changes between the complex and monomers, are
presented in Table I and Figure 1. The structure
and vibrational frequencies are calculated using
the MP2 and B3LYP methods with the 6-31G¥,
6-311+G**, and 6-311++G(2d,2p) basis sets. O-site
(HFSO,) H-bond forming in the complex is consid-
ered the minimum. However, one imaginary vibra-
tional frequency of the F site (HFSO,) H-bond for-
mation in the complex appears by calculation and is
not discussed further in the present work.

Recently, Hobza and Havlas [25] pointed out the
necessity of CP-corrected gradient optimization for
H-bond blue-shift research. We performed the CP-
corrected calculations for structure optimizations,
vibrational frequencies, and interaction energies.
All corrected H-bond distances, N7—HS8 and
S1—H4 bond lengths, are a little longer than un-
corrected ones, except for the B3LYP/6-311+
+G(2d,2p) level.

From the stretching frequency changes between
the HNO- - ‘HFSO, complex and the monomers
shown in Table I, as far as the H-bond type predic-
tion is concerned, the MP2 computation results are
in agreement with those of B3LYP. All indicate that
both the N7—HS8 and S1—H4 stretching frequen-
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TABLE |

Characteristics of HNO, HFSO,, and HNO- - -HFSO, complex at BSLYP, MP2 level in conjunction with different
basis sets and interaction energies obtained at G2MP2 level.*

6-31G* 6-311+G* 6-311++G(2d,2p)
B3LYP
retandard (0. . .Hg)(A) 2.1793 2.2169 2.2678
r°P (02...H8) (A) 2.2334 2.2653 2.3036
retandard (06 . H4) (A) 2.5327 2.533 2.5901
r°P (06 - - -H4) (A) 2.6134 2.5491 2.5851
Arstandard (7. . .Hg) (A) —0.0087 —0.0049 —0.0044
Ar°? (N7—HS8) (A) —0.0069 —0.0048 —0.0046
Arstandard (g1 Ha) (A) —0.0062 —0.0042 —0.004
Ar°P (S1—H4) (&) —0.0053 —0.0037 -0.0037
Apstandard (N7—H8g) (cm ™) +141 +98 +92
AP (N7—H8) (cm ™) +115 +95 +92
Apstandard (G4 H4) (cm ™) +51 +34 +36
AP (S1—H4) cm™ ) +45 +31 +32
AEstandard (ical/mol) —4.48 -3.57 -2.70
AE®P (kcal/mol) -2.33 -2.82 -2.27
MP2
retandard (0. . .Hg) (A) 2.2204 2.2476 2.2459
r°P (02- - -H8) (A) 2.335 2.3532 2.3388
retandard (0. . .H4) (A) 2.6024 2.6074 2.6065
r°F (06- - -H4) (&) 2.6844 2.68 2.6492
Arstandard (N7__H8) (A) —0.0061 —0.0034 —0.0025
Ar°? (N7—HS8) (A) —0.005 —0.0032 —-0.0027
Arstandard (g1 Ha) (A) —0.0045 —0.0041 —0.0031
Ar°P (S1—H4) (A) —0.0038 —0.0031 -0.0028
Apstandard (N7—Hg) (cm ™) +115 +80 +69
AP (N7—H8) (cm™ ") +94 +74 +67
Apstandard (g4 H4) (cm ™) +41 +36 +33
AvCP (S1—H4) (cm™ ) +38 +30 +30
AEstandard (kcal/mol) -5.23 —4.46 -4.16
AE®P (kcal/mol) ~2.62 —2.61 -2.90
AE opmpe (kcal/mol) —3.99

* Standard: values obtained without counterpoise correction from the energy and from the geometry optimization; CP: the values
obtained both by counterpoise correction from the energy and from the geometry optimization.

cies have blue shifts in the complex. The CP-cor- S 9
rected gradient optimization will affect not only the A
interaction energy but also the geometry and

stretching frequency of the X—H---Y H-bond.

However, the blue shifts of the N7—HS8 and 3_ 1

S1—H4 stretching frequencies in the complex by

B3LYP and MP2 calculations still exist, as shown in : 9 R o

Table I, in spite of application of the CP-corrected
calculations. In contrast, the blue shifts of the

N7—HS8 and S1—H4 stretching frequencies by CP- Complex

corrected optimizations are slightly smaller but are FIGURE 1. Optimized structure of HNO- - -HFSO,
still in reasonable agreement with those of the complex. [Color figure can be viewed in the online is-
N7—HS8 and S1—H4 stretching frequencies by stan- sue, which is available at www.interscience.wiley.com.]
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TABLE Il

NBO analysis of the HNO, HFSO, monomers and HNO- - -HFSO, complex at the B3LYP/6-311+G** level.

HFSO, HNO:- - -HFSO, complex

E® 5(S1—02) — o*(S1—H4) (kcal mol ") 1.93 1.68
E® 5(S1—03) — o*(S1—H4) (kcal mol ") 1.93 1.69
E® o(S1—H4) — o*(S1—H4) (kcal mol~7) 1.69 1.46
E® 5(S1—F5) — ¢*(S1—H4) (kcal mol ") 2.42 2.40
E® _(S1) — o*(S1—H4) (kcal mol~ ™) 0.66 0.57
E® n,(02) — o*(S1—H4) (kcal mol~") 16.38 15.12
E® n,(02) — o*(S1—H4) (kcal mol~") 4.55 3.87
E® n,(02) — o*(S1—H4) (kcal mol~7) 0.56
E@ n,(03) — o*(S1—H4) (kcal mol~ ") 16.38 15.58
E® n,(03) — o*(S1—H4) (kcal mol~ ) 4.55 4.35
E® n,(03) — o*(S1—H4) (kcal mol~ ™) 0.58
E® n,(F5) — o*(S1—H4) (kcal mol~ ") 3.64 3.56
E® n,(06) — ¢*(S1—H4) (kcal mol ™) 0.21
E® n,(06) — ¢*(S1—H4) (kcal mol ™) 0.11
E® n,(06) — o*(N7—HS8) (kcal mol~1) 17.52 14.79
E® n,(02) — o*(N7—H8) (kcal mol ) 0.61
E® n,(02) — o*(N7—HS8) (kcal mol ) 0.16
E® n,(02) — o*(N7—H8) (kcal mol ™) 1.52
E® 5*S1—02) — ¢* (N7—HS8) (kcal mol ) 0.71
o*(N7—H8) (e) 0.05203 0.04717
o*(S1—H4) () 0.19509 0.18504
Reour—ve) 1.099

E(S1—H4) 0.118
q(H8) (e) 0.24219 0.27902
q(H8) (e) 0.02650 0.05186
% s-char(N7 in N7—HS8) 17.83% 19.14%
% s-char(S1 in S1—H4) 23.33% 23.77%

dard optimization. On the basis of these analyses,
we can confirm that both the N7—HS8 and S1—H4
stretching frequencies display blue shifts.

As shown in Table I, the intermolecular interac-
tion energies with both BSSE correction and zero-
point vibrational energy (ZPVE) correction are in
reasonable agreement at various levels in conjunc-
tion with various basis sets. For the weak interac-
tions, the BSSE correction is important for an accu-
rate description of the intermolecular interaction
energies. The interaction energies obtained at the
MP2/6-311++G(2d, 2p) level are in good agree-
ment with those obtained at the G2MP2 levels.
With the basis sets increasing, the differences be-
tween the standard calculations and CP-corrected
calculations become smaller.

NBO ANALYSIS

For a better understanding of the origin of the
blue-shifted H-bond, NBO analysis has been car-

ried out at the B3LYP/6-311+G** level and the
corresponding results are collected in Table II. In
general, the hyperconjugative effect increased the
electron density in the o*(X—H). However, the
electron density in the o*(X—H) decreased instead
of increasing. We pay more attention to an interest-
ing phenomenon, which is the electron density de-
crease in the o*(N7—HS8) and ¢*(S1—H4). Hobza
and colleagues [6, 26] showed that the decreased
electron density in the ¢*(X—H) is caused by the
electron density redistribution effect. On the basis
of the electron density redistribution effect, we will
provide a reasonable model to explain the de-
creased electron density in the o*(X—H) [18]. Ow-
ing to the H-bond formation n(Y) interacts with
o*(X—H), which leads to the change in electron
density. In the type (W—) Z—X—H- - Y (—U) H-
bond, where Z represents electronegative atoms
with one or more lone electron pairs (e.g., F, O, N),
the hyperconjugative n(Y) or o(Y—U) — o*(X—H)
interaction leads to increased electron density in the
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INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 399



LIU ET AL.

o*(X—H). In contrast, a decrease in the n(Z) or
o(W—Z) — ¢*(X—H) interaction of the complex,
relative to the monomer, has the opposite effect. As
aresult, the net change in the electron density in the
0*(X—H), and the ultimate direction of the X—H
bond length change, depend on the balance of these
two interactions, which changed in an antiparallel
way. A quantitative comparison between these two
interactions was performed as follows:

2
2 Egn)creasing

E~ ) ’
E Edecreasing

)

where ¥ E@ . =3 E9n(Y) or o(Y—U) —
creasing

o*(X—H)] + V, which denotes the n(Y) or o (Y—U) —
0*(X—H) interaction in the complex. X Eéze)creasmg =
E(Egrzx)onomer[n(z) or o(Z—W) — OX(X_H)] -
E@mpiexl(Z) or o(Z—W) — o*(X—H)]). It should be
pointed out that if some values of the E2).  [1(Z)
or U(Z_W) - U*(X_H)] Ecomplex[n(z) or
0(Z—W) — ¢*(X—H)] are below zero, these should
not be included in the X Egze)creasing, and their abso-
lute values should be V. In general, the smaller the
value of Rg, the less electron density in the
0*(X—H) owing to electron density redistribution
effect. The larger the value of R, the stronger the
hyperconjugation and the weaker the electron den-
sity redistribution. As shown in Table II, the
Renz—nsy = 1.099 and Rggy— 4y = 0.118; the value
of Rps1—pay is very small, indicating that the elec-
tron density redistribution effect is very significant
in the S1—H4- - -O6 H-bond of the complex. The
electron density redistribution effect overshadows
the hyperconjugative effect, which leads to an evi-
dent electron density decrease in the o*(S1—FH4).
For the N7—HS- - -O2 H-bond, the electron density
redistribution effect is relatively strong; as a result,
it can be seen that the net decrease of electron
density in the o*(N7—HS) is relatively small. The
hyperconjugative effect is overcome by the electron
density redistribution effect, which leads to the de-
creased electron density in o*(X—H). This makes
the X—H bonds contract and contributes to blue
shifts of X—H vibrational frequencies. Recently,
Alabugin et al. [27] showed that the change in the
X—H bond in the process of both blue-shifted and
red-shifted H-bonds was determined by the balance
of the opposing effects: the X—H bond lengthening
effect due to the hyperconjugative n(Y) — o*(X—H)
interaction and X—H bond shortening effect due to
rehybridization. On the basis of the rehybridization
model, the N7—HS: - -O2 and S1—H4- - -O6 H-bond

formations increase N7—HS8 and S1—H4 bond po-
larization and positive charge on the H8 and H4
atom. As shown in Table II, the s-character of N7 in
the complex is a little more than that in the mono-
mer, which contributes to the N7—HS8 bond con-
traction, to some extent. Moreover, the difference
for the s-character of S between the complex and
monomer is very small.

STRUCTURE REORGANIZATION

NBO analysis gives the origin of the H-bond blue
shift in the electron density transfer. The structure
change effect of HNO and HFSO, monomers in the
complex on the blue shifts is discussed in this sec-
tion. To demonstrate the effect of changes of bond
lengths, bond angles, dihedral angles on blue shifts
of the N—H and S—H vibrational frequencies, the
partial optimizations on the HNO and HFSO,
monomers were performed at the B3LYP/6-
311+G** and MP2/6-311+G** levels. The bond
lengths (bond angles or dihedral angles) of the op-
timized complex were used for the partial opti-
mized monomers and remained unchanged in the
optimized process. The corresponding results are
listed in Table III.

The results obtained at B3LYP/6-311+G** are in
agreement with those obtained at the MP2/6-
311+G** level (see Table III). The changes in N—O
bond length and bond angle (£HNO) lead to N—H
vibrational frequency, a slight blue shift relative to
the HNO monomer, which indicates that the struc-
ture reorganization contributes in part to blue shifts
in the H bond. The effect of N—O bond length
change on the N—H vibrational frequency blue
shift is larger than that of bond angle (£HNO)
change. For the S—H vibrational frequency blue
shift, the effect of the bond angle change on the
vibrational frequency blue shift is larger than the
other two effects of bond length and dihedral an-
gles. From the above analysis, the structure reorga-
nization of the bond length and bond angle contrib-
utes in part to the N—H vibrational frequency blue
shift and that of the bond angles contributes in part
to the S—H vibrational frequency blue shift.

Conclusions

Ab initio molecular orbital and DFT in conjunc-
tion with different basis sets calculations were per-
formed to study the N—H- - -O and S—H- - -O blue-
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TABLE Il

Characteristics of optimized, partial optimized monomers and HNO- - -HFSO, complex at B3LYP/6-311+G**
and MP2/6-311+G** levels (r-bond length; A-bond angle; D-dihedral angle).

Optimized monomer Partial optimized monomer Complex
B3LYP/6-311+G*
r (06—N7) (A 1.1997 1.2041
A (OBN7HS) (°) 108.9 108.2
v (H8—N7) (cm™) 2866 2965
v, (H8—N7) (cm™ ) 2886
v, (H8—N7) cm™7) 2869
r (S1—02) (&) 1.4367 1.4434
r (51—03) (&) 1.4367 1.4367
r (S1—F5) (A) 1.6266 1.6271
A (02S1H4) (9) 109.9 109.8
A (03S1H4) (9) 109.9 110.7
A (F5S81H4) (°) 94.4 95.3
D (0O2S1H4F5) () 109.9 109.6
D (O3S1H4F5) (°) -109.9 -110.7
v (S1—H4) cm™7) 2562 2596
v, (S1—H4) cm™) 2563
Va (S1—H4) (cm™7) 2565
Vp (S1—H4) cm™) 2562
MP2/6-311+G**

r (06—N7) (A) 1.2213 1.2238
A (OBN7HS8) (°) 107.9 107.3
v (H8—N7) (cm™7) 3037 3117
v, (H8—N7) cm™ ") 3042
v, (H8—N7) cm™7) 3038
r (S1—02) (&) 1.4314 1.4361
r (S1—03) (&) 1.4314 1.431
r (S1—F5) (A) 1.6124 1.6117
A (02S1H4) (9) 109.6 109.9
A (O3S1H4) (9) 109.6 110.4
A (F5S1H4) (°) 94.4 94.8
D (0O2S1H4F5) () 109.8 109.4
D (O3S1H4F5) () -109.8 -110.3
v (S1—H4) cm™ ) 2697 2733
v, (S1—H4) cm™) 2697
V4 (S1—H4) cm™7) 2698
vy (S1—H4) (em ™) 2697

*v,, effect of bond length on the vibrational frequencies; v, effect of bond angle on the vibrational frequencies; v, effect of dihedral

angle on the vibrational frequencies.

shifted H-bonds in the HNO---HFSO, complex.
The geometric structures, vibrational frequencies,
and interaction energies were calculated by both
standard and CP-corrected methods. The contrac-
tions of N—H and S—H bond lengths and blue
shifts of N—H and S—H vibrational frequencies
were confirmed by all calculations. NBO analysis
was applied to investigate the origin of blue shift

H-bonds. From the NBO analysis, the decreases in
the 0*(N—H) and ¢*(S—H) are due to the electron
density redistribution effect and contribute to the
blue shifts of N—H and S—H vibrational frequen-
cies. The changes in N—O bond length and bond
angle (£LHNO) lead to N—H vibrational frequency,
a slight blue shift relative to the HNO monomer.
The effect of the N—O bond length change on the
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N—H vibrational frequency blue shift is larger than
that of the bond angle (£LHNO) change. For the
S—H vibrational frequency blue shift, the effect of
the bond angle change on the vibrational frequency
blue shift is larger than the other two effects of
bond length and dihedral angles.

g = W N

O o0 N O

10.
11.
12.

13.

14.
15.

16.
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