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Theoretical calculations are performed to study the nature of the hydrogen bonds in complexes
HCHO:---HNO, HCOOH:---HNO, HCHO---NH3;, HCOOH:---NH;, HCHO---NH,F and HCOOH:---NH,F. The geomet-
ric structures and vibrational frequencies of these six complexes at the MP2/6-31+G(d,p),
MP2/6-311++G(d,p), B3LYP/6-31+G(d,p) and B3LYP/6-311++G(d,p) levels are calculated by standard and
counterpoise-corrected methods, respectively. The results indicate that in complexes HCHO---HNO and
HCOOH---HNO the N—H bond is strongly contracted and N—H---:O blue-shifted hydrogen bonds are
observed. While in complexes HCHO-*NH;, HCOOH:---NH;, HCHO---NH,F and HCOOH---NH,F, the N—H
bond is elongated and N—H---O red-shifted hydrogen bonds are found. From the natural bond orbital
analysis it can be seen that the X—H bond length in the X—H--'Y hydrogen bond is controlled by a
balance of four main factors in the opposite directions: hyperconjugation, electron density redistribu-
tion, rehybridization and structural reorganization. Among them hyperconjugation has the effect of
elongating the X—H bond, and the other three factors belong to the bond shortening effects. In
complexes HCHO--*HNO and HCOOH---HNO, the shortening effects dominate which lead to the blue
shift of the N—H stretching frequencies. In complexes HCHO-:-NH;, HCOOH-:-NH;, HCHO---NH,F and

HCOOH---NH,F where elongating effects are dominant, the N—H---O hydrogen bonds are red-shifted.

red-shifted H-bond, blue-shifted H-bond, AIM topological analysis, NBO analysis

The deepening investigation on the nature of hydrogen
bond is of importance since hydrogen bond is present in
many chemical, physical and biological systems!' ). For
this purpose quantum chemistry calculation is an effec-
tive way!”. Blue-shifted hydrogen bond has attracted
much attention since it was confirmed by theory and

[5-10

experiments ], Many plausible mechanisms have

been proposed in interpreting this unusual phenome-

[11-17
non

| Hobza et al."Y proposed that there was dif-
ference in nature between blue-shifted and red-shifted
hydrogen bonds. For the normal X—H--Y red-shifted
hydrogen bonds, electron transfers from the lone pair
electron of electron donator to the 6" (X—H) of the elec-
tron acceptor, which elongates the X—H bond and leads

to a red shift. For the blue-shifted hydrogen bonds, there

www.scichina.com www.springerlink.com

are two steps in the process. First, owning to hypercon-
jugation, the electron is transferred to the other parts of
the electron acceptor, which elongates the other bonds of
the acceptor. Second, the electron acceptor undergoes a
structural reorganization which contributes to the X—H
contraction and blue shift of stretching frequency. Some
other researchers considered that there was no difference
between the blue-shifted and red-shifted hydrogen bonds

[

in nature!> ') Alabugin et al.' have recently shown

that structural reorganization of X—H bond in the proc-
ess of both blue-shifted and red-shifted hydrogen bonds
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is determined by the balance of the opposing effects: X
—H bond elongating effect due to hyperconjugative n(Y)
— o (X—H) interaction and X—H bond shortening
effect due to rehybridization. When the elongating effect
plays the dominant role, there is red shift; otherwise,
blue shift.

It should be noted that both theoretical and experi-
mental researches on blue-shifted hydrogen bonds were
mainly concentrated on the C—H bond and very
scarcely on the N—H bond. Alabugin et al.!"" predicted
that the N—H--'Y blue-shifted hydrogen bond was pos-
sible if hyperconjugation was quite weak (<13 kJ-mol ).
Both Hobza and Li et al!™'"™® have predicted a
blue-shifted N—H-F H-bond existing in complex
NHF,--HF at the MP2/6-31G(d,p) and MP2/
6-311+G(d,p), respectively. However, the blue shifts
observed in their work are quite small, only 13 and 17
cm ', respectively. In the present work, we have ob-
served remarkable blue shifts (>100 cm™') of the N—H
bond in the HCHO--HNO and HCOOH--HNO com-
plexes where hyperconjugation is more than 21 kJ-mol ™.
It is in disagreement with the prediction proposed by
Alabugin. In addition, the mechanism of N—H--O
blue-shifted and red-shifted hydrogen bonds in different
complexes is discussed.

1 Computational methods

The structures and vibrational frequencies of the com-
plexes were investigated using both standard and coun-
terpoise—corrected[lg’zol (CP) optimization at the
MP2/6-31+G(d,p), MP2/6-311++G(d,p), B3LYP/6-31+G
(d,p) and B3LYP/6-311++G(d,p) levels, respectively.
The basis set superposition errors (BSSE) were calcu-
lated according to the counterpoise method proposed by
Boys and Bernardi®”. The partial optimizations on the
HNO monomer were performed at MP2/6-31+G(d,p)
and MP2/6-311++G(d,p) levels. According to Onsager
model, the SCRF calculations on the HNO monomers
and complex B were carried out at B3LYP/ 6-31+G(d,p)
level. Atoms in molecules (AIM)D” analysis were also
carried out at the MP2/6-31+G(d,p) level. Natural bond
orbital (NBO)*? analysis was performed at the
MP2/6-31+G(d,p) level. All the calculations are per-
formed using the Gaussian 03 program packages.

2 Results and discussion
2.1 Geometries, frequencies and energies

All optimized complexes are described in Figure 1. The
characteristics of the complexes determined by both
standard and CP optimization procedures at MP2/
6-31+G(d,p), MP2/6-311++G(d,p), B3LYP/6-31+G(d,p)
and B3LYP/6-311++G(d,p) levels are presented in Ta-
bles 1 and 2. As depicted in Figure 1, there is an N—
H-+O hydrogen bond and an X—H:'Y (X=0 and C;
Y=F, N and O) hydrogen bond in all the complexes
simultaneously, forming cyclic structures. For
complexes A and B, the bond length (N2—H1) obtained
by MP2 method agrees well with that obtained by
B3LYP method. Similar results can also be found for the
other complexes C, D, E and F. According to the basis
sets effect, it can be seen that there is inconspicuous ef-
fect on the optimized structures. Owing to the existence
of BSSE, the interaction energies are overestimated by
the standard calculations!”. In order to eliminate this
effect, the CP-corrected calculations were performed.
Compared to the standard calculations, the bond lengths
obtained by CP-corrected calculations are obviously
longer.

As shown in Table 2, the bond lengths (N1—H2 or
N1—H3) in complexes C, D, E and F are longer than
those in the monomers and corresponding stretching
frequencies are lower, indicating the red-shifted N—
H---O hydrogen bonds. On the contrary, the bond lengths
(N1—H2) in complexes A and B contract relative to
those in the monomers and corresponding stretching
frequencies increase, which indicate that there are blue
shifts. All calculations show the blue shifts are up to 144
cm " at most and up to 108 cm™" at least. Although it has
been predicted that a blue-shifted N—H---F H-bond ex-
ists in the NHF,--HF complex, the corresponding blue
shift is only 13 cm ™' at MP2/6-311+G(d,p) level!".

The intermolecular interaction energies with both
BSSE correction and ZPE correction are listed in Table
2. As shown in Table 2, the BSSE corrected and ZPE
corrected energies are relatively large. The results indi-
cate that BSSE correction and ZPE correction are im-
portant to accurately describe the intermolecular interac-
tion energies. Among all complexes, complex D is the
most stable and complex C is the most unstable.
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Figure 1 The optimized structure of the monomers and complexes.

2.2 AIM analysis

In order to shed light on the nature of the hydrogen
bonds, the electron density topological analysis of the

six complexes was performed at MP2/6-31+G(d,p) level.

According to the AIM theory proposed by Bader®"), the
topological characteristics of electron density depend on
the grads vector of electron density (V p(r)) and Lapla-
cian of electron density (V 2,o(r)) values. Here, V 2,0 =
A+ A+ A3, A’s is an eigenvalue of the Hessian matrix
of p. Then, when one of the three 4;’s is positive and the
other two are negative, we denote it by (3, —1) and call it
the bond critical point (BCP). When one of the three 4;’s
is negative and the other two are positive, we denote it

by (3,+1) and call it the ring critical point (RCP), which
indicates the existence of a ring structure. p is used to
describe the strength of a bond and V 2p describes the
characteristic of the bond. Usually, the larger the value
of pis, the stronger the bond is. Popelier et al 224 pro-
posed eight criteria for judging the existence of hydro-
gen bonds, among which three were the most funda-
mental and often applied, as Lipkowski et al.”>) pointed
out. These three fundamental criteria are: the existence
of a bond critical point, the electron density (o) and its
Laplacian (V %p) values being in the range of 0.002—
0.034 and 0.02—0.14 a.u., respectively.

The topological parameters of the bond critical point
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Table 1 The partial parameters of optimized monomers and complexes (bond length: A)

MP2/6-31+G(d,p)

MP2/6-311++G(d,p)

B3LYP/6-31+G(d,p) B3LYP/6-311++G(d,p)

Standard CP Standard CP Standard CP Standard CP

HNO r(N2—H1) 1.0508 1.0548 1.0638 1.0646
r(N2—03) 1.2374 1.2212 1.2086 1.1997
NH; r(N1—H2) 1.0114 1.0134 1.0157 1.0143
NH,F r(N1—H3) 1.0195 1.0201 1.0238 1.0219
r(N1—F2) 1.4434 1.4193 1.4401 1.4336

A r(N2—H1) 1.0452 1.0453 1.0482 1.0486 1.0572 1.0575 1.0565 1.0570

r(N2—03) 1.2419 1.2415 1.2256 1.2252 1.2141 1.2141 1.2052 1.2052

r(O5—H1) 2.2014 2.2707 2.2464 2.3117 2.1959 2.2233 2.2325 2.2336

r(O3—H6) 2.7223 2.8168 2.7605 2.8645 2.7794 2.7946 2.7622 2.8115

B r(N2—H1) 1.0457 1.0452 1.0483 1.0485 1.0577 1.0570 1.0569 1.0575

r(N2—03) 1.2428 1.2423 1.2270 1.2258 1.2173 1.2171 1.2088 1.2084

r(O5—HI) 2.1024 2.1649 2.1362 2.2028 2.0445 2.0663 2.0637 2.0874

r(O3—HS6) 1.9183 1.9983 1.9196 2.0230 1.8694 1.8915 1.8859 1.9177

C r(N1—H2) 1.0150 1.0142 1.0162 1.0157 1.0188 1.0186 1.0173 1.0171

r(O6—H2) 23117 2.3727 2.3214 2.4072 2.3149 2.3349 2.3319 2.3446

r(N1—H?7) 2.5944 2.7366 2.6501 2.7350 2.6480 2.6809 2.6759 2.6975

D r(N1—H2) 1.0163 1.0151 1.0173 1.0163 1.0196 1.0193 1.0183 1.0179

r(06—H2) 2.5447 2.5791 2.5794 2.6053 2.5581 2.5078 2.5517 2.5150

r(N1—H?7) 1.7427 1.8181 1.7507 1.8253 1.7116 1.7375 1.7503 1.7717

E r(N1—H3) 1.0225 1.0219 1.0225 1.0220 1.0274 1.0273 1.0256 1.0253

r(N1—F2) 1.4514 1.4509 1.4269 1.4259 1.4505 1.4501 1.4441 1.4436

r(O6—H3) 2.1148 2.1896 2.1316 2.2171 2.0964 2.1223 2.1072 2.1301

rF2—H7) 2.5825 2.6855 2.6017 2.7200 2.6309 2.6467 2.5959 2.6412

F r(N1—H3) 1.0236 1.0230 1.0237 1.0228 1.0298 1.0295 1.0279 1.0273

r(N1—F2) 1.4599 1.4583 1.4353 1.4327 1.4622 1.4619 1.4554 1.4550

r(0O6—H3) 2.0907 2.1434 2.1146 2.1829 2.0379 2.0645 2.0514 2.0778

r(F2—H7) 1.8707 1.9381 1.8801 1.9983 1.8376 1.8599 1.8630 1.8971

and ring critical point at the MP2/6-31+G(d,p) level are
listed in Table 3. The values of p and V *p for O5--H1
and O3--H6 in complexes A and B, O6--*-H2 and N1---H7
in complexes C and D, O6-+H3 and F2--H7 in
complexes E and F do fall within the proposed typical
range of the hydrogen bonds. On the basis of the AIM
topological analysis, we can claim that N—H--O and X
—H-Y(X=0 and C; Y=F, N and O) can be classified
as hydrogen bonds. The strength of N—H:--O in
complexes B, E and F is relatively strong, while those of
N—H--O in complexes C and D are relatively weak.
These results are in good agreement with the O--H bond
distances. In addition, there are RCPs in all the six com-
plexes under investigation. A six-membered cyclic
structure is observed for complexes A, D and E, a

seven-membered cyclic structure can be seen in
complexes B and F, and a five-membered cyclic struc-
ture appears for complex C.

2.3 NBO analysis

In order to investigate the mechanism on the blue-
shifted or red-shifted hydrogen bonds, the NBO analysis
was performed at MP2/6-31+G(d,p) level and the corre-
sponding results are listed in Table 4. In the NBO analy-
sis, the importance of hyperconjugative interaction and
electron density transfer (EDT) from lone electron pairs
of the Y atom to the X—H antibonding orbital in the
X—H-Y system is well known, which leads to an in-
crease in population of X—H antibonding orbital. The

increase of electron density in X—H antibonding orbital
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Table 2 The changes of bond lengths and bond stretching frequencies and the interaction energies for the complexes

MP2/6-31+G(d,p)

MP2/6-311++G(d,p)

B3LYP/6-31+G(d,p) B3LYP/6-311++G(d,p)

Standard CP Standard CP Standard CP Standard CP
A Ar(N2—HI1) (A) -0.0056 —0.0055 —-0.0066 —-0.0062 —-0.0066 —-0.0063 —0.0081 -0.0076
Av(N2—HI) (cm™) +112 +108 +119 +113 +117 +112 +132 +127
Ar(N2—03) (A) +0.0045 +0.0041 +0.0044 +0.0040 +0.0055 +0.0055 +0.0055 +0.0055
AE (kJ * mol™) -20.38 -20.17 -17.70 —17.49 -16.15 -16.15 —15.44 —15.44
AE®? (kJ « mol™) —15.44 —15.65 -13.47 -13.68 -14.73 -14.77 -13.72 —-14.27
AECPZPE (KT « mol™) -9.46 -9.83 -8.12 -8.16 -8.74 -8.95 -7.78 -8.49
B Ar(N2—HI) (&) —0.0051 -0.0056 -0.0065 -0.0063 -0.0061 -0.0068 -0.0077 -0.0071
AV(N2—HI) (em™) +115 +120 +131 +127 +125 +132 +144 +136
Ar(N2—03) (A) +0.0054 +0.0049 +0.0058 +0.0046 +0.0087 +0.0085 +0.0091 +0.0087
AE (kJ * mol™) -36.94 -36.57 -33.01 -32.51 -35.23 -35.19 -33.76 -33.72
AE®? (kJ « mol™) -28.70 -29.08 —25.65 —26.15 —32.64 -32.51 -31.00 —-31.46
AECPZPE (KT « mol™) -19.12 -19.96 -16.99 —-17.49 —22.84 -22.97 -21.42 -22.05
C Ar(N1—H2) (A) +0.0036 +0.0028 +0.0028 +0.0023 +0.0031 +0.0029 +0.0030 +0.0028
AV(N1—H2) (cm™) -26,-38  —19,-28 -20,-30 —14,-23 -21,-30 -18,-27 -19, 28 -18,-26
AE (kJ * mol™) -17.66 ~17.24 -16.28 -16.07 -13.85 -13.81 -12.80 -12.76
AE®® (kJ « mol™) -13.26 -13.56 -12.18 -12.38 -12.59 -12.80 -11.80 -12.01
AECPZPE (KT « mol™) —-6.49 —7.24 -5.69 —-6.40 -5.82 -6.23 -5.40 -5.61
D Ar(N1—H2) (A) +0.0049 +0.0037 +0.0039 +0.0029 +0.0039 +0.0036 +0.0040 +0.0036
Av(N1—H2) (cm™) -31, -46 -21,-33 —24,-38 -15,-26 -18,-30 -17,-27 -21.-33 20, -28
AE (kJ * mol™) —-54.52 -53.97 -51.25 -50.75 —-53.18 -53.05 —49.75 —49.62
AE®? (KJ + mol™) -43.01 -43.56 —-41.17 —41.67 -48.4° -48.37 —45.65 —46.11
AEPPE (k] » mol™) -43.10 -35.02 -32.59 -33.18 -39.46 -39.83 -37.03 -37.61
E Ar(N1—H3) (A) +0.0030 +0.0024 +0.0024 +0.0019 +0.0036 +0.0035 +0.0037 +0.0034
Av(N1—H3) (cm™) -23,-19  -13,-13 -17,-15 -10,-9 -29,-19 -27,-18 -30,-20  -27,-18
Ar(N1—F2) (A) +0.0080 +0.0075 +0.0076 +0.0066 +0.0104 +0.0100 +0.0105 +0.0100
AE (kJ * mol™) -23.51 -23.64 -21.51 -21.05 -19.58 -19.54 -19.37 -19.33
AEC? (KJ + mol™) -18.16 -18.58 -16.07 -16.57 -18.20 -18.33 -18.03 -17.87
AEPPE (k] » mol ™) -12.64 -13.35 -10.08 ~11.55 -12.68 -12.84 -12.55 —12.43
F A-(N1—H3) (A) +0.0041 +0.0035 +0.0036 +0.0027 +0.0060 +0.0057 +0.0060 +0.0054
Av(N1—H3) (cm™) -28,-19  -19,-13 -23,-16 —14,-10 -53,-21 49, -21 -50, 21 —45,-19
Ar(N1—F2) (A) +0.0162 +0.0145 +0.0160 +0.0134 +0.0221 +0.0218 +0.0218 +0.0214
AE (kJ * mol™) -37.07 -36.65 -34.43 -33.72 -34.81 -34.73 -34.50 —34.43
AEC? (KJ + mol™) -29.71 -30.12 -26.36 -27.15 -32.89 -32.64 -31.51 -31.92
AECP#PE (K] « mol ) -23.10 -23.68 -19.96 -21.09 —26.32 -36.15 -25.10 —-25.61

weakens the X—H bond, which leads to its elongation
and concomitant red shift of X—H stretching frequency.
In general, the larger the hyperconjugative n(Y) —
o (X—H) interaction, the larger the electron density
increase in the o'(X—H), and the X—H bond length
elongation becomes more obvious. From Table 4, the
hyperconjugative n(O5) — o (N2—H]1) interaction in
complex A is larger than the hyperconjugative n(0O6) —
6'(N1—H?2) interaction in complex C, however, the
o (N1—H2) electron density increase in complex A is
obviously smaller than that in the ¢"(N1—H2) in
complex C. Comparing the monomers HNO, NH,F and

NHj3;, we can see that for monomer HNO the hypercon-
jugative ny(03)—c (N2—H1) interaction is up to 61.21
kJ'mol™" and the electron density in the o*(N2—H1) is
up to 0.02462e¢. For the monomer NH,F, the hypercon-
jugative n(F2)— o"(N1—H3) interaction is relatively
small and o"(N1—H3) electron density is 0.00492e.
However, for NH3, the electron density of ¢"(N1—H2)
is 0.0e. It should be remarked that the hyperconjugative
n(03)—c (N2—H]1) interactions in complexes A and B
are obviously lower than those in the HNO monomers
from Table 4, which indicates a strong electron density
redistribution in the electron acceptor HNO. Owing to
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Table 3 Topological parameters of the bond critical point and ring critical point at the MP2/6-31+G(d,p) level

BCP P Vip A 5 A
A O5—HI1 0.01565 0.04824 —-0.01898 —-0.01804 0.08526
O3—H6 0.00607 0.02509 —-0.00572 —-0.00510 0.03591
B O5—HI 0.01905 0.05680 —-0.02357 —-0.02254 0.10290
0O3—H6 0.02437 0.08036 —-0.03406 —-0.03231 0.14670
C 06—H2 0.01243 0.04416 —-0.01359 —-0.01303 0.07077
N1—H7 0.00947 0.03196 —-0.00882 —-0.00708 0.04786
D 06—H2 0.00922 0.03651 —-0.00867 —-0.00488 0.05006
N1—H7 0.03854 0.11607 —-0.07269 —-0.07264 0.26140
E 06—H3 0.01812 0.05664 —-0.02274 —-0.02102 0.10100
F2—H7 0.00624 0.03125 —-0.00650 —-0.00572 0.04347
F O6—H3 0.01867 0.05895 —-0.02291 —-0.02204 0.10390
F2—H7 0.02263 0.08659 —-0.03280 —-0.03111 0.15050
RCP
A C4—05—HI—N2—03—H6 0.00503 0.02701 —-0.00395 0.00450 0.02646
B C4—05—HI—N2—03—H6—07 0.00648 0.03236 —-0.00536 0.00743 0.03028
C C5—06—H2—NI1—H7 0.00748 0.04044 —-0.00632 0.00893 0.03782
D C5—06—H2—NI1—H7—08 0.00859 0.03796 —-0.00726 0.00775 0.03747
E C5—06—H3—NI1—F2—H7 0.00435 0.02875 —-0.00234 0.00656 0.02453
F C5—06—H3—N1—F2—H7—08 0.00616 0.03052 —0.00487 0.00678 0.02861

the electron density redistribution, in complexes A and B,
electrons are transferred from n(05) to o (N2—HI1)
firstly, then most electrons in the 6" (N2—H]1) are trans-
ferred to n(0O3), which greatly weakens N2—H1 bond
length elongation. For complexes C and D, the electron
is completely transferred to the o"(N1—H2) because
there are no electron density redistribution effects. For
complexes E and F, the electron density redistribution is
relatively weak, therefore, most electrons are transferred
to 6"(N1—H3) and a small part of electrons are trans-
ferred to the n(F2). From the above analysis, it can be
concluded that the electron density redistribution pri-
marily depends on the characteristics of the monomers.
Generally, the larger electron density in ¢ (X—H) leads
to the stronger electron density redistribution, as a con-
sequence, the X—H bond length elongation is more ef-
fectively inhibited. This well explains why in complexes
A and B, the 6"(N2—HI1) electron density increase is
relatively small although the hyperconjugative n(O5) —
o (N2—H1) interaction is rather large.

Alabugin et al.l' have recently proposed that rehy-
bridization is the main factor for the H-bond blue shifts.
In their opinion, the positive charge of the H atom in the
X—H: - ‘Y hydrogen bonds is more than that in the
monomer; according to Bent’s rule, rehybridization in-
creases the s-character of X—H bond, strengthens its
polarization, and consequently, shortens the X—H bond.
Seen from Table 4, our results coincide well with the

results of rehybridization. In all the complexes under
investigation, the positive charges on the H atom of N2
—H1 (N1—H2 and N1—H3) increase, so do the
s-character of the hybrid orbital in N2—H1 (N1—H2
and N1—H3) and the polarizations. The s-character in
N2—HI1 of complexes A and B is more noticeably in-
creased than those of the other complexes owing to the
lower s-characters and stronger rehybridization in HNO
monomer than in NH; and NH,F monomers. This is in

good agreement with the results through comparing CHy
with C,H, by Alabugin et al.l1ol.

2.4 Comparison to other theory

Hobza et al."'! proposed that there was difference in
nature between the red-shifted and blue-shifted hydro-
gen bonds and the structural reorganization is the fun-
damental reason for the blue-shifted H-bond. As listed in
Table 2, the bond lengths (N2—03) in HNO and bond
lengths (N1—F2) in NH,F are evidently elongated in
complexes A, B, E and F. N2—H1--O5 hydrogen bonds
in complexes A and B are blue-shifted, while N1—
H3:-O6 in complexes E and F are red-shifted, therefore,
the structure reorganization should not be the natural
difference between the red-shifted and blue-shifted hy-
drogen bonds. In order to deepen the understanding of
the structural reorganization effect on the blue shift of N
—H bond, the partial optimization on the HNO mono-
mer was performed at MP2/6-31+G(d,p) and MP2/
6-311++ G(d,p) levels. In this process, we optimized the
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Table 4 NBO analysis of the monomers and complexes at the MP2/6-31+G(d,p) level

n1(05) —>c* (N2—H]1) (kJ * mol™)
ny(05) —»c* (N2—H1) (kJ *
n(03) —»c* (N2—H1) (kJ *
ny(03) —c" (N2—H1) (kJ *
o (N2—H1) (e)

Ac”™ (N2—HI) (e)

q(H1) (e)

Aq(HT) (e)

spn(N2—H1)

% s-char

pol N2%
H1%

mol™)
mol™)

mol™)

(on2—h1)s

n1(06) —»c* (N1—H2) (kJ * mol™)
n2(06) —>c* (N1—H2) (kJ * mol™)
o (NI—H2) (e)

Ac”™ (NI—H2) (e)

q(H2) ()

Aq(H2) (e)

spn(N1—H2)

% s-char

pol N1%
(oni-m2), H2%

n,(06) —»c* (N1—H3) (k] * mol™)
n(06) —c* (NI—H3) (kJ
ny(F2) —6" (N1—H3) (kJ *
n3(F2) —6" (N1—H3) (kJ *
c* (NI—H3) (¢)

Ac” (N1—H3) (e)

q(H3) (e)

Aq(H3) (e)

spn(N1—H3)

% s-char

pol N1%
H3%

mol™)
mol™)

mol™)

(on1—13),

HNO A B

- 10.38 17.45

- 15.06 20.59

_ - 14.64
61.21 49.87 27.28
0.02462 0.02697 0.02979

- 0.00235 0.00517
0.32756 0.36120 037174

- 0.03364 0.04418
sp3.52 sp3.11 sp3.00
22.10% 24.27% 24.96%
67.23% 69.04% 69.68%
32.77% 30.96% 30.32%
NH; C D

- 2.85 1.55

- 10.08 3.56
0.00000 0.00455 0.00214

- 0.00455 0.00214
0.39101 0.41193 0.43218

- 0.02092 0.04117
sp2.75 sp2.63 sp2.71
26.62% 27.51% 26.90%
69.59% 70.83% 71.72%
30.41% 29.17% 28.28%
NH,F E F

_ 11.42 9.79

- 22.97 41.55
3.97 2.18 6.61
7.78 6.36 -
0.00492 0.01425 0.01544

- 0.00933 0.01052
0.37749 0.40665 0.41380

- 0.02916 0.03631
sp2.88 sp2.56 sp2.52
25.70% 28.07% 28.34%
69.05% 70.89% 71.27%
30.95% 29.11% 28.73%

HNO monomer with an elongated N—O bond taken
from the optimized complex A and B, and this bond was
kept frozen during the optimization. The results in Table
5 show that N2—O3 bond elongation can only lead to a
small contraction in bond length and a slight blue shift
in stretching frequencies of N2—H]1. For complexes A
and B, at the MP2/6-31+G(d,p) level the blue shifts are
up to 112 and 115 em™', while they are only 15 and 16
cm' due to the structural reorganizations. Therefore, we
can exclude the possibility of the structural reorganiza-

tion being the fundamental reason for the blue-shifted
hydrogen bond.

Alabugin et al.!"" proposed that the blue-shifted and
red-shifted hydrogen bonds were determined by the
balance of the opposing effects: X—H bond elongating
effect due to hyperconjugative n(Y)—o (X—H) interac-
tion and X—H bond shortening effect due to rehybridi-
zation. When X—H bond elongating effect is dominant,
the X—H bond elongates. When X—H bond shortening
effect is dominant, the X—H bond shortens. Further-
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Table S The change between the partial optimized HNO and all optimized HNO of the bond lengths (N2—HI1) and stretching frequencies at

MP2/6-31+G(d,p) and MP2/6-311++G(d,p) levels

MP2/6-31+G(d,p)

MP2/6-311++G(d,p)

A Ar(N2—H]1) (A)
Av(N2—HI) (cm™)
B Ar(N2—H1) (A)

Av(N2—HI) (cm™)

-0.0011

—0.0012

-0.0014
+19
—0.0016
+22

more, Alabugin et al. suggested that red shift and blue
shift are determined by the threshold which corresponds
to the hyperconjugative n(Y)— o"(X—H) interaction in
the order of 13—21 kJ'mol '!"®). The red-shifted hydro-
gen bond is observed when the X—H bond elongating
hyperconjugative n(Y)—o (X—H) interaction is rela-
tively strong (>21 kJ-mol™"). The blue-shifted H-bond is
likely to be observed only when the X—H bond elon-
gating hyperconjugative n(Y)—o (X—H) interaction is
relatively weak (<13 kJ-mol™"). However, our calcula-
tion shows that there are obviously blue-shifted (>100
cm ") N2—H]1---05 hydrogen bonds in complexes A and
B in spite of the strong hyperconjugative n(O5) —
o"(N2—H1) interaction(>21 kJ-mol™"). The model pro-
posed by Alabugin could not provide a reasonable ex-
planation on this result. Besides the strong hyperconju-
gation in complexes A and B, we also notice the promi-
nent electron density redistribution for the electron ac-
ceptor HNO, which can restrain the N2—H]1 elongation.
On the other hand, the more the hyperconjugation is, the
stronger the rehybridization effect is. As a result, the
increase in the s-character of spn hybrid orbital for the
N2—HI1 bond leads to intense contraction of the N2—
H1 bond in complexes A and B. Consequently, the ori-
gins of blue-shifted H-bonds can be more clearly inter-
preted by our model.

On the basis of the above analyses, there are four fac-
tors affecting the red-shifted or blue-shifted hydrogen
bonds: hyperconjugation, electron density redistribution,
rehybridization ~ and  structural = reorganization.
Hyperconjugation contributes to the bond elongating
effect, and the other three effects contribute to the bond
shortening effect. It is worth pointing out that electron
density redistribution and rehybridization are related to
the character of the monomers. In general, the larger the
electron density in 6" (X—H), the stronger the electron
density redistribution. The lower the s-character of spn
hybrid orbital for the X—H bond, the stronger the rehy-
bridization. On the other hand, with the hyperconjuga-

tion increasing, the bond elongating effect increases, so
do the electron density redistribution and rehybridization.
All these four effects contribute to the N2—H1(N1—H3)
bond length changes in complexes A, B, E and F. The
hydrogen bonds N2—H1---OS5 in the complexes A and B
are blue-shifted, while N1—H3---O6 in complexes E and
F are red-shifted. Therefore, we completely agree with
those who conclude that there are no fundamental dif-
ferences between the red-shifted or blue-shifted hydro-
gen bonds. Among all six complexes, the electron den-
sity in 6" (N—H) for HNO is the largest and the
s-character of spn hybrid orbital for the N—H bond is
lowest, so the N—H bond shortening effect is dominant,
which leads to a large blue shift of stretching frequency.
On the contrary, in complexes C, D, E and F, the elon-
gating effects dominate resulting in red-shifted H-bonds.

2.5 Solvent effect on the structures, frequencies and
interaction energies

In order to investigate the solvent effect on the structures,
frequencies and interaction energies of monomers and
complexes, the SCRF calculations were performed on
the monomers and complexes at B3LYP/6-31+G(d,p)
level (the relatively dielectric constants are 2.23, 8.93,
24.55, 32.63, 36.64 and 78.39, respectively). The corre-
sponding results are summarized in Table 6. It is clear
from the change of bond lengths given in Table 6 that
solvent effect leads to decrease of the N2-H1 bond
length in the HNO monomer. This behavior is more
evident as ¢ is below 10.0. For complex B, the solvent
effect on the structure is not significant. With the in-
crease of ¢, the O5—H]1 bond length shows a slight con-
traction while the O3—H6 bond length has a small
elongation. The N2—H]1 bond length is almost inde-
pendent of & As shown in Table 6, the solvent effects
have a different influence on the geometries of complex
B and the monomer HNO. As a result, the blue shift of
the N2—H]1 stretching frequency decreases as ¢ in-

creases. At the B3LYP/6-31+G(d,p) level, the N2—HI

YANG Yong et al. Sci China Ser B-Chem | February 2007 | vol. 50 | no. 1 | 32-40 39



Table 6 The partial optimized parameters of HNO monomer and complex B in different solvents at B3LYP/6-31+G(d,p) levels

£=223 £=893 £=24.55 £=32.63 £=36.64 £=178.39
HNO A(N2—HI)(A) 1.0624 1.0615 1.0614 1.0614 1.0614 1.0613
B r(N2—HI)(A) 1.0578 1.0579 1.0579 1.0579 1.0579 1.0579
HO5—HI)(A) 2.0292 2.0112 2.0062 2.0055 2.0052 2.0041
HO3—H6)(A) 1.8832 1.9006 1.9057 1.9065 1.9068 1.9080

A(N2—HI)(A) -0.0046 -0.0036 ~0.0035 ~0.0035 ~0.0035 ~0.0034

Av(N2—HI)(em™) +103 +84 +82 +82 +82 +81

AE(kJ'mol™) -32.72 -30.38 -29.75 -29.62 -29.58 ~29.50

blue shift is up to 125 cm™" in the gas phase and 81 cm™
in the liquid (¢= 78.39). In addition, we notice that the
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