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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 blue-shifted hydrogen bond in the HNO dimer. The
geometric structures, vibrational frequencies and interaction energies were calculated by both standard and CP-
corrected methods. The topological and NBO analysis were investigated the origin of N — H bond blue shift.
From the NBO analysis, the decrease in the & * (N — H) is due to the significant electron density redistribution
effect. The electron density redistribution effect, rehybridizative effect and the structure re-organization are

contributed to the large blue shift of the N~ H stretching frequency.
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1 Introduction ing has attracted considerable attention over the

Hydrogen bonding is an important concept in years. Most hydrogen bonds are of X~ H--Y type,

chemistry. The investigation of the hydrogen bond- where X is an electronegative atom and Y is either
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an electronegative atom having one or more lone
electron pairs or a region of excess electron density

[12] | Recently, a new type

like aromatic -system
of intermolecular bonding, termed blue-shifting hy-
drogen bond that is accompanied by X — H bond con-
traction and a blue shift of the X —H bond stretching
frequency continues to receive significant experimen-
tal and theoretical attentionl®~'*!, The blue-shifted
H-bonds that have been studied so far are mainly C
—H:-Y systems. To rationalize the C — H bond
shortening and the consequent blue shift of the C -
H stretching frequency, two explanations have been
proposed[u]. N atom is more electronegative than C
atom and N — H bond is a better proton donor than
C— H bond, the phenomenon of N— H-*Y blue-
shifted H-bonds are very interesting. Both Hobza
and Li et al have predicted a blue-shifted or improp-
er N— H:-F H-bond existing in the NHF, --- HF
complex at the MP2/6-31G(d, p) and MP2/6-311
+G(d,p), respectively[13'l4]. Unexpectedly, Lu
et al has predicted a red-shifted for normal N—H:---
F H—bond in this complex at the B3LYP/6-31+ G
(d,p), BSLYP/-311+ G(d, p) and B3LYP/6-
311+ +G(3df,3pd) levels, respectively!!®. Both
MP2 and B3LYP computations have their own sup-
porting instances from the point of agreement be-
tween theoretical prediction and experimental mea-
surement!®1%) . Consequently, it is difficult to decide
which H-bond type the N—H---F is from the point
of theory in the NHF,***HF complex. To the best of
our knowledge, the researches on N—H:--O hydro-
gen bond systems are scant.

HNO is important in the processes such as pol-
lution formation, energy release in propellants and

fuel combustion!6!,

Many theoretical and experi-
mental studies were performed. HNO dimer involv-
ing in important HNO self-combustion reaction was
paid attention. Ruud et a/ used MP2/6-31G(d, p)
and MP4/6-311 + G(2df,2pd) to study the HNO
dimerization and decomposition processest!”). Peters
has studied the hydrogen bond formation in HNO
dimer at MP2 in conjunction with 6-31+ G™ level,

obtaining its optimized geometries and vibrational

fraquencies“sl. However, up to now, there are no
post Hartree-Fock and density functional theory
(DFT) calculations at large basis set levels such as
6-311+ G(3df,2p) or 6-311+ + G(3df,3pd) and
the CP corrected optimized structures, vibrational
frequencies and interaction energies of this dimer in
the literature. Moreover, the origin of the N— H
blue shift was not given. In this paper, we per-
formed ab initio molecular orbital and density func-
tional theory in conjunction with different basis sets
calculations (both standard and CP calculations) to
report the structure of the HNO dimer, interaction
energies and vibrational frequencies. We confirm the
existence of N ~ H truly blue shift, then, it is well
explained what lead to the large blue-shifted of the
N — H vibrational frequencies. This work will be
much helpful to understand the nature of N-H blue-
shifted hydrogen bond deeply.

2 Computational methods

The HNO dimer was investigated by different
theoretical methods including Hartree-Fock (HF),
density functional theory (DFT) (Becke’s three pa-
rameter hybrid functional in conjunction with Lee,
Yang, and Parr’s correlation functional, abbreviated
as B3LYP), and second-order Mgller-Plesset per-
turbation (MP2) methods (Hartree-Fock calculation
followed by Mgller-Plesset correlation energy correc-
tion truncated at second order) in conjunction with
different basis sets. Both standard and counterpoise-
corrected gradient optimization were performed and
followed by vibrational frequency calculation to con-
firm the actual minima obtained. And the interac-
tion energies were calculated at the same theoretical
levels. The basis set superposition errors ( BSSE)
were calculated according to the counterpoise method
proposed by Boys and Bernardil"). Natural bond or-
bital (NBO) and atoms in molecules (AIM) analyzes
were performed at the MP2/6-311 + + G (3df,
3pd) levell®2)  All calculations were carried out

using the Gaussian03 package'??).
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3 Results and discussion

3.1 Geometries, frequencies and interaction energies

Table 1 Characteristics of HNO dimer at HF, B3LYP and MP2 level in conjunction with different basis sets
6-311+G 6-311+ +G

6-31G* 6-311G™ 6-311+G* aug-ce-pvdz (3df.2p) (3df 3 pd)
HF
r(04:+-Hl1) /nm 0.24249 0.24470 0.24947 0.24980 0.25087 0.25087
rCP(04--+H1) /nm 0.24872 0.24848 0.25113 0.25218 0.25337 0.25337
#(03+-H6) /nm 0.24364 0.24468 0.24958 0.25036 0.25134 0.25134
rCP(0O3---H6) /nm 0.24928 0.24900 0.25123 0.25245 0.25339 0.25339
Ar(N2—Hl)/nm -0.00048 -0.00040 -0.00032 -0.00031 —0.00030 —0.00030
ArCP(N2 - H1)/nm ~0.,00036 - 0.00037 -0.00028 -0.00029 ~0.00029 —0.00028
Ar(N5—H6) /nm -0.00048 -0.0004 -0.00032 -0.00031 -0.00030 —~0.00030
ArCP(N5 - H6)/nm -0.00035 - 0.00036 -0.00028 -0.00029 -0.00029 -0.00028
Av,/em™! 94 83 68 66 67 68
AviCP/em™! 74 75 62 63 63 62
Awvs/em™? 90 79 65 62 63 64
Av,CP/em™? 70 7 59 59 60 59
B3LYP
r(O4+-H1)/nm 0.22962 0.23107 0.23842 0.24059 0.23923 0.23923
rCP(04--Hl1) /nm 0.23816 0.23876 0.23982 0.24159 0.24184 0.24184
r(03++"H6) /nm 0.22907 0.23160 0.23838 0.24121 0.23923 0.23923
+CP(O3++-H6) /nm 0.23828 0.23873 0.23982 0.24158 0.24182 0.24182
Ar{N2-H1)/nm -0.00101 —0.00086 -0.00053 ~0.00057 -0.00055 -0.00054
ArCP{N2 - H1)/nm —(.00083 - 0.00070 -0.00052 -0.00055 -0.00049 -0.00048
Ar{N5-H6)/nm —0.00100 -0.00086 -0.00053 —0.00057 -0.00055 - 0.00054
ArCP(N5 —H6) /nm -0.00083 ~0.00070 -0.00052 -0.00055 -0.00049 —0.00048
Av,/em™! 161 149 98 101 99 99
Av,CP/em™! 130 119 - 97 97 91 90
Avy/em™! 146 134 89 90 89 89
Av,CP/cm ™! 118 107 88 87 81 80
MP2
r(O4+-Hl1) /nm 0.23179 0.23598 0.24075 0.23523 0.23367 0.23458
rCP(04-++H1) /nm 0.24470 0.24660 0.24930 0.24051 0.23937 0.23925
+(03+-H6) /nm 0.23121 0.23576 0.24120 0.23504 0.23367 0.23457
rCP(O3++*H6) /nm 0.24469 0.24660 0.24930 0.24048 0.23937 0.23925
Ar(N2~Hl)/nm -0.00074 ~0.00056 —0.00044 -0.00043 - 0.00044 —0.00043
ArCP(N2 - H1)/nm —0.00054 —0.00044 ~0.00036 -0.00041 -0.00037 ~0.00039
Ar(N5—H6) /nm -0.00074 -0.00056 - 0.00044 -0.00043 —0.00044 - 0.00043
ArCP(N5 - H6)/nm -0.00054 - 0.00044 -0.00036 -0.00041 -0.00037 -0.00039
Av,/em™! 132 112 86 89 88 90
Av,CP/em ™! 98 88 73 84 78 80
Avy/em™! 123 104 80 80 80 82
Av,CP/em™! 91 81 68 76 71 73

Av, : The differences of N1 —H2, N5—H6 symmetric stretch between the dimer and monomer;
Awy: The differences of N1 — H2, N5~ H6 asymmetric stretch between the dimer and monomer
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Table 2 Interaction energies (in keal/mol) of HNO dimer

HF B3LYP MP2

6-311+G  /A311+G  /A311+G

(3df,3pd)  (3df.3pd)  (3df.3pd)
AE gt -1.34 -1.38 -1.15
AE@ -1.07 -1.16 ~0.56

H6

Fig.1 The optimized structure for the HNO dimer at MP2/6-
311+ +G(3df.3pd) leved

Peters founded the two stable structure for the HNO
dimer at MP2 in conjunction with 6-31+G™** level.
With hydrogen atoms on monomer and at least two
proton acceptance sites, a feature to the dimer struc-
tures is a ring arrangement of six or five atoms using
the MP2/6-31 + G*™ 18] However, in our work,
for the five-membered structure, one imaginary vi-
brational frequency was found at the B3LYP level in
conjunction with different basis sets and MP2 in
conjunction with 6-311 + G* ,6-311 + + G™ level
and will not be discussed hereafter. The characteris-
tics of the HNO dimer determined by both standard
and counterpoise-corrected ( CP) optimization and
the stretching frequency changes between the HNO
dimer and monomer HNO are presented in Table 1
and Fig. 1. The structures and vibrational frequen-
cies were calculated by both MP2, B3LYP and HF
methods with the 6-31G*, 6-311G™, 6-311 +
G, aug-cc-pvdz, 6-311+ G(3df,2p) and 6-311
+ + G(3df,3pd ) basis sets, respectively. From
Table 1, all bond distances obtained by the HF
method are longer than those obtained by the DFT
and MP2 methods. The results obtained by the MP2
method are in agreement with those by the DFT
method. Recently, Hobza et al have pointed out the
necessity of using the CP-corrected gradient opti-
mization for the hydrogen bonds blue shift research-
esi®), We performed the CP-corrected calculations

for structure optimization, vibrational frequencies

and interaction energies. All the corrected bond dis-
tances are longer than uncorrected ones.

From stretching frequency changes between the
HNO dimer and the monomer HNO shown in Table
1, as far as the H-bond type prediction is concerned,
the MP2 computation results are in agreement with
those of the B3LYP but lower than those of HF. All
indicate that the N2 — H1 and N5 — H6 stretching
frequencies have very large blue shifts in the HNO
dimer. The CP-corrected gradient optimization will
affect not only the interaction energy but also the
geometry and stretching frequency of the X—H---Y
H-bond. However, the large blue shift of the N2 —
H1 and NS — H6 stretching frequency in the HNO
dimer by HF, B3LYP and MP2 calculation still ex-
ists, as shown in Table 1, in spite of application of
the CP-corrected. On the other hand, the blue shift
of the N2 —H1 and NS — H6 stretching frequency by
CP-corrected optimization is slightly smaller but still
in reasonable agreement with these of the N2 - H1
and NS — H6 stretching frequency by standard opti-
mization. On the basis of these analyses, we can
confirm that the N2 — H1 and N5 — H6 stretching
frequencies both display very large blue shifts.

As shown in Table 2, the intermolecular inter-
action energies with both BSSE correction and
ZPVE correction are in reasonable agreement at vari-
ous levels in conjunction with 6-311 + + G(3df,
3pd) basis set. The standard interaction energies
for the HNO dimer is —1.34, —1.38, —1.15
kcal/mol obtained at HF/6-311 + + G(3df,3pd),
R3LYP/6-311 + + G(3df,3pd) and MP2/6-311 +
+G(3df,3pd), respectively. The BSSE correction
and ZPVE correction are important to accurately de-
scribe the intermolecular interaction energies. And
the CP-corrected interaction energies for the HNO
dimeris —1.07, —1.16 and — 0.56 kcal/mol at
HF/6-311+ + G(3df,3pd ), B3LYP/6-311+ +G
(3df,3pd) and MP2/6-311+ +G(3df,3pd), re-
spectively.

3.2 AIM analysis

The rigorous AIM theory has been success fully
applied in characterizing hydrogen bonds of different
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strengths in a wide variety of molecular complex-
est?* 251 Popelier proposed a set of criteria for the
existence of H bonding within the AIM formal-

(26]  The most prominent evidence of hydrogen

ism
bonding is the existence of a bond path between the
donor hydrogen nucleus and the acceptor, containing
a bond critical point (BCP) at which the electron
density (o) ranges from 0.002 to 0.035 a. u. and
the Laplacian of the electron density ( V2p) ranges
from 0.024 to 0.139 a.u.. According to the topo-
logical analysis of electron density in the theory of
AIM, p is used to describe the strength of a bond.
The electron density (V2p) is used to characterize
the bond. Where V?p <0, the bond is covalent
bond, as V2p >0, the bond belongs to the ionic

bond, hydrogen bond or van der Waals interaction.

As shown in Table 3, the values of the electron den-
sity p for O4:--H1 and O3-:-H6 in the HNO dimer
are 0.011326 and 0.011326 a. u., respectively,
which of the VZp for O4+++Hl and O3+ H6 are
0.04209 and 0.04209 a. u., respectively. These
values do fall within the proposed typical range of
the H-bonds. On the basis of the AIM topological
analysis, we have proved that the N2 — H1:--O4 and
N5 —H6'+-O3 bonds can be classified as H-bonds in
the HNO dimer. It should be pointed out that the
N2 - H1 and N5 ~ H6 bonds both exhibit a large
blue shift. However, the AIM analysis does not re-
veal the origin of the blue-shifted H-bonds. This
problem was solved by performing the natural bond
orbital (NBO) analysis.

Table 3 Topological parameters of the bond critical point at the MP2/6-311+ + G(3df,3pd ) level

BCP p Vip A Az A3
O4---H1 0.011326 0.04209 -0.01232 -0.01232 0.06672
03---He 0.011326 0.04209 —0.01232 —0.01232 0.06672

Table 4 NBO analysis of the HNO and HNO dimer at the MP2/6-311 + + G(3df,3pd) level

HNO HNO dimer

E® 2, (04)+0* (N2~ H1) /keal mol ™! - 0.55
E® ny(04)~a* (N2 — H1) /keal mol ™! - 0.85
E®n,(03)-+a* (NS —H6) /keal mol " - 0.55
E® 3,(03)—a" (NS - H6) /keal mol ™! - 0.85
E®3,(03)—+0* (N2 - H1) /kcal mol ! 18.52 15.88
E® 5, (04)—¢ " (N5 — H6) /keal mol *! - 15.88

a*(N2—Hl)/e 0.03013 0.02789

a* (N5 —H§)/e - 0.02789

q(H1)/e 0.25897 0.28793

q(H6) /e 0.28793

Rp(N2-Hl1) 0.5303

Re (NS5 - Hé6) 0.5303

spn(N2 ~H1) sp4.03 sp3.79

% s-char 19.79% 20.78%

pol N2% 63.99% 65.36%

(oro-m)» H1% 36.01% 34.64%

spn(N5 —Hé) - 5p3.79

% s-char - 20.78%

pol N5% - 65.36%

(ans—1)» HO% 34.64%
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3.3 NBO analysis

For a better understanding of the origin of the
blue-shifted hydrogen bonds, natural bond orbital
(NBO) analysis has been carried out at the MP2/6-
311 + + G(3df,3pd) level and the corresponding re-
sults are collected in Table 4. Recently, Alabugin et
al showed that structural reorganization of X — H
bond in the process of both blue-shifted and red-
shifted H-bonds was determined by the balance of
the opposing effects: X —H bond lengthening effect
due to hyperconjugative n{ Y )—>¢"* (X — H) inter-
action and X — H bond shortening effect due to rehy-
bridization'?). On the basis of the rehybridization
model, the N2—H1---O4 and N5 —H6:--(03 H-
bond formations increase N2 — H1 and N5 — H6
bond polarization and pasitive charge on H1 and H6
atom. These changes result in a simultaneous in-
crease in the s-character in the N2 and N5 hybrid or-
bital of N2 — H1 and N5 — H6 bonds, which should
lead to N2 — H1 and NS — H6 bonds contractions.
Table 4 shows that the s-character of the N2 — Hl
bond in the N2 — H1---O4 H - bond increases from
sp*® to sp>” and which strengthens the N2 -~ H1

bond. And the same result is for the N5 — H6 bond.

In general, the hyperconjugative effect increased the

electron density in the ¢* (X —H). However, the
electron density in the ¢* (X—H) decreased instead

STUED[n(Y) > o* (X-H)])

of increasing. We pay more attention to an interest-
ing phenomenon which is the electron density de-
creasing in the ¢* (N2 —H1) and ¢* (N5 ~ H6).
Hobza showed that reason for the decrease of elec-
tron density in ¢* (X —H) is electron density redis-
tribution effect!?®-%] On the basis of electron densi-
ty redistribution effect, we will provide a reasonable
model to explain the decrease of electron density in
¢*(X—H)® In the type Z- X-H-Y H-—
bond, where Z is an electronegative atom having one
or more lone electron pairs (such as F, O, N), the
hyperconjugative n ( Y)—¢ " (X = H) interaction
leads to an increase of electron density in the ¢* (X
—H). On the other hand, a decrease in the n(Z2)
~»g* (X — H) interaction of the dimer, relative to
the monomer, has the opposite effect. As a result,
the net change of electron density in the ¢ * (X —H)
and the ultimate direction of the X — H bond length
change depend on the balance of these two interac-
tions which changed in an antiparallel way. It may
be of interest to make a quantitative comparison be-
tween these two interactions. Then, we define an
novel index, called Rg, which can be determined as
a ratio of the variable magnitude of the E® n(Y)—
¢” (X — H) interaction and the magnitude of the
E®y»(Z2)>¢* (X - H) interaction in the Z— X —
H---Y system. Here, the Rg can be expressed as

R

Where the E®  [n(Z) - ¢* (X — H)] and
E@.[n(Z) = 6*(X = H)] mean the n(Z) —
" (X — H) interactions in the monomer and the
dimer, respectively. The E@[n(Y) - ¢* (X -
H) ] denotes the n(Y) — ¢* (X — H) interaction in
the dimer. According to the definition of index, the
Ry can be used to describe the strength of the
electron density redistribution. From the formula,
the smaller the value of Ry is, the stronger the
electron density redistribution effect is. It can be

FTY(ER, (2ot (X- )] - ED

1
(n(Z) > o"(X-H)]) W

dimer

seen in Table 4 that there a significant decrease of
the ES:ZZ)(OS) — ¢ " (N2 — H1) in the dimer, relative

to the monomer HNO. Furthermore, the value of
the Rg is 0.5303, which indicates that the electron
density redistribution effect is significant in the N2
— H1--+O4 H — bond of the dimer. Therefore, the
electron density in the ¢* (N2 — H1) and ¢* (N5 —
H6) have an evident decrease can well be
interpreted. According to above analysis, the blue
shifts of N2 — H1 and N5 — H6 are attributed to the
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Table 5 The differences of R(N— Q) and R(N—H) between the dimer and monomer

HF/6-311+ + G(3df,3pd)

B3LYP/6-311+ +G(3df.3pd)

MP2/6-311 + +G{(3df,3pd)

Ar{N2-03)/nm +0.00028
ArF(N2-03) /om +0.00025
Ar (N2 -H1)/nm ~0.00003
Ar¥(N2-H1)/nm ~0.00002
Ary{N2 —H1)/nm ~0.00030
Ar;P(N2 - H1 ) /nm ~0.00028
Avy/em™! +68
Ay P /em ! +62
Avy/em ™! + 64
AT fem ™! +59
Avyy/em”! +6
AvnF/em ™! +5

+0.00040 +0.00035
+0.00037 +0.00026
—~0.00008 —0.00007
~0.00007 - 0.00006
-0.00054 —0.00043
-0.00048 —0.00039

9 90

90 80

89 82

80 73

+11 +10

+ 10 +8

Ary: The differences of N1 — H2 distance between the partial optimized monomer and monomer;
Ar,: The differences of N1 — H2 distance between the dimer and monomer;

Awy: The differences of N1 — H2, N5 — H6 symmetric stretch between dimer and the monomer;

Awvs: The differences of N1 — H2,N5 —H6 asymmetric stretch between dimer and the monomer;
Avy;: The differences of N1 — H2 stretch between the partial optimized monomer and monomer.

Table 6 “The vibrational frequencies of five cycle structure HNO dimer (unit:em™})

Methods

Vibrational frequences

BILYP/-31G*
B3LYP/6-311G™
B3LYP/6-311+G*™
B3LYP/aug-cc-pvdz
RB3LYP/6-311 + G(3df,2p)
MFP2/6-31G™
MP2/6-31+G™
MP2/6-311 + G*™

MP2 /aug-cc-pvdz
MP2/6-311 + + G™

28i,103,122,138,206,316,1568,1598,1688,1699,2923,2931
17i,94,116,164,209,329,1556,1592,1677,1688,2924,2936
48i,71,101,155,202,295,1552,1577,1673,1679,2939,2946
381,68,93,140,187,272,1539,1562,1675,1682,2924,2931
41i,76,93,149,182,277,1552,1573,1675,1681,2936,2945
50,107,125,188,206,322,1484,1498,1570,1609,3089,3103
17,78,105,177,205,296.1474,1483,1562,1596,3160,3173
211,82,101,174,202,277,1496, 1507, 1568,1599,3091, 3115
11,87,104,161,196,280, 1463,1475,1551,1588,3070,3079
26i,82,103,169,201,262,1498,1508,1569,1560,3094,3112

rehybridizative effect and electron density redistribu-

tion,
3.4 Structure reorganization

NBO analysis give the origin of the hydrogen
bond blue shift in the electron density transfer way.
The structure change effect of HNO in the dimer on
the blue shift was discussed in this section. The N~
O distances of all optimized dimers are longer than
those in the monomers. In order to discuss the N~
O elongation effect on the N — H blue shift, the par-
tial optimization on the HNO monomer was per-
formed. The N~ O distances of the dimers were re-
mained unchangeable in the optimized processes.

The differences of N—~H distances between the par-

tial optimized monomer and optimized monomer
were listed in the Table 5. From the Table 5, the N
—~ H distances of partial optimized structures are
shorter than those of all optimized monomer, which
are — 0.00003. — 0.00008 and — 0.00007 nm at
HF.B3LYP and MP2 in conjunction with 6 —311 +
+ G (3df, 3pd) basis set, respectively, which are
less than those of N — H distances between dimer
— 0.00030, — 0.00054 and —
0.00043 nm). Therefore, the N — Q elongation is
partially contributed to the N — H blue shift. From
above analysis, the mechanism for the two blue shift

and monomer {

hydrogen bonds is attributed to combination of the
three effects: rehybridizative X — H bond strength-
ening, the electron denisity redistribution X — H
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bond strengthening and the structure reorganization
effect.

Fig.2 The five eycle structure for the HNO dimer

4 Conclusions

The hydrogen bond interaction of HNO dimer
has been analyzed by ab initio and density function-
al theoretical method employing different basis sets
levels, N —=H:+-O hydrogen bond stable structure in-
volving the formation is found on the potential ener-
gy surface. The dimer exhibits simultaneously con-
tractions of the N2 — H1 and N5 — H6 and both large
blue shifts (about 100 cm ™) of v(N2—H1) and v
(N5 — H6) vibrations. From the NBO analysis, it
becomes evident that the N2 — H1:--(O4 and N5 —
H6 ++-O3 blue — shifted H— bond, the N2 —HI and
N5 — H6 bond lengthening effect of hyperconju-
gation is greatly inhibited due to existence of the sig-
nificant electron density redistribution effect., Conse-
quently, the N2 —H1 and N5 — H6 bonds shortening
effect is dominant, which leads to a large blue shift
of N2 — H1 and N5 — H6 stretching frequency.
Moreover, rehybridizative effect and the structure
reorganization are contributed to the large blue shift
of the N — H stretching frequency. This work con-
firmed the truly blue-shifted N — H hydrogen bonds
and gave reasonable explanations on the blue-shifted
hydrogen bonds. It will be much helpful to under-
stand the nature of the N — H blue shifts in a new

way.
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