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摘 要：利用分子轨道从头算理论和密度泛函理论结合不同理论基组对于N—H⋯0蓝移氢键进行了详 

细的研究．利用标准方法和均衡校正方法对二聚体进行了几何优化，振动频率和相互作用能的计算．拓扑 

学和自然键轨道理论对于蓝移氢键的本质进行分析．自然键轨道(NBO)分析表明，d (N—H)轨道上电子 

密度降低是电子密度重排效应的结果．分子 内电子重排、轨道再杂化和电子受体内部结构重组共同作用结 

果导致了N—H的振动频率大幅蓝移现象的出现． 
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Theoretical study of hydrogen bond blue-shift in the HNO dimer 
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Abstract：Ab initio molecular orbital and density functional theory(DFr)in conjunction with different basis 

sets calculations were performed to study the N⋯H _0 blue—shifted hydrogen bond in the HN0 dimer．The 

geometric structures，vibrational frequencies and interaction energies were calculated by both standard and CP— 

corrected methods．The topological and NB0 analysis were investigated the origin of N—H bond blue shift． 

From the NB0 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． 

Key words：Blue—shifted hydrogen bond，atoms in molecules topological analysis，natural bond orbital analy— 

sis，electron density redistribution，structure reorganization 

1 Intr0ducti0n 

Hydrogen bonding is an important concept in 

chemistry．The investigation of the hydrogen bond— 

ing has attracted considerable attention over the 

years．Most hydrogen bonds are of X—H⋯Y type， 

where X is an electronegative atom and Y is either 
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an electronegative atom having one or more Ione 

electron pairs or a region of excess electron density 

like aromatic system[ · 
． Recently。a flew type 

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 the0reticaJ attenti0n[3～ll】
． The blue shilted 

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[12]
． N atom is more eleetronegative 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．bc)nd existing in the NHF2⋯ HF 

complex at the MP2／6—31G(d，P)and MP2／6—311 

+G(d，P)，respectively[13,14】．Unexpectedly，Lu 

et al has predicted a red-shifted for normaI N⋯H · 

F H—bond in this complex at the B3LYP／，6．31+G 

( ，P)，B3LYP／6—311+G(d，P)and B3LYP／6— 

311++G(3df，3 )levels，respectively[15]．Both 

M P2 and B3LYP computations have their own sup 

porting instances from the point of agreement be— 

tween theoretical prediction and experimental mea— 

surem ent[3,10]
． Consequently，it is difficult to decide 

which H-bond type the N——H-··F is from the point 

of theory in the NHF2⋯HF complex．To the best of 

our knowledge，the researches on N—H⋯O hydro— 

gen bond systems are scant． 

HN0 is important in the processes such as po1． 

1ution formation，energy release in propellants an d 

fuel combustion[16]
． Many theoretical and experi． 

mental studies were perform ed．HNO dimer involv． 

ing in important HNO self-combustion reaction was 

paid attention．Ruud et口Z used MP2／6—31G(d，户) 

and MP4／6—311+G(2df，2pa)to study the HNO 

dimerization and decomposition processest l，1．Peters 

has studied the hydrogen bond formation in HN0 

dimer at艘 in conjunction with 6—31+G leve1． 

obtaining its optimized geometries and vibrational 

frequencies[ 81
． However，up to now，there a．re 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，3 )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．interaetion 

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( )， 

density functional theory(DFT)(Beeke’s three pa 

rameter hybrid functionaI in conjunction with Lee， 

Yang。an d Parr’s correlation functional，abbreviated 

as B3LYP)，and second-order Moller-Plesset per· 

turbation(MP2)methods(Hartree-Fock calculation 

followed by Moller-Plesset correlation energy correc— 

tion truncated at second order)in conjunction with 

different basis sets．Both standard and counterpoise- 

corrected gradient optimization were perform ed and 

followed by vibrational frequency calculation to con— 

firm  the actual minima obtained．And the interac— 

tion energies were calculated at the same theoretical 

Ievels．The basis set superposition errors(BSSE) 

were calculated according to the counterpoise method 

proposed by Bo ys and Bernardi[19]
． Natural bond or． 

bital(NBO)and atoms in molecules(AIM)analyzes 

were performed at the MP2／6—311+ +G(3df， 

3 )level[2~·21]．AIl calculations ware carried out 

using the Gaussian03 package[22】
． 
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3 Results and discussion 

3．1 Geometries，frequencies and interaction energies 

Lble 1 Charact stics 0f HNO dimer at HF，B3LYP and MP2 level in conjunction with different basis sets 

A l：The differences ofN1一H2．N5一H6 symmetric stretch betweenthe dlmer andmonomer； 

Av2：The differences of N1一H2．N5一H6~sylnmetrlc streteh between the dimer and lnoBomer 
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Table 2 Interaction energies(in keal／mo1)ofHNO dimer 

H6 

Fig．1 The optimized structure for the HNO dirner at MP2／6— 

311++G(3 ．3 )leved 

Peters founded the two stahle structure for the HNO 

dimer at凇 in conjunction with 6—31+G“ leve1． 

W ith 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 [1引
． However。in 0ur work。 

for the five-membered structure，one imaginary vi- 

brational frequency was found at the B3LYP level in 

conjunction with different basis sets and in 

conjunction with 6—311+G ．6 311++G level 

and will not be discussed hereafter．The chamcteris— 

tics of the HNO dimer determined by both standard 

and counterpoise-corrected(CP) optimization and 

the stretching frequency changes between the HNO 

dimerand monomer HNO are presented in Table 1 

and Fig．1．The structures and vibrational frequen— 

cies were ca1culated by both MP2．B3LYP and 

methods with the 6—31G ，6—311G 。6．311+ 

G ，aug-cc—pvdz，6-311十G(3df，2p)and 6-311 

十+G(3df，3 )basis sets，respectively．From 

Table 1． an bond distances obtained by the HF 

method are longer than those obtained by the DFT 

and MP2 method s．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 bo nds blue shift research— 

es
[2 31

． W e Derformed the CP-corrected calculations 

for structure optimization． vibrational frequencies 

and interaction energies．An the corrected bond dis． 

tan ces are longer than uncorrected ones． 

From stretching frequency changes between the 

HNO dimer and the monomer HNO sho、Ilm in Table 

1，aS far aS the H-bo nd type prediction is concerned 。 

the MP2 computation results are in agreement with 

those of the B3LYP but lower than those of髓 ． l 

indicate that the N2一H1 and N5一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 N2一 

H1 and N5一H6 stretching frequency in the HNO 

dimer by HF，B3LYP and 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 N2一H1 and N5一H6 stretching frequency by 

CP-corrected optimization is slightly smaller but still 

in reasonable agreement with these of the N2一H1 

and N5——H6 stretching frequency by standard opti— 

mization．On the basis of these analyses．we can 

confirm that the N2一H1 and N5一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 1evels in conjunction with 6-311++G(3df， 

3 )basis set．The standard interaction energies 

for the O dimer is 一1．34， 一1．38， 一 1．15 

kcal／mol obtained at HF／6—311++G(3af，3 )， 

B3LYP／6—311++G(3df，3 )and MP2／6—311+ 

+G(3df，3 )，respectively．The BSSE correction 

and ZPVE correction are importan t to accurately de— 

scribe the intermoleeular interaction energies．And 

the CP-corrected interaction energies for the HNO 

dimer is一1．07，一1．16 and —O．56 kcal／mol at 

HF／6—311++G(3df，3 )，B3LYP／6—311++G 

(3dr，3 )and MP2／6—311++G(3df，3 )，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— 

es
E · 

． Popelier proposed a set of criteria for the 

existence of H bonding within the AIM formal— 

ism[ 
． The most prominent evidence of hydrogen 

bonding is the existence of a bo nd path between the 

donor hydrogen nucleus and the acceptor，containing 

a bond critical point(BCP)at which the electron 

density(P)ranges from 0．002 to 0．035 a．u．and 

the Laplacian of the electron density( P)ranges 

from 0．024 to 0．139 a．u．．According to the topo— 

logical analysis of electron density in the theory of 

AIM ，lD is used to describe the strength of a bond． 

The electron density( P)is used to characterize 

the bond．Where 2P< 0．the bond is covalent 

bo nd，as P> 0，the bo nd 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 04⋯H1 and 03⋯ H6 in the HNO dimer 

are 0．011326 and 0．011326 a．u．，respectively， 

which of the p for 04 ⋯ H1 and 03⋯ H6 are 

0．04209 an d 0．04209 f1．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 N2一H1⋯04  and 

N5一H6⋯03 bo nds can be classified as H—bonds in 

the HNO dimer．It should be pointed out that the 

N2一Hl and N5一H6 bonds bo th exhibit a large 

blue shift．However．the AIM analysis does not re— 

yeal the origin of the blue-shifted H_bonds．This 

problem wan 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。31,t)level 

Table 4 NBO analysis oftheHNO andHNO dimer at theMP2／6—311++G(3df，3 )level 
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3．3 NBO analysis 

For fl better understanding of the origin of the 

blue-shifted hydrogen bonds，natural bo nd orbital 

(NB0)analysis has been carried out at the MP2／6． 

311++G(3df，3pd)level and the corresponding re— 

suits 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 72(y)— (X—H)inter． 

action and X—-H bond shortening effect due to rehy 

bridizatiOn[2 71
． On the basis of the rehybridization 

model。the N2一H1⋯ (34 and N5一H6⋯03 H— 

bo nd formations increase N2一 H1 and N5一 H6 

bo nd polarization and positive 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 N2一H1 and N5一H6 bonds．which should 

lcad to N2一H1 and N5一H6 bonds contractions． 

Table 4 shows that the s-character of the N2一H1 

bond in the N2一H1⋯ 04 H —bond increases from 

sp4·03 to sp3·79 and which strengthens the N2一H1 

bond．And the salTle result is for the N5一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 

of increasing．W e pay n3Dre attention to an interest— 

ing phenomenon which is the electron density de— 

creasing in the ’(N2一H1)and (N5一H6)． 

Hobza showed that rea~3n for the decrease of elee． 

tron density in (X—H)is electron density redis． 

tribution effect[28，2 91
．
On the basis of electron densi— 

ty redistribution effect，we will provide fl reasonable 

mod el to explain the decrease of electron density in 

(X—H)[3o]．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 7z(Y) (X—H)interaction 

1cads to an increase of electron density in the (X 

—

H)．On the other hand，fl decrease in the 7z(Z) 

(X—H)interaction of the dimer，relative to 

the monomer，has the opposite effect．As fl 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 antiparalle1 way．It may 

be of interest to make a quantitative comparison be— 

tween these two interactions．Then，we define an 

novel index，called RE，which can be determined as 

fl ratio of the variable magnitude of the E( )7z(y) 

(X—H)interaction and the magnitude of the 

E( )7z(Z) (X—H)interaction in the Z—X— 

H⋯ Y system．Here．the RE can be expressed as 

丽 茜 ㈤ = F 丽  u 

Where the E 一 [ (z)一 (x—H)]and 

E [n(Z)一 (X—H)]mean the (Z)一 

(X —H)interactions in the monomer and the 

dimer，respectively．The E( [ (Y) (X— 

H)]denotes the 7z(y) (X—H)interaction in 

the dimer．According to the definition of index，the 

RE can be used to describe the strength of the 

electron density redistribution．From the form ula， 

the sma ller the value of RE is，the stronger the 

electron density redistribution effect is．It can be 

seen in Table 4 that there fl sign ificant decrease of 

the E ；03) ’(N2一H1)in the dimer，relative 
to the monomer HNO．Furtherm ore．the value of 

the RF is 0．5303，which indieates that the electron 

density redistribution effect is significant in the N2 

一 H1⋯()4 H — bond of the dimer．Therefore．the 

electron density in the ’(N2一H1)and (N5一 

H6) have an evident decrease can well be 

interpreted。According to above analysis，the blue 

shifts of N2——H1 an d N5——H6 are attributed to the 
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HF／t ．．311+十G(3d／，3 ) B3LYP／6．311++OC3df。3M ) MP2／6·311++O(3df，3pa) 

A，(N2—03)／rim +O．00028 +0．00040 +0·00035 

A，C~(N2—03)／run +O，00025 +0．00037 +O，00026 

△r1(N2一H1)／nm ～0．00003 —0．00008 —0．00007 

ArlCr(N2一HI】／nm 一0．00002 —0．00007 一O·00006 

Ar2(N2一H1)／nm -0．00030 一O．00054 一O-00043 

Arf~(N2一H1)／nm ～0．00028 一o．00048 —0．00039 

△ ，佃 一1 +68 99 90 

△ 。 ／cm l +62 90 80 

Av2／cm一 +64 89 82 

△ ， ／cm一 +59 80 73 

Av22／cm 一 +6 +11 +1O 

△ 22口／cm～ 十5 +10 +8 

Arl：The differences of Ni—H2 distance between the partial optimized monomer and monomer； 

△r2：Thedifferences ofN1一H2 distance betweenthe dimer and rtx2rJomer； 

△ 1：The differences of N1一H2，N5一H6 symmetric stretch between dimer and the nxmom口 ； 

Av2：The differences 0{N1一H2．N5一I-t6 asyrrmaetric stretchbetween dimer andthem 姗 er； 

Av22
．

：The differences of N1一H2 stretch between the partial optimized monomer and monomer． 

Table 6 The vibrational frequencies oi five cycle structure HNO dimer(unit：cm一 ) 

Methods Vibrational ffequences 

B3LYP／6．31G 

B3LYP／6 3l1G” 

B3LYP／6．311+G  ̈

B3LYP／aug-ec·pvdz 

B3LYP／6·311+G(3df，2芦) 

MP2／6，31G” 

M P2／6．31+G” 

MP2／6．311+G” 

MP2／aug-cc pvdz 

MP2／6．3ll十 +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 

3 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 

21i．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 HN0 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 an d optimized monomer 

were 1isted in the Table 5．From the Table 5．the N 

— H distances of partial optimized structures gre 

shorter than those of all optimized monomer．which 

are一0．00003、～0．00008 and 一0．00007 IIITI at 

HF、B3LYP and MP2 jn conjunction with 6—311 4- 

十G(3df，3pd)basis set，respectively，which are 

1ess than those of N —H distances between dimer 

and monomer( 一0．00030、一0．00054 and 一 

0．00043 nm)．Therefore，the N一0 elongation is 

partially contributed to the N —H blue shift．From 

above analysis，the mechanism for the two blue shift 

hydrogen bo nds 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． 

4H 

3H 

Fig．2 The five cycle structure for the HNO dimer 

The hydrogen bond interaction of HNO dimer 

has been analyzed by ab initio and density function— 

fll 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 sur[ace．The dimer exhibits simultaneously con— 

tractions of the N2——H1 and N5——H6 and both large 

blue shifts(about 100 cnl-1)of (N2一H1)and 

(N5一H6)vibrations．From the NBO analysis，it 

becomes evident that the N2一H1⋯ 04 and N5一 

H6⋯Cl3 blue—shifted H—bond，the N2一H1 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 N5一H6 bonds shortening 

effect is dominant。which lcads to a large blue shift 

of N2 一 H1 and N5一 H6 stretching frequency． 

Moreover，rehybridizative effect an d the structure 

reorgan ization gee 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 fl new 

way- 
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