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AB INITIO STUDY ON INTERMOLECULAR INTERACTIONS OF 
ENERGETIC CLUSTERS 

Xue-Hai Ju, He-Ming Xiao 

Department of Chemistry, Nanjing University of Science and Technology, 

Nanjing 210094,  P. R. China, E-mail: xiaoBmail.njust.edu.cn 

ABSTRACT 

Ab i n i  t i o  SCF and Msller-Plesset correlation correction methods (MP2)  in 

combination with counterpoise procedure for BSSE correction have been 

applied to R,N-NO, (R-H, Me), hydrazine and difluoroamine clusters. Of all 

the stable structures found for each polymer with the same degree of 

polymerization, onlythemost stableone is reported. Thecorrectedbinding 

energies of the most stable clusters are predicted to be - 3 2 . 9 3 ,  - 2 0 . 1 1 ,  

- 2 4 . 6 8 ,  - 1 8 . 3 9  and - 9 . 1 9  kJ/mol for dimers of nitramine, methylnitramine, 

dimethylnitramine (DMNA), hydrazine and difluoroamine, and - 4 7 . 2 7  and 

- 1 9 . 2 2  kJ/mol for trines of DHNA and difluoroamine respectively. The 

proportion of correlated interaction energy to their total interaction 

energy for all clusters is at least 1 8 . 1  percent, and the BSSE of dE(MP2) 

is at least 9 . 2  kJ/mol. Dispersionand/orelectrostatic force are dominant 

inDMNAanddifluoroamineclusters, whereastheH-bondsexist innitramine, 

rnethylnitramine and hydrazine dimers. There exist cooperative effects in 

the trimers. AS €or R,N-NO, dimers, the vibrational frequencies associated 

with N-0 stretches or wags exhibit slight red shifts, but the modes 

associated with the motion of hydrogen atoms of the methyl group show 

somewhat blue shifts with respect to those of monomer. The N-H stretch mode 

exhibits large redshiftswhenitconnectswithothersubmoleculesbyH-bond 

as in the dimers of nitramine and hydrazine, otherwise it exhibits slight 

blue shifts. 
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INTRODUCTION 

Theoret ical  treatment of i n t e rmolecu la r  i n t e r a c t i o n s  i s  

emphasized by the f a c t  t h a t  d e s p i t e  an enormous progress  i n  va r ious  

experimentaltechniquestheunambiguousdescriptionof suchprocess  

is s t i l l  imprac t i ca l .  The binding ene rg ie s  of i n t e rmolecu la r  

i n t e r a c t i o n s  a r e  much l e s s  than those of chemical bonding, and y e t  

they play s i g n i f i c a n t  r o l e s  i n  a wide range of physical ,  chemical 

and b i o l o g i c a l  f i e l d s .  In the  r ecen t  yea r s ,  we have a p p l i e d  the  

intermolecular  i n t e r a c t i o n s  t o  e n e r g e t i c  systems and obtained some 

meaningful information 11-71 t h a t  w i l l  be he lp fu l  t o  the s t u d y  and 

molecular design of ene rge t i c  compounds. The behavior of molecular  

c l u s t e r s  i s  usua l ly  between two extremes: t h e  gas phase and t h e  

c r y s t a l  s o l i d  phase. Consequently, one can ob ta in  va luab le  

knowledge about the t r a n s i t i o n  of t hese  extremes by examining t h e  

p r o p e r t i e s  of c l u s t e r s  of l a r g e  s i z e .  C l u s t e r s  containingmore than  

twomoleculesbehavecooperative e f f e c t s  18-10], w h i c h i s  r e f l e c t e d  

i n  changes of some p rope r t i e s  with inc rease  i n  c l u s t e r  s i z e  such 

as the  i n t e r a c t i o n  i n t e n s i t y  inc rease  and the  frequency s h i f t .  

Properly cha rac t e r i z ing  these phenomena i s  thus c r u c i a l  t o  

understanding t h e  behavior of c l u s t e r .  R,N-NO, ( R = H ,  Me) i s  a simple 

model of ni t ramine ene rge t i c  compounds such a s  HMX and RDX t h a t  a r e  

e s p e c i a l l y  used a s  explosives .  Difluoroamine and hydrazine a r e  

other  types of explosives .  Researches a l r eady  done on t h e  above 

compounds have been emphasized mostly on t h e i r  monomers [11-231. 

Toourknowledge, t h e r e a r e o n l y t w o  r e p o r t s  r e l a t e d  t o t h e m o l e c u l a r  

i n t e r a c t i o n s  of dimethylnitramine dimers using DFT method o r  

molecule s imulat ion method [ 2 4 , 2 5 ]  . The intermolecular  f o r c e s  

con t ro l  such d ive r se  phenomena a s  the d i f f u s i o n ,  t h e  aggregat ion 

and the detonat ion.  T o  provide the  fundamental information f o r  
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f u r t h e r  i n v e s t i g a t i o n o n  t h e  m i x t u r e  e x p l o s i v e s ,  i t  is p a r t i c u l a r l y  

n e c e s s a r y  t o  s t u d y  t h e  i n t e r m o l e c u l a r  i n t e r a c t i o n .  The aim of t h i s  

p a p e r  is t o  i n v e s t i g a t e  t h e o r e t i c a l l y  t h e  s t r u c t u r e s ,  the  f r e q u e n c y  

s h i f t s ,  t h e  b i n d i n g  e n e r g i e s ,  and t h e  c o o p e r a t i v e  e f f e c t s  i n  t h e  

c l u s t e r i n g  p r o c e s s e s  by a b  i n i t i o  method. We a l s o  p e r f o r m  n a t u r a l  

bond o r b i t a l  (NBO) and M u l l i k e n  p o p u l a t i o n  a n a l y s e s  t o  p r o b e  t h e  

o r i g i n  of t h e  i n t e r a c t i o n .  

COMPUTATIONAL METHODS 

The monomer and a l l  i t s  p o s s i b l e  s t a b l e  d i m e r s  and  trimers 

of t h e  e n t i t l e d  m o l e c u l e s  o b t a i n e d  from Chem3D s o f t w a r e  a re  fully 

o p t i m i z e d  by t h e  Berny method 126,271.  N a t u r a l  bond o r b i t a l  a n a l y s e s  

and f r e q u e n c y  c a l c u l a t i o n s  were per formed on e a c h  o p t i m i z e d  

s t r u c t u r e .  

The i n t e r a c t i o n  e n e r g y  of  complex is e v a l u a t e d  as t h e  sum of 

t h e  HF i n t e r a c t i o n  e n e r g y  and t h e  c o r r e l a t i o n  i n t e r a c t i o n  e n e r g y .  

The l a t t e r  term c o u l d  be d e t e r m i n e d  by t h e  M d l e r - P l e s s e t  

p e r t u r b a t i o n  t h e o r y  [ 2 8 - 2 9 1 .  The b a s i s  se ts  commonly u s e d  t o  

c a l c u l a t e - t h e  e n e r g i e s  i n  t h e  above e q u a t i o n  a r e  f a r  f rom b e i n g  

s a t u r a t e d  and ,  h e n c e ,  i n  any complex e a c h  subsys tem w i l l  t e n d  t o  

lower i t s  e n e r g y b y u s i n g t h e b a s i s  f u n c t i o n s  o f t h e  o t h e r  s u b s y s t e m .  

The e n e r g i e s  d e r i v e d  from t h e  e q u i l i b r i u m  geometry  of  t h e  complex 

f o r  e a c h  subsys tem a r e  lower  t h a n  t h o s e  c a l c u l a t e d  a t  t h e  same 

g e o m e t r y w i t h t h e b a s i s  f u n c t i o n s o f t h e r e s p e c t i v e s u b s y s t e m a l o n e .  

T h i s  e n e r g y  d i f f e r e n c e  is t h e  s o - c a l l e d  BSSE t h a t  c a n  be  checked  

by Boys and B e r n a r d i ’ s  c o u n t e r p o i s e  p r o c e d u r e  ( C P )  130-321.  For 

complex of two submolecules  t h e  BSSE is 

BSSE=(E(A) - E ( A [ B ] )  ) +  ( E ( B )  -E(B[Al)  ) 

where t h e  E(A[B])  and E ( B ( A 1  ) are  t h e  e n e r g i e s  of  Aand B r e s p e c t i v e l y  
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when the  o the r  subsystem's b a s i s  s e t s  a r e  added. 

The e f f e c t s  of c o o p e r a t i v i t y  i n  t h e  i n t e r a c t i o n  cou ld  be 

e s t ima ted  from var ious  parameters  such a s  s t r u c t u r a l  changes 

undergone by c l u s t e r i n g  and t h e  s h i f t s  i n  some v i b r a t i o n a l  

f r equenc ie s .  The more d i r e c t  e v a l u a t i o n  of t h e  c o n t r i b u t i o n s  of 

c o o p e r a t i v i t y i n t h i s  paper is obtainedbycomparingtheinteraction 

energy of t he  c l u s t e r  wi th  t h e  pa i rwi se  i n t e r a c t i o n  e n e r g i e s  

c a l c u l a t e d  with the  whole b a s i s  s e t s  f o r  t he  c l u s t e r  i n  o r d e r  t o  

exc lude  BSSE ( 9 , 1 0 1 .  Thus, f o r  t r i m e r  the  c o o p e r a t i v i t y  

con t r ibu t ion  i s ,  

Enop.ir4Ew(ABC) - dE,(ABC) - dE,,(ABC) - dE,(ABC) 

where t h e  terms i n  b racke t s  mean t h a t  t h e  whole b a s i s  s e t s  f o r  t h e  

c l u s t e r  is used i n  c a l c u l a t i o n s .  

F o r t h i s  type of s tudy ,  one should c h o o s e a n a p p r o p r i a t e b a s i s  

se t .  Usual ly  a s u b s t a n t i a l  s i z e  of b a s i s  s e t  is r e q u i r e d  f o r  an 

a c c u r a t e  d e s c r i p t i o n  of t he  s t r u c t u r e s  and ene rg ie s  of c l u s t e r s .  

However, t h e  s i z e  of t h e  c l u s t e r s  s t u d i e d  i n  t h i s  work excluded t h e  

use of ve ry  l a r g e  s e t s ,  and hence w e  employed t h e  6-31Gf b a s i s  set  

f o r  n i t r amines ,  and 6-311Gf f o r  hydraz ine  and d i f luo roamine .  A l l  

c a l c u l a t i o n s  a r e  performed wi th  Gaussian98 program [ 3 3 ]  a t  t h e  

Compaq Workstation i n  ou r  l abora to ry .  

RESULTS AND DISCUSSION 

Optimized qeometries 

O f  a l l  t h e  s t a b l e  c l u s t e r s ,  only t h e  most s t a b l e  s t r u c t u r e s  

of R,N-NO,, H,N-NH, and NHF, c l u s t e r s  are shown i n  F igure  1. Table  

1 l ists  some optimizedgeometricalparameters o f t h e  c l u s t e r s .  Both 

t h e  monomers of Me,N-NO, and H,N-NO, have C, symmetry w i t h  N-NO, 

c o p l a n a r .  These r e s u l t s  a r e  in q u i t e  good agreement  w i t h  a l l  
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FIGURE. 1 Opt imized  s t r u c t u r e s ,  i n t e r m o l e c u l a r  d i s t a n c e s  (nm) a n d  
a tomic  numbering of t h e  c l u s t e r s  ( o n l y  t h e  i n t e r m o l e c u l a r  c o n t a c t  

hydrogens a r e  shown for  DMNA t r i m e r s )  

I I1 

N V a  

p r e v i o u s  t h e o r y  work o r  w i t h  l o w  t e m p e r a t u r e  c r y s t a l l i n e  form b u t  

d i f f e r  from t h e  e x p e r i m e n t a l  g a s - p h a s e  geometry  o f  C,, symmetry  

( 3 4 . 3 5 1 .  T h i s  d i s c r e p a n c y  is due  t o  t h e  f a c t  t h a t  t h e  p l a n a r  o r  

p y r a m i a a l  n a t u r e  of amino g r o u p  i s  s u f f i c i e n t l y  weak a n d  c a p a b l e  

o f a l t e r i n g t h e g e o m e t r y  [211 . T h e h y d r a z i n e m o n o m e r h a s  C,symmetry, 

which is a l so  i n  agreement w i t h  t h e  e x p e r i m e n t a l  r e s u l t  [ 3 6 ] .  The 

most s t a b l e  s t r u c t u r e  of DMNA dimer is v e r y  s i m i l a r  t o  t h a t  f rom 

t h e  DFT r e s u l t  t h a t  emphasized t h e  e x i s t e n c e  of t w o  O - * * N  c o n t a c t s  

by 0 . 3 0 8  n m  ( 2 5 1  i n s t e a d  of  two a d d i t i o n a l  O**.H c o n t a c t s  a s  i n  F i g u r e  
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1-IIIa. Both of t h e  O”‘N c o n t a c t s  i n  IIIa are  0 . 3 0 9 7  nm. Compared t o  

t h e  g e o m e t r i e s  of monomer, a l l  t h e  N - N  l e n g t h s  of n i t r a m i n e s  ( I ,  

11, Ills and 111b) d e c r e a s e  by 1.0-2.4 pm, whereas  t h o s e  of N - 0  i n  t h e  

i n t e r m o l e c u l a r  i n t e r a c t i o n  r i n g s  i n c r e a s e  by  0 . 1 - 1 . 3  pm. The 

TABLE 1 Optimized g e o m e t r i e s  of  t h e  c l u s t e r s  a 

Ciusters Parameters and Values 

R1.2 134.0(-1 6) 
Ri.4 120.4(1.3) 

R1.2 133.6(-1.1) 

R1.1119.3(0.0) 

Ri.4 120.2(0.7) 

R1.2 133.3(-1.1) 

R1.1119.8(0.1) 

RIA 120.3(0.6) 

R1.2 132.8(-1.6) 

R1.1120.4(0.7) 

Ri.4 lZO.O(O.3) 

R2.5 145.7(0.2) 

k a  146.0(0.5) 

R s s  108.2(-0.3) 

R1.2 141.5(0.4) 

R1.2 loO.l(O.0) 

Rt.1 134.6(0.3) 

R1.2 100.0(-0.1) 

R7.a 134.0(-1.6) R2.s 100.2(0.4) 8z.1.4 116.9(0.4) 

R7.10 120.3(1.2) Ra.11 100.2(0.4) 82.1.5 112.3(1.8) 

.Rio.ti 119.2(-0.1) Rtoii 133.6(-1.1) 82 .14  116.6(0.4) 

Ri012 120.1(0.6) R t s i r  145.5(0.4) B l o l s i ,  119.5(1.3) 

R24 145.9(0.4) R1.W 108.2(-0.3) Rl4 lS  133.3(-1.1) 

R2-s 145.7(0.2) RIIM 119.8(0.1) Risv 145.7(0.2) 

F L a  108.2(0.3) R i o s  120.3(0.6) 82.14 117.8(0.4) 

R w o  108.1(-0.4) Rib22 108.2(-0.3) 81.2.6 116.5(0.7) 

RI2-14 120.2(0.5) R25-x 132.0(-2.4) 8 ~ 1 0  111.5(1.5) 

R I C I ~  119.9(0.2) R2s28 120.8(1.1) 811-ILIS 117.7(0.3) 

R i c ~  133.4(-1.0) R Z ~ I O  145.9(0.4) BICICIS 115.9(0.1) 

R~~~~ i45.ajo.3) bM ios.o(-0.s) e1i17.m iii.yi .5) 

RI7.24 io8.z(o.3) 117.9(0.5) 827-2sm 118.2(0.8) 

R I ~  99.8(0.2) R2a loO.O(O.1) 82 .14  107.5(-0.5) 

RM lOl.l(O.0) R5.7 134.1(-0.2) 82.1.1 101.9(4.3) 

RI. I  134.8(0.5) 82.1.1 101.9(-0.3) 

(pci-z-s 24.8(-0.8) 

(p4.1.1.6 160.3(3.8) 

( p 2 . 1 4  178.3(0.2) 

(PCI.Z-S 161.8(1.4) 

(pc1.2.1 156.8(3.1) 

06.w 102.8(0 6) 

A bond length i n  pm, bond angle  and dihedral  angle  i n  degree,  va lues  i n  

parentheses  a r e  the  d i f f e r e n c e s  from the corresponding monomer, bond 

lengths  of t h e  o t h e r  two submolecules a r e  near ly  a s  the same a s  t h e  f i rs t  

submolecule (CO.  lpm) 

changes  of bond l e n g t h s  for  1 and IIIb a r e  l a r g e r  t h a n  t h o s e  of  11 

and IIIa, owing t o  t h e  s h o r t e r  i n t e r m o l e c u l a r  c o n t a c t  d i s t a n c e  i n  

I and c o o p e r a t i v e  e f f e c t s  i n  111b. The X-NO,  (X=N,C,O) bond i n  n i t r o  

e x p l o s i v e s  is o f t e n  r e f e r r e d  t o  as a d e t o n a t i o n  t r i g g e r  [12, 15,171 . 
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The i n t e r a c t i o n c a u s e s t h e  s h o r t e n i n g o f  N - N O , b o n d f o r a l l c l u s t e r s ,  

e s p e c i a l l y  f o r  s t r u c t u r e  111b. I t  can  be s p e c u l a t e d  t h a t  t h e  

i n t e r a c t i o n  may lower t h e  s e n s i t i v i t y  i n  a c e r t a i n  d e g r e e .  Bond 

l e n g t h s  i n  t h e  i n t e r m o l e c u l a r  H-bond r i n g  i n  D/ i n c r e a s e  by  0.2-0.4 

pm. The N - F  l e n g t h s  i n  V b  i n c r e a s e  by 0 . 5  pm, whereas  a l l  t h e  o t h e r  

bond l e n g t h s  a r e  n e a r l y  unchanged.  I n  g e n e r a l ,  s h o r t e r  

i n t e r m o l e c u l a r  c o n t a c t  d i s t a n c e  o r  c o o p e r a t i v e  e f f e c t  i n  t h e  s y s t e m  

c o n t a i n i n g  t h r e e  molecules  c a u s e s  l a r g e r  change of bond l e n g t h .  The 

bond a n g l e s  and t h e  d i h e d r a l  a n g l e s  of  a l l  c l u s t e r s  change  s l i g h t l y  

from t h e i r  c o r r e s p o n d i n g  monomer, which i m p l i e s  t h a t  t h e  i n f l u e n c e  

o f  i n t e r a c t i o n  on bond bending  o r  i n t e , r n a l  r o t a t i o n  a r o u n d  s i n g l e  

bond is v e r y  small. 

V i b r a t i o n a l  f r e q u e n c i e s  and t h e i r  s h i f t s  

The c h a r a c t e r i z e d  v i b r a t i o n a l  f r e q u e n c i e s  ( I R ) ,  t h e i r  

i n t e n s i t i e s  ( K M / m o l )  and t h e  s h i f t s  f r o m t h o s e o f  monomers a r e  shown 

i n  T a b l e  2 .  For  I and m, t h e  f r e q u e n c i e s  a s s o c i a t e d  w i t h  t h e  N - 0  

s t r e t c h e s  e x h i b i t  s l i g h t  r e d  s h i f t s  w i t h  r e s p e c t  t o  t h o s e  of i t s  

TABLE 2 V i b r a t i o n a l  f r e q u e n c i e s ,  s h i f t s  and i n t e n s i t i e s  
c l u s t e r s  Frequency ( s h i f t s ,  i n t e n s i t y )  

I v N . O , , ~ ~  /1884(-18, 1291) V N . N , , ~ ~ ,  /1645(+11, 527) 
V N . H  /3748-3914 (-44--15, 0-456) 

I1 V N . N , r c r  /1653 ( + 5 ,  226) v " . N . N , ~ ~ ~ ~  /1878 (-11, 564) 
VN.HLC.H /3736-3869 ( 0 - + 3 ,  0-289) 

JIIa v ~ . ~ , , ~ ~  /1816 ( - 1 6 ,  913) /1674 (+5, 312) 
V C . H  /3242-3366 (-3-+17, 0-43) 

IIIb V N . O , l c r  /I812 ( - 2 0 ,  994) v H . C . H , r O c k  /1676(+7, 200) 
v C . H  /3248-3370(+3-+17, 0-47) 

lv v N . H , ~ ~ ~ ~ ~ ~ ~ ~  /1009(-84, 171) V N - N , , ~ ~ ,  /1220(-4, 9) 
V N . H  /3722-3829(-7--9, 0-49) 

V a  VN.F , ILr  /1177 ( ~ 1 3 , 2 5 0 )  v N . H , ~ ~ ~  /3770-3772 (+6-+7, 10-14 

V b  v ~ . ~ , ~ ~ ~  /1159(-5, 5 0 8 )  

V N - H  I L C  /3790-3792(-7--9, 0-45) 

Posi t ive /neyat ive  s igns  ind ica te  b lue / red  s h i f t s ,  r e s p e c t i v e l y  
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monomer, accompanied by the  i n c r e a s i n g  of  i n t e n s i t i e s .  The s h i f t s  

demonstrate t h a t  t h e  N-0 bonds a r e  somewhat weakened. There a r e  

s l i g h t  b lue  s h i f t s  i n  t h e  3 2 4 2 - 3 3 7 0  cm” ranges  f o r  111, t h e s e  modes 

a r e  associatedwiththernotion of hydrogenatoms o f t h e m e t h y l  group.  

For 11, t h e  H - N - N  rocking  e x h i b i t s  red s h i f t .  The N - H  s t r e t c h  modes 

i n  the 3 7 2 2 - 3 9 1 4  cm“ f o r  I ,  and V b  e x h i b i t  some r e d  s h i f t s ,  and 

t h e  N - H  wagging o r  rocking  mode i n  N shows l a r g e  red  s h i f t  [ - 8 4 c m V 1 )  . 

The N - H  s t r e t c h  mode i n  V a  e x h i b i t s  s l i g h t  b lue  s h i f t  owing t o  i t s  

long con tac t ing  d i s t a n c e  and t h u s  weak i n t e r a c t i o n .  I t  is known t h a t  

t h e  normal hydrogen bonding causes  a l a r g e  r ed  s h i f t  i n  t h e  X - H  (X=O, 

N ,  F o r  C l )  s t r e t c h  f requency .  The re fo re ,  t h e r e  i s  H-bonding e f f e c t  

i n  1 and N , b u t t h i s  e f f e c t  i s n e g l i g i b l e  i n a l l t h e o t h e r c l u s t e r s .  

I n t e r a c t i o n  ene rq ie s  and coopera t ive  e f f e c t s  

Table 3 g i v e s  both  t h e  uncor rec t ed  and c o r r e c t e d  i n t e r a c t i o n  

e n e r g i e s  and t h e  c o n t r i b u t i o n s  of c o o p e r a t i v i t y .  The re  a r e  no 

TABLE 3 I n t e r a c t i o n  e n e r g i e s  and coope ra t ive  e n e r g i e s  (kJ/rnol) 

Energies I I1 m a  m b  N V a  V b  
dE(HF) - 4 0 . 8 5  - 2 6 . 5 4  - 2 9 . 4 2  - 5 5 . 8 9  - 2 3 . 1 0  - 1 4 . 9 7  - 4 0 . 5 9  

( 1 8 . 8 )  1 3 9 . 0 )  ( 3 8 . 7 )  (35.8) (30.7) ( 2 8 . 0 )  

dE(MP21 - 4 9 . 8 2  - 3 2 . 7 0  - 4 8 . 2 1  - 9 1 . 1 4  - 3 5 . 9 6  - 2 1 . 6 1  - 5 6 . 4 1  

dE(HF),  - 3 5 . 4 3  - 2 1 . 7 2  - 1 8 . 1 2  - 3 5 . 5 1  - 1 7 . 9 2  - 9 . 9 0  -21.11 

JE(MP2), - 3 6 . 8 9  - 2 2 . 4 5  - 2 8 . 3 7  - 5 3 . 8 9  - 2 5 . 3 9  - 1 2 . 3 7  - 2 5 . 0 6  

JE(MP2),,,,, - 3 2 . 9 3  -20.11 - 2 4 . 6 8  - 4 7 . 2 7  - 1 8 . 3 9  - 9 . 1 9  - 1 9 . 2 2  

En0n.m. * P I  - 2 . 9 7  - 2 . 1 7  

’ The values i n  parentheses represent (dE(MP2) -dE(HF) I /dE(MP2) X 1 0 0 ;  

6 - 3 1 G *  i sused  fornitraminesand6-3l1G1 forhydrazineanddifluoroamine 

imaginary f r equenc ie s  f o r  a l l  s t r u c t u r e s  i n T a b l e  3 ,  which c o n v i c t s  

t h a t  a l l  t he  s t r u c t u r e s  i n  F igure  1 co r re spond  minima on t h e i r  

p o t e n t i a l  energy s u r f a c e s .  The b inding  energy  of DIa is between t h e  

va lues  of -11 kcal/mol and - 5  kcal/mol o b t a i n e d  a t  t h e  SCF+E:::L and 

the  DFT levels r e s p e c t i v e l y  [ 2 4 , 2 5 1 .  The p ropor t ion  of c o r r e l a t e d  
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i n t e r a c t i o n  e n e r g i e s  t o  t h e i r  t o t a l  i n t e r a c t i o n  e n e r g i e s  ( v i z .  

[dE(MPZ) - dE(HF) I /JJE(MP2) , s e e  Table 3 )  f o r  a l l  c l u s t e r s  is a t  l e a s t  

1 8 . 1  pe rcen t ,  so i t  is impera t ive  t o  include t h e  e l e c t r o n  

c o r r e l a t i o n  e n e r g i e s  i n t o  i n t e r a c t  ion e n e r g i e s .  The d i s c r e p a n c i e s  

betweenJE(MPZ),and JE(MP2) a r e  a t  l e a s t  9 . 2  kJ/mol f o r  a l l  c l u s t e r s ,  

i n d i c a t i n g  t h a t  i t  is a l s o  necessa ry  t o  c o r r e c t  t he  BSSE. The Z P E  

c o r r e c t i o n s  f o r  the  i n t e r a c t i o n  e n e r g i e s  a r e  g e n e r a l l y  l e s s  than  

those  of BSSE.  The BSSE and ZPE c o r r e c t e d  i n t e r a c t i o n  e n e r g i e s  of 

1 is the  l a r g e s t .  Cons ider ing  t h a t  t h e r e  a r e  o n l y  two 

in t e rmolecu la r  c o n t a c t s  i n  11 and m, and y e t  t h e i r b i n d i n g  e n e r g i e s  

a r e  -20 .11  kJ/mol and - 1 8 . 3 9  kJ/mol r e s p e c t i v e l y .  The ave rage  

b ind ing  energy f o r  each i n t e r m o l e c u l a r  c o n t a c t  i n  11 o r  is larger 

than those  of m and v .  This  means t h a t  t h e r e  e x i s t  H-bonds i n  I ,  

11 and m. Based on the  changes of b inding  e n e r g i e s  upon a d d i t i o n  

of a new molecule t o  a c l u s t e r ,  t h e  t r a n s i t i o n  from t h e  d i n e r  t o  

the  t r i m e r  involves  the  c o n t r i b u t i o n s  of c o o p e r a t i v i t y  a s  i n  t h e  

cases  of EIb and Vb. 

Natura l  bond o r b i t a l  and Mulliken popula t ions  

The donor and t h e  a c c e p t o r  of NBO be tween in te rmolecu le s ,  and 

t h e i r  i n t e r a c t i n g  s t a b l e  e n e r g i e s  obta ined  from MP2 a n a l y s i s  of Fock 

mat r ix  i n  NBO b a s i s  a r e  c o l l e c t e d  i n  Table 4 .  The s t a b l e  e n e r g i e s  

a r e  p r o p o r t i o n a l  t o  the  NBO i n t e r a c t i n g  i n t e n s i t i e s .  The oxygen o r  

n i t r o g e n  atoms donate  t h e i r  l o n e  p a i r s  t o  the  neighbor C - H  o r  N - H  

an t ibonds ,  which s t r eng thens  t h e  in t e rmolecu la r  0 ‘ ” H  or  N ” ’ H  

i n t e r a c t i o n s .  The i n t e r a c t i n g  s t a b l e  e n e r g i e s  of F t o  N - H  a r e  a l l  

small  due t o  both the  r e l a t i v e  longer  F..’H d i s t a n c e s  to  t h e  sum of 

t h e i r  atomic r a d i i a n d t h e  l a r g e  e l e c t r o n e g e t i v i t y o f  f l u o r i n e  atom. 

The NBO i n t e r a c t i n g  i n  1 is t h e  g r e a t e s t ,  followed by t h o s e  of 11, 

IIIb and n/ ,  which is a n o t h e r  i n d i c a t i o n  of s t r o n g e r  i n t e r a c t i o n s  
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as in I ,  11 and N ,  or  cooperativity effect as in nib. 

TABLE 4 Intermolecular natural bond orbital interacting and the 
corresponding stable energy (kJ/mol) a 

Acceptor Acceptor 
(BD*) (BD*) 

Cluster Donor E Cluster Donor E 

1 LP(l)Olo Nl-Hs 5.31 IIIb 
4.80 
5.31 
4.80 

4.75 
0.97 
0.63 N 
0.61 

0.84 Va 
1.84 
0.79 
0.84 
1.84 V b  
0.79 

1.13 
2.22 
1.51 

1.17 
3.64 
1.09 
2.59 
1.34 
1.21 

2.41 
2.45 

0 . I 6  

0.16 
0.39 

0.25 
0.27 
0.26 
0.29 
0.27 
0 . 2 6  

LP ( 2 )  0, C17-Hlo 1.13 
* L P  means lone pair, BD* represents antibond 

Apart from the NBO analyses, the Mulliken population of 

intermolecular O"*H can also provide. physical insight into the I 

nature of intermolecular interaction. The Mulliken populations of 

0"'H contacts are as follow: 0.0247 for I ,  0.0105-0.0153 for 11, 

0.0032-0.0062 for m a ,  0.0017-0.0084 for m b ,  0.0243 for N ,  

0.0031-0.0081 for V a  and 0.0090-0.0117 for Vb. With the exception 

of I ,  11 and w, all the values above are less or much less than 

that of a normal H-bonding, which reveals again that the dispersion 

and/or electrostatic force, other than the H-bonding. is dominant 
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in 111 and v ,  and which also demonstrates that the interaction in 
trimer is more intensive chan that of dimer for the same molecule. 

CONCLUSIONS 

From ab i n i t i o  calculations in the paper, the following 

conclusions can be drawn: 

( 1 )  There exist H-bonds in 1 , 11 and N ,  whereas the dispersion 

and/or electrostatic force, other than the H-bond, are dominant 

in 111 and v .  There exist cooperative effects in the trimers. 
( 2 )  The stronger the interaction is, the more the bond length in 

the intermolecular contacting ring changes, and a lso  more red 

shifts on the N-H or 0-H vibrational mode take place. 

( 3 )  This report together with our previous work [l-71 will be 

fundamental to developing energetic composite with favorable 

detonation performances for the corresponding compounds. 
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