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ABSTRACT 

Ab i n i t i o  c a l c u l a t i o n s  on a s e r i e s  of alcohol dimers inc luding 

(CH30H)2, (CH3CH20H)i, and (CF CH OH)* have been c a r r i e d  out  t o  compare. 
3 2 

the  e f f e c t s  of var ious  s u b s t i t u e n t s  on t h e  hydrogen bond energies  and 

s t r u c t u r e s  and t o  c o r r e l a t e  the  r e s u l t s  wi th  t h e  wealth of new experi-  

mental da ta  on them. Calculat ions w e r e  done wi th  the  minimal STO-3G 

b a s i s  s e t .  The methanol and e thanol  dimer's both have near ly  l i n e a r  

hydrogen bonds. The e thanol  dimer is  a l s o  s i m i l a r  i n  energy t o  t h e  

methanol dimer. D i m e r s  involving both the  g-staggered and t-staggered 

isomers of 2,2,2 t r i f  luoroethanol  were considered. The g-staggered 

isomer is  more s t a b l e  than the  t-staggered isomer by 0.7 kcal/mole and 

has  .an intramolecular  bond. The dimer of the  t-staggered isomer was 
. . 

found t o  have a l i n e a r  hydrogen bond a s  i n  t h e  methanol and e thanol  

dimers wi th  a s i m i l a r  hydrogen bond energy. ' I n  c o n t r a s t ,  t h e  dimer of 

t h e  9-staggered isomer has a c y c l i c  s t r u c t u r e  which is more s t a b l e  by 

about 0.5 kcal/mole. The r e s u l t s  a r e  c o n s i s t e n t .  wi th  experimental 

measurements of the  gas phase en tha lp ies  of a ssoc ia t ion  of a lcohols .  



I. . Introduction 

Ab i n i t i o  calculations have been carried out on methanol, ethanol, 

and trifluoroethanol dimers. The purpose of these calculations. is to 

provide a basis for comparison with experimental measurements of the en- 

thalpies of association of these alcohol dimers. 

Studies of molecular association in alcohol vapors have been made 

using a variety of different experimental techniques. Among these are 
b 

analysis of PVT, heat capacity, and thermal conductivity measurements to 

determine which polymers are present in the vapor and their enthalpies 

and entropies of association.' The thermal conductivity technique developed 

in this laboratory has proved successful in a study of association in 

2 
methanol vapor. This technique is currently being, used to.measure the 

enthalpies and ectropies of association of a number of other alcohols 

3 
including ethanol, isopropanol, 2,2,2 trifluoroethanol, and 1,1,1,3,3,3 

hexafluoropropanol. The goal of these measurements is to sort out the 
. . 

differences in the 'hydrogen bonding of a series of alcohols and provide 

consistent data for comparison with quantum mechanical calculations. 

In this piper, results on the structures and binding energies of the 

methanol, ethanol, and trifluoroethanol dimers obtained with a minimal 

basis set are presented. In the case' of trifluoroethanol, dimers involving 

two of its isomers are considered. The results are analyzed in terms of 

the effect of the.substituents -CF and -CH and compared to the experi- 3 3 

mental results. 

11. Computational Methods 

In this study, self-consistent molecular orbital theory is used to 

calculate total energies. Each molecular orbital is written in the form 



where t h e ' $  a r e . b a s i s .  func t ions ,and  c a r e  v a r i a t i o n a l  c o e f f i c i e n t s .  
P Fl i 

The dimer is considered a s  one molecule i n  these  ca lcu la t ions .  The 

intermolecular  energy (binding energy) of each dimer i s  .obtained by sub- 

t r a c t i n g  the  sum of t h e  monomer energies  from t h e  ' t o t a l  energy computed 

for t h e  equil ibrium dimer. The b a s i s  set used is  the  minimal STO-3G 4 
.. . 

b a s i s  which has been found t o  give reasonable r e s u l t s  f o r  b ther  hydrogen- ' 

5 
bonded complexes. 

It has  been noted previously t h a t  t h e  binding energy and s t r u c t u r e s  

of complexes obtained from these  types of t h e o r e t i c a l  c a l c u l a t i o n s  a r e  

6 dependent on t h e  geometry of t h e  monomer. U s e  of an  optimized geometry 

f o r  t h e  monomer g ives  a d i f f e r e n t  binding,encrgy f o r  t h e  d ine r  than i f  rhe 

experimental geometry is  used f o r  t h e  monomer.. Since i t  is not  f e a s i b l e  t o .  

optimize the  geometries of t h e  var ious  t r i f luoroe thano l  isomers t h a t  a r e  con- 

7 s idered i n  t h i s  s tudy,  w e  have decided t o  use a standard experimental model 

f o r  a l l  of the  molecules i n  order  t o  have a b e t t e r  b a s i s  f o r  comparison of 

t h e  binding energies  and s t r u c t u r e s .  The intermolecular  angles have been 

optimized t o  + 2 O  and t h e  hydrogen bond length  t o  2.01 1 i n  a l l  t h e  r e s u l t s  

which a r e  reported.  ' 
. - 

III. Equilibrium S t ruc tu res  of ~ e t h a n o l ' a n d  Ethanol Dimers. 

Optimization of t h e  methanol dimer having standard geometritis7 f o r  

the  monomers was c a r r i e d  ou t  i n  terms. of two intermolecular.  parameters. 

.They. a r e  . i l l u s t r a t e d  i n  f i g .  1: R 'is t h e  d i s t ance  between t h e  oxygen cen te r s  

and O is  the  angle  t h a t  . t h e  b i s e c t o r  o'f the  COH angle of t h e  proton acceptor 

molecule makes wi th  t h e  00 a x i s .  The hydrogen.bond is  assumed l i n e a r  ,and . ,  . , 

t h e  b i s e c t o r  is  taken t o  l i e  i n  t h e  same plane a s  t h e  COH of t h e  proton 



donor. This  should be  a good approximation based on a more complete o p t i -  

miza t ion  o f  t h e  methanol dimer by   el ~ e n e ~  us ing  t h e  STO-3G b a s i s  s e t .  

The opt imized R and 0 v a l u e s  which we o b t a i n  a r e  given i n  Table I. The 

b inding  energy of -6.15 kcal /mole compares w i t h  t h e  '-5.57 kca l lmole  obta ined  

8 
by Del  Bene us ing  t h e  opt imized geometr ies  f o r  t h e  monomers. 

For t h e  e t h a n o l  dimer,  R and O were a l s o  opt imized w i t h  t h e  r e s u l t i n g  

v a l u e s  g iven  i n  Table I. ,Rotat ion of  each of t h e  e t h a n o l  molecules about  

t h e  b i s e c t o r s  of  t h e i r  COH ang le s ,  x1 and x2,, was t e s t e d  t o  see i f  they 

would have a tendency t o  change p o s i t i o n  because of t h e  -CH s u b s t i t u e n t .  
3 

The i r  p o s i t i o n s  were found t o  b e  n e a r l y  t h e  same as t h e  methanols i n  (CH OH) 
3 2'  

Also, t h e  hydrogen bond was t e s t e d  and found t o  be  l i n e a r  w i t h i n  lo. A 

b ind ing  energy of  -6.00 kca l lmole  f o r  t h e  dimer was obta ined .  

IV. Equi l ibr ium S t r u c t u r e s  of t h e  Tr i f luo roe thano l .  Dimer 

The CF3CH20H molecule h a s  a number of p o s s i b l e  r o t a t i o n a l  isomers .  

Rota t ion  of t h e  CF3 group about  t h e  C-C bonds' l e a d s  t o  s t agge red  and e c l i p s e d  

forms, wh i l e  r o t a t i o n  about  t h e  C-0 bond gene ra t e s  con f igu ra t ions  which a r e  

d e s c r i b e d  by t h e  CCOH - d i h e d r a l  adg le  . Calcu la t ions  w i t h  t h e  STO-3G b a s i s  

set were c a r r i e d  o u t  on f i v e  of t h e  most l i k e l y  con f igu ra t ions  i l l u s t r a t e d  

i n  f i g . ' 2  t o  determine t h e  most s t a b l e  isomers f o r  cons ide ra t ion  i n  forming 

t h e  dimer s t r u c t u r e s .  Three s t agge red  forms were considered w i t h  CCOH 

d i h e d r a l  ang le s  of 0 ° ,  60" (des igna ted  a s  9 f o r  gauche),  and 180" (desig-  

, . na ted  a s  t f o r  t r a n s ) .  Two e c l i p s e d  forms were cons.idered w i t h  CCOH d i -  

1 h e d r a l  ang le s  of 60" (9) and 180" (t). The r e l a t i v e  e n e r g i e s  of t h e s e  

s t r u c t u r e s  a r e  g iven  i n  Table 11. 

. . 
The. two lowest . .energy . s t r u c t u r e s  a r e  :the gauche-staggered and t r ans -  

s t agge red  isomers .  The t h e o r e t i c a l  p r e d i c t i o n  t h a t  t h e  gauche form i s  : 

. lower i n  energy by 0.70 kcal /mole over  t h e  t r a n s  form is  i n  agreement 



w i t h  a n  i n f r a r e d  s tudy9 which found t h a t  t h e  gauche form was predominant. 

- In t h e  same s tudy ,  t h e  gauche-trans energy d i f f e r e n c e  was e s t ima ted  t o  be  

3 . 3  kcal /mole.  This  is  somewhat l a r g e r  than  o u r  t h e o r e t i c a 1 , p r e d i c t i o n ;  

however, i t  should  be  kep t  i n  mind t h a t  no a t tempt  was made t o  opt imize  

t h e  s t r u c t u r e s  and a s m a l l  b a s i s  set was used. ' S t a b i l i z a t i o n  of  t h e  gauche 

isomer i s . a p p a r e n t l y  due t o  a n  i n t e r n a l  hydrogen bond of  t h e  type  H * * * F .  

W e  f i r s t  cons idered  complexes invo lv ing  t h e  t r a n s  isomer. Hydrogen 

bonding i s  p o s s i b l e  a t  t h e  lone  p a i r s  of e i t h e r  t h e  oxygen o r  f l u o r i n e  

and i s  i l l u s t r a t e d  i n  f i g .  3.  The s t r u c t u r e  f o r  t h e  dimer having a n  0-H.*.F 

bond w a s  cons t ruc t ed  w i t h  a  l i n e a r  hydrogen bond s i m i l a r  t o  t h e  HOH***FH 

complex i n  a  d i f f e r e n t  s tudy .5  The s t r u c t u r e  having  t h e  oxygen a s  t h e  lone  

p a i r  donor,  0-H-..O, was cons t ruc t ed  s i m i l a r  t o  t h e  methanol dimer. For 

bo th  dimers,  t h e  R and 0  parameters  shown i n  f i g .  3 w e r e  opt imized.  The 

r e s u l t s  are given i n  t h e  f i g u r e .  The a n g l e  #I d e s c r i b i n g  t h e  r e l a t i v e  o r i -  

e n t a t i o n s  of t h e  two molecules was a l s o  t e s t e d  and found t o  be  n e a r l y  180' 

i n  b o t h  cases .  S t r u c t u r e  I1 having t h e  0-EI,...O hydrogen bond w a s  found t o  

b e  more s t a b l e  w i t h  a  b inding  .energy of -5.84 kcal /mole a s  compared t o  

-2 .62 kcal /mole f o r  t h e  0-H--.F dimer ( I ) .  

Two s t r u c t u r e s  were then  cons idered  f o r  dimers i nvo lv ing  t h e  gauche form of 

t r i f l u o r o e t h a n o l  which h a s  an  in t r amolecu la r  hydrogen bond. The s t r u c t u r e s  

w e r e  i n i t i a l l y  cons t ruc t ed  w i t h  0-H-0.F and 0-He*-H hyd.rogen bonds s i m i l a r  

t o  t h e  t r a n s  dimers and are i l l u s t r a t e d  i n  f i g .  4 . .  I n  t h e  c a s e  of  s . t r u c t u r e  

111, t h e  f l u o r i n e  (F ' )  involved i n  t h e  in t r amolecu la r  hydrogen bond was 

chosen t o  b e  t h e  l o n e  p a i r  donor s o  a s  t o  a l low f o r  i n t e r a c t i o n  between 

t h e  f l u o r i n e s  (of t h e  p ro ton  donor) and t h e  hkdroxyl  hydrogen (of t h e  p ro ton  

a c c e p t o r ) .  The parameters  ( s e e  f i g .  4a) which were al lowed t o  va ry  were 

R, t h e  hydrogen bond l e n g t h ;  0 ,  t h e  a n g l e  OHF'; and #I, r o t a t f o n  of t h e  p ro ton  
. . 



I accep to r  molecule about  t h e  C'F' a x i s . ( @  = O0 corresponds t o  t h e  CCO and C'CO 

p l anes  be ing  p a r a l l e l ) .  The r e s u l t s  of op t imiza t ion  of  t h e s e  parameters  

a r e  shown i n  f i g .  4a. The b ind ing  energy of t h i s  dimer is  -3.15 kcal /mole.  

! For t h e  dimer invo lv ing  t h e  0-Ha - 0  bond, a similar type  of i n i t i a l  

s t r u c t u r e  a l lowing  f o r  t h e  a d d i t i o n a l  H * - - F  i n t e r a c t i o n  was set up w i t h  

t h e  s i x  i n t e rmolecu la r  parameters  i n d i c a t e d  i n  f i g .  4b. These a r e  R ,  t h e  

hydrogen bond d i s t a n c e ;  O and O t h e  hydrogen bond ang le s ;  x1 and x2 ,  1 2 ' 
t h e  r o t a t i o n  of each molecule about  a n  a x i s  b i s e c t i n g  t h e  COH ang le ;  and 

4, t h e  o r i e n t a t i o n  of each molecule w i t h  r e s p e c t  t o  each o t h e r .  The r e s u l t s  

shown i n  f i g .  4b i n d i c a t e  t h a t  a c y c l i c  hydrogen bond i s  formed w i t h  t h e  

pro ton  accep to r  be ing  r o t a t e d  about  @ and x2 such t h a t  t h e  hydroxyl  hydrogen 

. i n t e r a c t s  w i t h  t h e  I?. The r e s u l t i n g  s t r u c t u r e  has  two F-0.H i n t e r n a l  hydro-. 

gen bonds having  d i s t a n c e s  o f  2.46 1, a n  0-He . .O bond w i t h  a n  H. . .O d i s t a n c e  

of 1 .71  A, and a n  e x t e r n a l  hydrogen bond I?;. .H having a d i s t a n c e  of 2.21 1 

invo lv ing  t h e  same F t h a t  is  t a k i n g  p a r t  i n  t h e  in t r amolecu la r  bond. Th i s  

s t r u c t u r e  is t h e  most s t a b l e  of  t h e  f o u r  s t r u c t u r e s  i n v e s t i g a t e d  w i t h  a bind- 

i n g  energy of -6.46 kcal /mole.  The e n e r g i e s  are summ?rized i n  T a b l e ' T I I .  

It is  o f  i n t e r e s t  t o  approximate t h e  va r ious  c o n t r i b u t i o n s  t o  t h e  

hydrogen bond energy of t h i s  c y c l i c  s t r u c t u r e .  The 0-H...'O bond c o n t r i b u t e s  

about  5.8 kcal /mole based on - t h e  b ind ing  energy of t h e  t r a n s  dimer (11) wi th  

t h e  same type  of bond. The e x t e r n a l  F'. . * H  i n t e r a c t i o n  probably c o n t r i b u t e s  

about 0 .7  kcal /mole o n - t h e  b a s i s  of  t h e  in t ramolecular .  F..*H bond i n  t h e  

i 
gauche isomer. Hence, t h e s e  two bonds add up t o  6.5 kcal /mole which is  c l o s e  

t o  t h e  hydrogen bond energy of 6.46 kcal /mole of t h e  c y c l i c  s t r u c t u r e  (IV). 

V. - comparison of Energies  and S t r u c t u r e s .  . '  I 

 he' methanol and e t h a n o l  dimers a r e  Gery s i m i l a r  i n  b ind ing  energy and 

s t r u c t u r e  ( s ee  Table I ) .  The Mulliken g ros s  populations10 f o r  methanol and 



e t h a n o l  a r e  given i n  Table I V .  The a d d i t i o n  of  t h e  -CH group t ends  t o  3 

s l i g h t l y  i n c r e a s e  t h e  e l e c t r o n  popu la t ion  on t h e  OH group, b u t  n o t  enough 

t o  a f f e c t  t h e  hydrogen bond s u b s t a n t i a l l y .  Experimental ly  t h e  e n t h a l p i e s  

of a s s o c i a t i o n  of t h e  methano'l and e t h a n o l  dimers have been found t o  b e  

s i m i l a r .  From PVT measurements, Kretchmer and viebe'' o b t a i n  a AH of  
I 

approximately -4.0 kca l lmole  f o r  bo th  dimers . ~ r o m  vapor h e a t  capac i ty  

measurements and p r i o r  PVT measurements, Weltner and p i t z e r 1 2  o b t a i n  a 

AH of -3.22 kcal /mole f o r  t h e  methanol dimer and   arrow'^ f i n d s  a AH of  

- 3 . 4  kcal /mole f o r ' t h e  e t h a n o l  dimer.  .The  exper imenta l ly  measured AH 

d i f f e r s  from t h e  t h e o r e t i c a l  b ind ing  energy i n  t h a t  i t  inc ludes  t h e  d i f -  

f e r e n c e  i n  v i b r a t i o n a l ,  r o t a t i o n a l ,  and t r a n s l a t i o n a l  e n e r g i e s  of t h e  mon- 

omers from t h e  complex. 

The t r i f l u o r o e t h a n o l  t r a n s  dimer w i t h  t h e  0-H-.-O bond (11) i s  s i m i l a r  

i n  s t r u c t u r e  t o  t h e  methanol and e t h a n o l  dimers ,  b u t  is s l i g h t l y  l e s s  

s t a b l e  (-5.84 kcal /mole) .  The Mulliken popula t ions  (Table IV) i n d i c a t e  

. tha t  t h e  -CF group i s  s l i g h t l y  e l e c t r o n  withdrawing. The p o s i t i v e  charge 
3 

on t h e  hydroxyl  hydrogen i n c r e a s e s  (0.015 compared t o  e thano l )  on ly  s l i g h t l y  

more than  t h e  n e g a t i v e  charge on the .oxygen dec reases  (0.012). The hydrogen 

bond energy is  appa ren t ly  n o t  a f f e c t e d  s i g n i f i c a n t l y  by t h e  -CF group. 3 

I n  c o n t r a s t ,  i n  t h e  c a s e  of t h e  gauche dimer of t r i f l u o r o e t h a n o l  (IV) t h e  

in t r amolecu la r  bond r e s u l t s  i n  a n  e x t r a  e x t e r n a l  hydrogen bond be ing  formed, 

H - - O F ,  which i n c r e a s e s  t h e  s t a b i l i t y  t o  -6.46 kca l lmole .  The r e s u l t i n g  

s t r u c t u r e  has  a c y c l i c  hydrogen bond. The e x t e r n a l  hydrogen bond .apparent ly  

c o n t r i b u t e s  about  0.6 kca l lmole  e x t r a  s t a b i l i t y  t o  t h e  dimer.  This  i s  very  

s i m i l a r  t o  t h e  s t a b i l i z i n g  e f f e c t  o'f t h e  i n t e r n a l  hydrogen bond i n  t h e  

gauche isomer. The c y c l i c  hydrogen bond i n  s t r u c t u r e  I V  is  s i m i l a r . t o  t hose  

' 14 
found by Del Bene i n  a l c o h o l s  w i t h  -NH2 s u b s t i t u e n t s .  



Experimentally, t h e  t r i f l u o r o e t h a n o l  dimer has  a l a r g e r  negat ive  

enthalpy of a s s o c i a t i o n  than t h e  e thanol  dimer. Thermal conduct iv i ty  

measurements 3915 f i n d  it t o  be more s t a b l e  by 1.4 kcallmole. This i s  t o  

be compared t o  t h e  t h e o r e t i c a l  p red ic t ion  of a  d i f fe rence  i n  t h e  binding 

energies  of about 0.5 kcallmole. Optimization of t h e  monomer u n i t s  a s  

w e l l  as use of a  l a r g e r  b a s i s  set could change t h e  t h e o r e t i c a l  value.  

The c y c l i c  s t r u c t u r e  determined f o r  t h e  t r i f l u o r o e t h a n o l  dimer pro- 

v ides  a poss ib le  explanation f o r  t h e  . f ac t  t h a t  only dimers a r e  detec ted  

i n  t r i f l u o r o e t h a n o l  vapor i n  thermal c m d u c t i v i t y  measurements' a s  opposed 

t o  methanol and e thanol  vapors where .h igher  polymers such a s  te t ramers  a r e  

detec ted .  2'11-13915 The formation of h igher  polymers i n  these  cases a r e  

apparently f a c i l i t a t e d  by l i n e a r  hydrogen bonds. l6 However, i n  t h e  c a s e  

of t r i f l u o r o e t h a n o l ,  t h e  most s t a b l e . r o t a t i o n a 1  isomer is  t h e  gauche form 

wi th  a n  i n t e r n a l  hydrogen bond and i t  forms a . c y c l i c  hydrogen bonded dimer; 

Conversion of t h e  gauche isomer t o  t h e  t r a n s  isomer t h a t  forms a f i n e a r  

hydrogen bond (which is  presen t  i n  t h e  h igher  polymers) r equ i res  energy 

t o  break t h e  i n t e r n a l  hydrogen bond. This e x t r a  energy presumably re- 

duces the  re ' la t ive  s t a b i l i t y  of t h e  h igher  polymers i n  t h e  t r i f l u o r o e t h a n o l  

vapor. Thus, t h e  in t ramolecular  hydrogen bond i n  monomeric t r i f l u o r o -  

e thanol  and t h e  c y c l i c  s t r u c t u r e  it' s t a b i l i z e s  i n  t h e  dimer are a poss ib le  

explanation f o r  only dimers being detec ted  in . the rma1  conduct iv i ty  measure- 

ments on t h e  vapor. 

Conclusions 

The following conciusions can be drawn from t h i s  comparative s tudy 

of methanol, e thanol ,  and t r i f l u o r o e t h a n o l  dimers: 



(1) The methanol and ethanol dimers are,very similar in structure 

and binding .energy. . . 
. . . - 

- .  

(2) The dimer of trans-staggered trifluoroethanol with a linear hydro- 
' 

gen bond is only slightly less stable than the ethanol and methanol dimers. 

The dimer of the gauche-staggered isomer is stabilized by about 0.6 kcall 

mole over the trans dimer by an extra external hydrogen bond between the 

hydroxyl hydrogen of the proton acceptor and a.fluorine of the proton 

donor. This is consistent with experimental results on ethanol and tri- 

fluoroeth-inol vapors. 

(3) The presence of an intramolecular bond in.the trifluoroethanol 

monomer could be the reason that higher polymers are not observed in tri- 

fluoroethanol vapor as they are in methanol and ethanol vapors. 
. ---- - .  . . - 
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Table I .. . Optimized geometries and .btnding"energies. . . . . 

. . for (CH30H)2 and (CH3CH20H)2 w+th standard . . . . ' geometries for the monomersa 

Dimer . - 0 '  - B ,E. , kcal/mole 

a '  
Energies of the monomers are: CH30H, E = -113.54551; CH3CH20H, 

b ~ h e  numbers in parentheses are from an optimization of the dimer 

using optimized monomer, geometries in ref. 8. ' 



Table 11.. Energies ..of various rotational isomers . 
of 2,2,2 trifluoroethanol (STO-3G) 

. .  . 

Relative Energy, 
a 

Isomer Energy, a.u. kcal/mole ' 

a Structures illustrated in fig. 2. 



Table 111. -Energ ies  of.. 2 ,'2,2 t r i f . l uo roe thano1  dimers. (STO-3G). 

a Binding Energy, 
S t r u c t u r e  Energy, a .u .  kca l lmole  

I ( t - s taggered;  OH- 0.F) -889.01963 -2.55 

I1 ( t - s taggered;  OH***H) -889.02476 -5.84 

I11 (g-staggered; OH***F) -889.02270 -3.15 

I V  (g-staggered; OH* *OH) -889.02798 -6 .46  

a S t r u c t u r e s  i n  f i g .  3 and . f i g .  4. 

! 



Table I V .  ' I u l l i k e n  gros's. atomic popula t ions  f o r  mono'mers'. 
w i t h  s tandard .  geometr ies  ( s ee  r e f .  7) 

. . 

Species  . - o . . - H ~ .  - cb 

a 
The hydroxyl' hydrogen. 

b ~ a r b o n  n e a r e s t  t h e  oxygen. 

C 
t - s taggered  isomer. 

d 
g-staggered isomer. 



. . 

. . 
. . . . . . .  . . .  . . ....... - 

. . . . . . 
Fig. 1.' Geometrical for (ROH) structures (X and 2 1 

. . .  . . .  . . . . . . . . . . . . .  X2 bisect the RON angles).. . . . . . . . . 



~ 
.' - 9- STAGGERED 

. (I) 

Fig. 2. Various rotational isomers of trifluoroethanol. 
. . .  



Fig. 3. Dimers between trans-staggered isomers'.of trifluoroethanol. 
(The values of..the parameters in. parentheses correspond'to the 
positions in the diagrams.) .I 1 - - - - - -- - -- - - - - - . - 1 



Fig. 4. Dimers be tween gauche-staggered isomers of t r i f  l uo roe thano l .  
(The v a l u e s  of t h e  parameters  i n . p a r e n t h e s e s  correspond t o  t he  

p o s i t i o n s  i n  t h e  diagrams.) 




