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Is (NH3)2 hydrogen bonded?
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Abstract

V ib ra tio n -ro ta tio n -tu n n e lin g  (VRT) splittings have been com puted for the dimer ( N F y j  by the use o f four 
different m odel potentials. The six-dimensional nuclear m otion problem  is solved variationally in a  sym m etry 
adap ted  basis consisting o f analytic radial functions and rigid ro tor functions depending on the five internal angles, 
as well as on the three overall ro tation  angles. Two o f the potentials are designed such that they have no barrier for 
in terchange tunneling and the o ther two potentials have barriers o f 31.1 and 24.4 cm - 1, respectively. T he top o f the 
barrier corresponds to a cyclic structure and the two equivalent m inim a on either side of the barrier to nearly linear 
hydrogen bonds.

Energy splittings, dipole m om ents, nuclear quadrupole splittings, and the am ount of quenching o f the m onom er 
um brella inversions are com puted and compared with the available experimental numbers. The potential th a t 
gives best agreement with the observed quantities has an equilibrium  hydrogen bonded structure close to linear, 
bu t a VRT-averaged ground state  structure that is nearly cyclic.

1. Introduction

It is a fact, w ell-established theoretically [1-10] 
an d  experim entally  [11-16], th a t the dim ers (H F )2 

a n d  (H 20 ) 2 have a hydrogen  bonded  structure . 
U ntil 1985 it was generally believed th a t the am m o­
n ia  d im er, too , had  a “ classical”  hydrogen bonded  
s tru c tu re  w ith  a p ro to n  o f  one m onom er po in ting  
to  the n itrogen  lone pair o f  the other. In th a t year 
N elson  et al. [17] in te rp re ted  their m icrowave 
spectra  by assum ing  th a t the dim er has a nearly  
cyclic structu re  in w hich the two um brellas are 
a lm ost an ti-parallel. This in te rp re ta tion  w as n o t 
su p p o rted  by m ost o f the ab initio calculations in 
existence a t the tim e, and  spurred theoreticians to  
u n d ertak e  m ore e lab o ra te  calculations [18-21], 
m ost o f  w hich still yield a  hydrogen bonded  equi­
lib rium  structure . T he tw o m ost recent —  and  m ost 
sophisticated  —  calcu lations differ in the p re ­
d ic tion  o f  the equilibrium  structure: H asset et al.

* C orresponding author.

[2 2 ] found  a hydrogen b o n d ed  s tru c tu re , w hereas 
T ao  and  K lem perer [23] found  a cyc lic  stru c tu re  
th a n k s  to the addition  o f  bond  fu n c tio n s .

A n obvious explanation  o f  the d isc rep an cy  
betw een the outcom e o f  m ost c a lc u la tio n s  and the  
m icrow ave d a ta  m ay be found  in the e ffec t of v ib ra ­
tio n a l averaging: w hereas the e lec tro n ic  s truc tu re  
calcu lations focus m ainly on finding th e  m in im um  
o f  the interm olecular po ten tia l, th e  experim en t 
gives a v ibrationally  averaged s tru c tu re . T he p o te n ­
tial energy surface being flat in severa l d irections 
[22,23], it is very hard , how ever, to  c o m p u te  the 
v ib rationally  averaged geom etry  a n d  to  explain  
the discrepancy quan tita tive ly . On th e  one h a n d  
the flatness o f the surface in d ic a te s  th a t the 
difference betw een equilibrium  and v ib ra tio n a lly  
averaged structu re  can indeed  be su b s ta n tia l, b u t 
on the o ther h an d  it also m eans t h a t  a sim ple 
harm on ic  m odel does n o t suffice. A  full six­
d im ensional solu tion  o f  the  nuclea r S ch rod inger 
equa tion  is required to m ake a d efin ite  assessm ent 
o f  the expectation  values o f  the re le v a n t nuclear
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coord ina tes . Such a co m p u ta tio n , in tu rn , requires 
a  full six-dim ensional p o ten tia l energy surface, 
w hich is n o t availab le from  ab initio calcu­
lations. M ost ab  in itio  w ork gives only selected 
cuts th rough  the surface. This allows only 
the fitting o f  a crude  m odel po ten tia l tha t 
subsequently  can  be used to ex trapolate  to  regions 
o f  the surface n o t covered by the electronic 
s tru c tu re  ca lcu lations. In th is m anner Sagarik 
e t al. [18] o b ta in ed  earlier a potential for the 
am m onia  d im er from  coupled pair functional 
ca lculations. W e used this po ten tia l in a series 
o f  extensive ca lcu la tions [24] in which we 
solved the full six-dim ensional nuclear m otion 
equation .

A lthough  we found  th a t the v ibrationally  aver­
aged s truc tu re  w as shifted  from  the equilibrium  
hydrogen  bonded  s tru c tu re  tow ard  the cyclic geo­
m etry, we were n o t able to  o b ta in  com plete recon­
cilia tion  with the m icrow ave geom etry. Since our 
p o ten tia l was n o t very reliable, ou r results were not 
conclusive, a lth o u g h  they did show  that the dim er 
is floppy and th a t accordingly  the effect o f  v ibra­
tional averaging is very im p o rtan t, n o t only for the 
geom etry, b u t also fo r o th e r m easured properties 
such as the dipole m o m en t and nuclear quadrupole 
splittings. F u rth e r  we ob ta ined  indirect evidence 
th a t the “ u m b re lla”  inversion o f  the two m ono­
m ers is no t com pletely  quenched , as was assum ed 
by N elson et al. [17],

The la tte r conclusion  w as also  reached by Loeser 
et al. [25], w ho rep o rted  an  extensive set o f  new far- 
in frared  an d  m icrow ave m easurem ents an d  gave a 
very detailed analysis o f  these —  as well as p re­
vious [26] —  experim ental d a ta . They conclude 
th a t the g roup  o f  feasible operations (perm u­
ta tions, inversion an d  their p roducts) is o f  o rder 
144, w hich m eans th a t they observed the tunneling 
splittings associa ted  w ith  the tw o um brella inver­
sions and  the in te rchange tunneling  in w hich the 
role o f  the tw o m o n o m ers  is reversed. In  this con­
nection  we also w an t to  m ention  the w ork o f the 
N ijm egen/B onn g roup  [27], w ho reported  tunnel­
ing splittings in the far-in frared , including those 
due to  um brella  tunneling. Recently they also

m easured the dipole m om ent in the |fl| =  1 

state o f G-symmetry [28], W e predicted earlier 
[24] th a t the dipole m om ents o f  the | f i |> l  states 
o f and E4 sym m etry are also non-vanishing; 
it will be interesting if this p red ic tion  can  be veri­
fied experim entally.

In this paper we will study  the influence of 
the in term olecular po ten tia l on the com puted 
v ib ra tio n -ro ta tio n -tu n n e lin g  (V R T) states. We 
will investigate which different vibrationally 
averaged structures are ob ta ined  from  different 
m odel potentials and how o th e r observed proper­
ties are affected by these po tentials.

2. Model potentials

W e have investigated fou r different model 
potentials tha t all depart from  a sim ple electro­
sta tic  model in which each m onom er is described as 
a po in t dipole and quadrupo le , located at the 
m onom er center o f nuclear m ass. See Table 1 for 
the structure of am m onia, taken  from  the w ork of 
D ykstra  and Andrews [29], and  T able 2 for the 
values o f the electrostatic m om ents [30]. Fixing 
the distance between the m ass centers at 
R =  3.23 A, we find a m inim um  in the potential 
for 6k  — 18° and 180° - 0 B =  1 0 0 °, where the 
angles are defined in Fig. 1. These are the angles 
expected in a hydrogen bonded  structure. Note, 
how ever, th a t the energy in this simple model 
does no t depend on cpA o r 0 B, because the dipole 
and the quadrupole tensor are axial, bo th  having 
only a non-vanishing com ponen t along the three­
fold sym m etry axis o f the m onom er. This freedom 
implies th a t the positions o f  the p ro tons o f m ono­
m er B are undeterm ined w ith  respect to  the lone 
pair o f  m onom er A.

N ex t we added a po in t octupole to both  m ol­
ecules, which has the effect th a t m onom er B 
ro ta tes around  its three-fold axis such th a t one of 
its p ro to n s is close to the lone pair o f A. The m ini­
m um  structure is at (0A, 180° — 6B) =  (20°, 99) and 
(0a><^b) =  (60°,0°)(^  still fixed a t 3.23 A). Thus, 
this simple electrostatic m odel predicts already 
the classical hydrogen-bonded structure w ith its
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Table 1
Ammonia structure“

Bond Length ( Â )

>'HC 0.988 51
r HN 1.012 00
r HC 0.067 66
r m 0.988 51

a C is the center o f mass, L is lone pa ir force center.

characteristic well-directed bond . W e conclude th a t 
the hydrogen bond  has a purely  electrostatic origin, 
no  resonances between covalen t and  ionic struc­
tures [31] are needed to  o b ta in  a directed bond.

W hen we vary sim ultaneously  (0A, 180° -  0B) 
from  the one m inim um  a t (20°, 99°) to  the o ther 
equivalent m inim um  a t (81°, 160°), while m inim iz­
ing the energy by relaxing the angles 7 , 0 A, and  0 B) 
we walk over the in terchange tunnelling  path . T he 
barrier tha t is herew ith crossed has height 
126.8 cm -1  on the d ip o le -q u a d ru p o le -o c tu p o le  
surface, see Fig. 2, w here we exhibit the energy 
as a function o f  #A and  d B . N o te  th a t electro­
statics allows in terchange tunneling  only th ro u g h  a 
narrow  valley.

N ext we in troduce the exchange repulsion 
and dispersion a ttrac tio n  in the  form  o f an  exp -6

s ite -s ite  p o ten tia l,

k ab =  X )  a ‘a j exp t ~ & +  *./)
i e  A  j e  B L U .

(1)
F o llo w in g  the w ork  o f  D y k s tra  a n d  A ndrew s [29], 
we considered  in a d d itio n  to  th e  n itro g e n  nuclei 
a n d  p ro to n s  also  th e  n itro g e n  lo n e  p a irs  as centers 
o f  force. See T ab le  1 fo r  th e  lo c a tio n s  o f  these 
cen te rs  a n d  T ab le  2 fo r  d iffe ren t se ts o f  force field 
p a ra m e te rs  used in this w o rk . T h e  p a ra m e te rs  c,- 
w ere sim ply  taken  fro m  D y k s tr a  e t a l. T he p a r a ­
m eters A  j an d  />,■ in  p o te n tia l I  w ere  determ ined  
fro m  the (6 -1 2 ) L en n a rd -Jo n e s  (L J) p o te n tia l o f  
D y k s tra  et al. by re q u ir in g  th a t  th e  d e p th  and  the  
p o sitio n  o f  the m in im u m  in th e  N - N  and  H - H  
te rm s o f  Eq. (1) co inc ide  w ith  the  m in im um  in 
th e  co rresp o n d in g  te rm  o f  th e  L J  p o te n tia l. T h e  
rea so n  w hy we d id  n o t u se  th e  L J  p o te n tia l itse lf 
w as the follow ing. O u r  d y n am ics  p ro g ra m  requ ires 
th e  p o te n tia l as a  linear c o m b in a t io n  o f  an g u la r 
fu n c tio n s, see below , so th a t  w e alw ays expand  
o u r  m o d e l p o te n tia ls . W e ex p e rien c ed  co n v er­
gence p ro b lem s w h en  we tr ie d  to  ex p a n d  the (6 -  
12) L J p o ten tia l. S w itch ing  to  th e  ex p - 6  p o ten tia l 
so lved  th is  p rob lem .

Since the D y k s tra  p o te n tia l d o es n o t c o n ta in

Table 2
Potentials [a .u .f

Param eter“ I II III IV

20 -0 .6 1 0 6 -0 .6 1 0 6 -0 .6 1 0 6 -0 .6 1 0 6

fio -2 .1 5 9 8 -2 .1 5 9 8 -2 .1 5 9 8 -2 .1 5 9 8
fio 0.0 0.0 2.5226 2.5226

Qì 0.0 0.0 4.1748 4.1748
ÍN 14.0 14.0 14.0 14.0
cl 0.0 0.0 0.0 0.0
CH 0.2 0.2 0.2 0.2
b N 1.8391 1.8391 1.8391 1.8391
K 1.5549 1.5549 1.5549 1.5549

1.5549 1.5549 1.5549 1.5549
207. 207. 280. 255.

9 .336(-4) 8.000(—3) 5.000(—4) 2.000(—3)
1.541 (—2) 4 .8 8 0 (-2 ) 1.000(—2) 1.540(—2)

a Electric moments from Ref. 30, for the o ther param eters see text. N um bers in paren theses ind ica te  p o w ers o f  ten.
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Fig. 1. The relevant coordinates of the dimer. The angles are 
defined as follows: W e take two parallel frames centered on 
A  and B and let the positive z-axes poin t from the center o f 
mass o f A to th a t o f  B. T he plane o f  the drawing coincides 
with the xz-planes w ith the jc-axes pointing upward. 
Consider a geom etry w ith two parallel umbrellas, the 
symmetry axes on the z-axes and the plane o f paper as a 
symmetry plane. Each m onom er has an NH  bond in its 
xz-plane with positive x -coordinate and negative z. This is 
the geometry with all angles zero. Next we rotate the 
symmetry axes such th a t they have polar angles 
where X =  A or B. Then 7 =  7b -  7a- Finally we rotate 
the monomers a ro u n d  their sym m etry axes over angles 
and <j>B> respectively. A positive ro tation  is in the direction of 
the lone pair.

octupoles, we ob ta in  too m uch a ttrac tion  when 
adding octupoles (potential III  and  IV), which we 
com pensated  by increasing the param eter 
som ew hat. Since the n itrogen  atom s alm ost coin­
cide w ith the respective centers o f m ass, this hardly 
affects the anisotropy in the in teraction .

Poten tial I, which by design resembles the 
D ykstra  po ten tia l, has an in terchange barrier o f 
31.1 cm -1 , By increasing A L an d  A H we obtained 
po ten tia l II. Since an increase o f these param eters 
lowers the barrier, we could achieve tha t a m ini­
m um  occurs in po ten tia l II a t ab o u t the position o f  
the saddle po in t o f I. T hus po ten tia l II was 
designed to have its m inim um  for a cyclic 
structure. N otice parenthetically  th a t we present 
values of 180° - 0 B in Table 3, ra th e r than  of 0B, 
because whenever 9A «  180° — flB, we have a cyclic 
structure. Potential I II  is the co u n terp art o f  I with 
an octupole added and IV resem bles potential II in 
its interchange behavior, but differs by the presence 
o f  an  octupole. See Fig. 3 for an intersection 
o f  po ten tia l III; it is seen th a t the interchange

Fig. 2. The electrostatic d ipo le-quadrupo le-octupo le  energy (c n T 1) as a function of 0A and 0B, <j>h and fixed at their 
equilibrium values (60°, 0°), 7 =  180° and R  =  3.23 A. Observe that the narrow valley for interchange tunneling is due to 

electrostatics. This valley persists when we add exchange and dispersion interactions.
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Table 3
Equilibrium values and barrier heights in different potentials

Param eter“ I II III IV b

R ( k ) 3.236 3.296 3.366 3.330
6  a  (deg) 29.8 62.6 32.0 49.5
180° - 0B (deg) 92.0 62.6 91.5 76.3
<t>a (deg) 0.0 0.0 60.0 60.0
4>b (deg) 60.0 60.0 0.0 0.0
A £ AB(cm ') 31.1 0.0 24.4 1.0
A £ A (cn T ') 2.16 32.71 26.7 80.86
A Eb (cm-1) 159.56 32.71 335.4 258.48

a A £ ab is the height o f  the saddle point in the 0A, 0B-plane (o ther coo rd in a tes  relaxed). AJSX is th e  b a rrie r  crossed  in varying 
</>x,X =  A or B (other coordinates a t their equilibrium  values).
b Although the equilibrium  geom etry in potential IV does no t co rrespond  to a  cyclic structure , th is  p o ten tia l is flat a long  the 
interchange tunneling path  and its shape is alm ost equal to  that o f I I , see F ig . 4.

tunneling p a th  still runs th ro u g h  the valley caused 
by the electrostatic p a r t o f  the po ten tia l (cf. Fig. 2). 
T he 0 A-and </>B dependence o f  I  vs. I l l  an d  II  vs. IY 
are com pletely different, o f  course, because o f  the 
octupoles.

T he add ition  o f the exp -6 term s to  the 
electrostatic p o ten tia l influences the equilibrium  
structure. D ue to  the repulsive term s the p ro to n

o f  B in  the h y d ro g en  b o n d  trie s  to  av o id  the 
lo n e  p a ir  o f  A, so th a t  b o th  m olecu les are 
ro ta te d  to w ard s a  cyclic m in im u m  by a sim u l­
ta n eo u s  increase o f  0A a n d  #B. In  p o te n tia l I 
th e  effect is m o d e st, b u t  in  I I ,  w ith  its m u ch  
m o re  ac tive  lone p a ir , th e  e q u ilib r iu m  s tru c tu re  is 
cyclic.

T he s ite -s ite  in te rm o le c u la r  p o te n tia ls  are

Fig. 3. Potential III (cm ')  as a function o f 0A and 6*B, <̂ a and 4>b ®xe(  ̂ a t their equ ilib rium  values (60°, 0°). O bserve the sam e 
valley for interchange tunneling as in the purely electrostatic  case o f F ig . 2.
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ex p an d ed  in  a  c o m p le te  se t o f  angular functions 

7Ai ̂Ai‘Pa» 7b> ̂Bt Vb) — y, v\{R)
A

x/iA(7A,6lA,V?A>7B.̂ B,1/:>B) (2)
W e do  th is  b e c a u se  o u r  dyn am ics program  calcu­
lates th e  a n g u la r  p a r ts  o f  the  m atrix  elements 
ana ly tica lly  b y  th e  te c h n iq u e s  o f  angular m om en­
tum  th e o ry . T h e  e le c tro s ta t ic ,  m ultipole expanded, 
p o te n tia l c a n  be w r i t te n  analy tically  in term s o f 
these a n g u la r  fu n c tio n s ,  w ith  the coefficient (R) 
being p ro p o r t io n a l  to  times the  p roduct
o f  the m o n o m e r  m u lt ip o le  m o m en ts  Qg* and 
T he a n g u la r  fu n c tio n s  a re  ro ta tional invariants 
defined by

'4a(.7a.0a>¥’a>7b>0b>¥5b) = 'Y h { L.k4 n )
¡¡¡s V M  - M  0 )

7a , ^ . ^ ^ . ( T b ,  *b . ¥>b) (3)

Fig, 4. The energy on the interchange path  for four different 
m odel potentials, (cf. Table 3), indicated by full lines. The 
dashed line is the potential o f Sagarik et al. [18]. Varied are 
0A and (9b, the other coordinates are relaxed, so as to mini­
mize the interaction energy.

H ere A s ta n d s  fo r  th e  se t o f  q uan tum  num bers 
(La , ATa , Z-B) K r , L ) ,  D  d e n o te s  a  W igner ro ta tion  
function  a n d  th e  q u a n t i ty  in  large brackets is 
the W ig n er 3j  s y m b o l [32], T h e  potential depends 
only on  in te rn a l a n g le s , see F ig . 1, and —  due to 
the d e fin itio n  o f  th e  D -m  a trices —  only on 
the d iffe rence a n g le  7  =  7 a  _  7 b- Because the 
tim e fo r  th e  c o m p u ta t io n  o f  the V R T  states 
scales q u a d ra t ic a l ly  w ith  L Aax and L™x , expan­
sions to  h ig h  o r d e r  in  L  a re  very  tim e consum ing 
and th e re fo re  th e  e x p a n s io n s  are usually tru n ­
cated a t L 7 X =  L max“ =  5.

One o f  th e  m o s t  im p o r ta n t  characteristics 
o f the p o te n tia ls  b e in g  th e  in terchange barrier, 
we tested  in  o n e  case  w h e th e r  the barrier height 
changes u n d e r  a n  in c re a se  o f  LmdX. W e took  
the s i te - s i te  p o te n t ia l  o f  S ag arik  e t al. [18] and 
found th a t  L Aax =  L'b ^  =  5 gave v irtually  the 
same b a r r ie r  (73 .5  c m - 1 ) as LAax =  L b 3X =  6 , 
w hich a g a in  w as n o t  fa r  from  the barrier 
(83.5 c m “ 1) in  th e  o r ig in a l  s ite -s ite  potential. 
(This is in  c o n t r a s t  to  w h a t  we sta ted  in our 
earlier p a p e r  [24], w h e re  th e  grid on which we 
relaxed th e  c o o rd in a te s  w a s  taken  too  coarse, a

finer grid gave a good agreem ent in  barrier 
heights.)

In  Fig. 4 the energy on the in terchange path  for 
four different potentials is show n together w ith the 
po ten tia l o f Sagarik et al. [18] th a t we used in our 
earlier V R T  calculations. N o te  th a t this po ten tia l 
has the highest barrier (83.5 cm -1 ), w hereas p o te n ­
tial I  has only a  barrier o f  31.1 cm -1  which is in 
close agreem ent with the ab  initio barrier of 
H assett et al. [22] (29.3 cm -1 ). P o ten tial III has the 
even lower barrier o f  height o f  24.4 cm -1 . H assett 
et al. found their m inim um  a t (0 A, 0 B) =  (60°, 0 °). 
N o te  from  Table 3 that ou r po ten tia ls w ithou t 
octupoles yield m inim a for (0 A, 0 B) =  (0 °, 60°), 
and  th a t po ten tia l III and IV agree w ith H assett 
et al. in the m inim um  cj) values. T he recent po ten ­
tial by Tao and K lem perer [23] resembles in its 
^-dependence potentials II and  IV, w hich favor a 
cyclic structure.

3. Vibration-rotation-tunneling states

If  we use the coord inate system  defined in  Fig. 1,
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the Van der W aals H am ilton ian  describing the 
m otions in the am m onia  dim er is [24,33]

1
— 7 A \I vdw — 2 ^  ̂ a[ 7AA + 7ba] + 2 ^ 2

1tz d 2 

~2ixR d R 2
R +  V im i l A ,0 a , ‘Pa , ‘Pa)-

(4)

T he first term  in this H am ilton ian  con tains bo th  
rigid ro to r H am ilton ians o f  the m onom ers, w here
A A

y'A and yB are the usual body-fixed angu lar 
m om enta , and  j = j A + j B • The ro ta tio n a l con­
s tan ts are taken  as A x =  Ay =  9.945 cm -1 and 
A z =  6.229 c m '1, w hich are the m ean values of 
the  ro ta tional constan ts  for the 0 + and 0 ” 

um brella  states given in Ref. 24. T he second term  
describes the overall ro ta tio n  o f  the dim er and  the 
C oriolis in teraction . T he o p era to r j  appearing  in 
this term  is the space-fixed varian t o f  j A +  j-g and  
the to ta l angular m om entum  J  is a pseudo -angu lar 
m om entum  o p era to r [33]. In  the presen t w ork  we 
have neglected the small off-diagonal C oriolis co n ­
tribu tion  con tained  in the term  j - J / / j , R 2. This 
implies th a t fi, the com ponen t o f  j  as well as J  on 
the dim er z-axis, becom es a good q u an tu m  num ­
ber. The th ird  term  is the kinetic energy belonging 
to  the rad ia l coo rd ina te  R,  w ith  /i denoting  the 
reduced mass o f  the com plex. W ith the values [34] 
m H =  1.0078 am u and  mN =  14.0031 am u for the 
m asses o f hydrogen  an d  l4N , respectively, we get 
¡j, — 8.5133 am u. T he last term  is the in te rm olecu lar 
po ten tia l in troduced  in Section 2.

In order to  find a convenient basis for the diago- 
nalization o f  H vdw, we first diagonalized the H am il­
ton ian  H md defined by

h2 d-
2f iR 8 R (5)

T he radial po ten tia l Krad(£ )  is found  by fixing all 
angles to  the values a t the m inim um  o f  the 
expanded po ten tia l and varying R.  The rad ia l 
H am ilton ian  f / rad is diagonalized by tak ing  a 
M orse-type basis, see Ref. 35 for m ore details. 
W e calculate the bound  states by d iagonalizing

N vdw in  a sym m etry  a d a p te d  b as is  o b ta in e d  from  
the fo llow ing  fu n ctio n s [24]

|7 a ,  ^ A \/b j  J , M , n)

(V a  +  1)(27b + 1 )(2/ + 1)1 l ^2

256tts

x  X  D n ^ )A( 7 A ,0 A - 9 A ) ^ n „ BJtB(T,B .0B > ¥)B)
nA *̂ b

X (Ja ^ aJ b^ b I i ^ ^ M v t  (6 )

T h e  q u a n tity  in  p o in te d  b ra c k e ts  is an  SO(3)- 
C le b s c h -G o rd a n  coefficient [32]. T h e  ra d ia l func­
tio n s  <j>„[R)(n — 1 ,2 , 3) are th e  lo w es t th ree  eigen­
fu n c tio n s  o f  the  rad ia l H a m ilto n ia n  in  E q . (5). In 
m o s t cases j \  an d  j 'B w ere re s tr ic te d  to  j max =  5, 
b ecause  o f  lim ited c o m p u te r  re so u rce s . A lth o u g h  
th e  energy  levels a re  n o t  fu lly  c o n v e rg ed  at 

7max =  5, the  energy  d ifferences h av e  converged  
m u c h  b e tte r  an d  we expect th e  o rd e r in g  o f  the 
levels to  b e  co rrec t fo r  the in te rm o le c u la r  p o te n tia l 
used.

T h e  m o lecu la r sym m etry  g ro u p , w h ich  by defin i­
tio n  consists  o f  feasib le p e rm u ta tio n s  a n d  inver­
sion , is o f  o rd er 36, p ro v id e d  w e assu m e the 
u m b re lla  inversions to  be fro z en . O th erw ise  it is 
o f  o rd e r  144. T hese g ro u p s  a re  d e n o te d  G 36 and 
G 144, respectively. In  this w o rk  we will m ain ly  
focus on  G 36, w h ich  h a s  fo u r  o n e -d im e n s io n a l irre ­
ducib le  rep resen ta tio n s  (irre p s), designated  
A h i =  1 , . . . ,  4, fo u r  tw o -d im e n s io n a l irreps 
(E h i — 1 , . . . ,  4) a n d  one fo u r-d im e n s io n a l irrep 
G. T he kets o f  A t sy m m etry  a re  s ta te s  o f  two 
o r th o  m o n o m ers, th o se  o f  E t sy m m e try  b e lo n g  to 
tw o  p a ra  m o n o m ers and  G  k e ts  d esc rib e  a m ixed 
o r th o - p a r a  d im er. F o r  m o re  d e ta ils  o n  the  sym m e­
try  a d a p tio n  o f  ou r basis w e re fe r  to  th e  A ppend ix  
o f  Ref. 24.

T h e  g ro u p  <?36 co n ta in s  tw o  in te rc h a n g e  gen e ra ­
to rs , referred  to  in R ef. 24 b y  / t a n d  I 2. S ta tes  o f  A t 
sy m m etry  are sym m etric  a n d  s ta te s  o f  A 4 a re  an ti­
sy m m etric  un d er th e  a c tio n  o f  / ,  a n d  I2 . T h u s , the 
sp littin g  betw een th e  energ ies o f  th e  low est A l and 
A  4 s ta tes is d u e  to  in te rc h a n g e  tu n n e lin g  an d  is 
in d ica tiv e  for the b a rr ie r  h e ig h t a n d  w id th  in the 
in te rch an g e  tu n n e lin g  p a th . B ecau se  o f  th is  d irect
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dependence o f  the A x[ A a energies on the in ter­
change, and to  gain som e insigh t in the conver­
gence w ith respect to  basis size, we have 
com puted these energies w ith different expansion 
lengths o f the basis. U sing p o ten tia l I, we trun­
cated at j max =  5 ,6  an d  7. T he respective A\  
energies are: -6 6 0 , -6 6 5 , an d  —667 cm “ 1, and  the 
A a energies: -6 4 0 , -6 4 9 , an d  - 6 5 2  cm -1 . So we 
see that, although the energies themselves are not 
converged yet, their splittings (20, 16 and 15 cm “ 1, 
respectively) are closer to  the  basis set limit. 
Considering the crudeness o f th e  potentials and the 
costs of the dynam ic calcu lations, we decided to  
perform  all the calculations with_/ma). =  5.

In Fig. 5 the lowest w avefunction  o f  A\  sym­
m etry is presented as a function  o f 9A and  0B, 
the other coordinates fixed a t their equilibrium  
values. In Fig. 6  we find the low est w avefunction 
o f A 4 symmetry. Evidently, the sym m etry is o f 
im portance for the character o f  the w avefunction. 
W hereas the A \ state is sym m etric , the A a state is 
antisym m etric under 6A <-> 180° -  0B.

Figure 7 exhibits a cut th ro u g h  the absolute 
square o f the lowest w avefunction  of G sym­

m etry. This function was o b ta in ed  from  the 
d iagonaliza tion  o f  # vdw co n ta in in g  p o ten tia l III 
defined in T able 3. N o te  the localiza tion  on  the 
one side o f  the interchange b arrie r, w hich can  be 
un derstood  from  the inequivalence o f  o rth o  an d  
p a ra  m onom ers. F irst recall [24] th a t  th e  G -states 
a re  sym m etrized products o f  o rth o  (p ro to n  spins 
coup led  to  a quarte t) an d  p a ra  (p ro to n  spins 
coup led  to a doublet) am m o n ia  w avefunctions. 
M o nom er A  is o rtho  and m o n o m er B is p ara . 
R ecall also th a t the free o rth o  am m o n ia  rig id  
ro to r  w avefunctions have a q u an tu m  nu m b er 
k  =  0 (m od 3) and th a t p a ra  m onom ers have 
k  =  ± \  (m od 3), w here k  is the  p ro jec tion  o f  the 
m o nom er angu lar m om entum  o n  the th ree-fo ld  
sym m etry axis. Since one m ust m ix sta tes s ta rtin g  
w ith  a  to ta l angular q u an tu m  n u m b e r equal to  3, it 
takes m ore energy to  localize in 4> an  o rth o  a m m o ­
n ia  than  a p a ra  am m onia. In the com plex this 
m eans th a t a  structu re  is m ore  favo rab le  in w hich 
the ro ta tio n  around  0  o f  the o rth o  am m o n ia  is less 
h indered  th an  the ro ta tion  o f  th e  p a ra  am m onia . In 
the structu re  w ith #A =  30° an d  #B =  90° an d  
p o ten tia l I the ro ta tion  o f  m o n o m e r A is hard ly

Fig, 5. The lowest wavefunction o f A, symmetry, symmetric under 0A *-> 180° — SB, obtained from  potential III.
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Fig. 6. The lowest wavefunction of A4 symmetry, antisym m etric un d er 0A <-» 180° -  0a , ob tained  fro m  po ten tial III.

Fig. 7. The lowest wavefunction (absolute squared) o f G sym m etry in the  6A — 0B p lan e  o b ta in ed  from  po ten tial III.
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hindered , w hereas a ro ta tio n  o f  B a round  tp is h in ­
dered due to  th e  repu lsion  o f  its p ro tons w ith the 
lone p a ir  o f  A. R em em ber th a t in  po ten tia ls III  and 
IV also the octupo les ad d  to  the barriers in the 
ro ta tio n s  over </>A an d  ■

In  Fig. 8 we see th e  p ro b ab ility  am plitude o f  the 
low est sta te  o f  G sym m etry  ob ta ined  from  poten tia l 
IV. T his p o ten tia l w as construc ted  such th a t it has 
p ractically  no b a rrie r a t the cyclic structure 
9a  — 180° -  0B and  yet the am plitude has a 
m axim um  shifted som ew hat tow ard  the hydrogen- 
bonded  structu re . A gain , this m ust be ascribed to 
the non-equivalence o f  the ro ta tio n  in <j> o f  the 
o rth o  an d  p a ra  m o n o m er constitu ting  the dim er 
in  a G state.

T he difference betw een  the low est energy (E G) 
and the  one b u t low est (E 'g ) o f  G sym m etry is 
partly  due to  the o r th o -p a ra  splitting  an d  partly  
to  the in te rchange tunneling. T o  some extent this 
sp litting  is therefo re  also  ind icative for the height o f 
the in terchange b arrie r, see T able 4. T he energy 
splitting betw een sta tes o f  E\  and  £ 2 sym m etry, 
too , is m ainly  due to  in terchange tunneling; it is

535, 825, 603, and 8 8 6  G H z for potentials /  
th rough  to  IV, respectively, see T able 4. This m ay 
be com pared  with the experim ental num ber [25] 
577 G H z. However, the states o f E\ and  E 3 sym ­
m etry  have m ore or less the sam e character w ith 
respect to  interchange tunneling , b u t differ in their 
k  q u an tu m  num bers and hence in their dependence 
on <j)A and 0 B. Their com puted  sp litting  is an o rder 
o f  m agnitude smaller than  the E \ / E 2 splitting, bu t 
still ab o u t three orders o f m agn itude too large in 
com parison  w ith experim ent, see the row  in Table 4 
labelled by e f., ~  EEj. The sam e rem arks apply to  
the E E i - E Ea splitting, w here we com pute 
145.7 G H z (in po ten tia l III), w hereas the experi­
m ental value is a h undred  times sm aller 
(1.50 G H z) [25].

T he final two splittings in T ab le  4 are  ow ing to  
m onom er um brella inversion. An exact calculation  
requires the solution o f an  eight-dim ensional 
dynam ics problem : the six coord ina tes o f  Fig. 1 
plus the two um brella angles pA and pB. The 
g roup  o f  this system is G l44 and the labels G * 
refer to irreps o f  this group. These irreps correla te

Fig. 8. The lowest w avefunction (absolute squared) o f  G symmetry in the 8A -  0B plane obtained from potential IV.
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T ab le  4
C o m parison  o f  com puted and m easured quantities. All quantities perta in  to  fi =  0

I II III IV Exp.

( 0 A > o a ( d e g ) 54 60 51 59
( 1 8 0 °  -  8b)q  “(deg) 81 73 86 79
D ip o leb (D) -0 .6 9 -0 .3 2 -0 .9 2 -0 .5 3 0.74
( ^ a ) g  c (deg) 46 53 44 51 49
(180c — 0D)G c (deg) 
E 'a  -  E a (G H z)11

63 62 66 64 65
637 965 680 879 614

E At -  E Ai (G H z)d 587 1027 509 779 483
E Ei -  E e, (G H z)d 535 825 603 886 577
E Ei -  E,.;x (G H z)d 43.5 53.7 69.7 46.3 0.167
E F, -  E F) (G H z)d 40.0 114.1 145.7 150.9 1.50
E ci  -  E a; (G H z)d 2.49 1.19 3.12 1.89 3.31
E'¿, -  E 'a , (G H z)d 1.40 0.82 1.21 1.76 2.39

a F ro m  (P |(c o s  0))\ G ground state. 
b G  g round  state. Experim entally the sign is undetermined. 
c F ro m  (P2(cos 0)); G ground state. 
d 1 G H z  =  0.03336 c m ”1.

w ith  the irrep  G o f  C 36 c  G 144. A  dynam ics 
p ro b le m  o f  th is size ca n n o t be handled  at present, 
so th a t  we had  to  reso rt to  a sim ple m odel which is 
an  ex tension  o f  a m odel we p roposed  earlier 
fo r A r - N H 3 [36], Briefly, the m odel entails 
th e  c o m p u ta tio n  o f  the expectation  value o f 
the inversion  parts  o f the m onom er H am il­
to n ia n s , + H im{ p B), w ith respcct to  the 
fu n c tio n s  [E -  (56)][£=f (56)*]i<vdw/ ( p A) / ( p B), 
w here  (56)* is the o p e ra to r  inverting m onom er 
A  a n d  (56) inverts B. T he w avefunction '¡/vdw 
is th e  low est, o r the one b u t lowest, eigenstate 
o f  / / vdw o f  G  sym m etry , f { p A) an d  f ( p B) are 
g ro u n d  um brella  (u2) s ta tes o f  A and B localized 
in o n e  o f  the wells o f  the ir respective m onom ers. 
A ssum ing  th a t (ƒ ( A \) l(5 6 )* |/(p A)) =  0 an d  an 
eq u iv a len t re la tion  on B, we ob ta in  for the splitting

E g ; ~  E g;  =  A ( $ vdw|( 5 6 ) ’ |vPvdw)

w h ere  A  =  0 .793cm “ 1, the tunneling sp litting  o f 
th e  free m o n o m er [37], This splitting  co rresponds 
to  th e  inversion o f  the p a ra  p a rtn e r in the dim er. In 
a  fo rth c o m in g  paper [38] we will presen t m ore 
d e ta ils  o n  this m odel an d  its group  theoretical 
im p lica tions.

In  tw o w ays we ob ta in ed  vibrationally  averaged

angles: first by com putation  o f  th e  expecta tion  
values o f  the Legendre po lynom ial P ,(c o s  Ox), 
X  =  A  or B and secondly by th e  ex p ec ta tio n  
value  o f  P 2(cos 0X)- It is o f in te rest to  n o te  th a t 
(P2(cos 8a )) and  (P2(cos 0b)) fo llow  sep ara te ly  
from  m easurem ent o f the 14N  q u a d ru p o le  sp littin g  
in a G state. One splitting  belongs to  th e  
o r th o  and the o ther to  the p a ra  m o n o m er. T h e  
m easured  dim er dipole m om ent, how ever, gives 
on ly  in fo rm ation  abou t the sum  { P ^ c o s  0A) +  
P ] ( c o s 0 B)). In Table 4 we see th a t  the ang les 
o b ta in ed  from  ( P 1) and (P2) differ co nsiderab ly , 
ind icating  th a t the dim er is indeed  floppy  in  the  
angles 8X- F u rth e r we see th a t all m o d e l p o te n tia ls  
give fairly good agreem ent w ith  the o b se rv ed  
q u ad ru p o le  splittings. T he d ipole o v ersh o o ts  so m e­
w h a t w hen we add an octupole to  p o te n tia l I: w e go 
from  0.69 to  0.92 D  w ith  the experim en tal n u m b e r  
being 0.74 D.

Very recently the abso lu te value o f  the  d ip o le  
m o m en t o f  the lowest |f i| =  1 sta te  o f  G sy m m etry  
w as m easured [28] and a value o f  ±  (0.10 ±  0.01) D  
w as ob tained. W e have calcu lated  th is d ip o le  by 
m eans o f  our different po ten tia ls , see T a b le  5. 
N o tice  th a t po ten tia l III gives good ag ree ­
m ent: -0 .1 3  D. The d ipole su rface  used in  this



212 E.H.T. Olthofet al./J. Mol. Struct. (Theochem) 307 (1994) 201-215

Table 5
Energy splittings and dipoles for the lowest G states with | f i | ;

I II III IV Exp.

E\ -  E0 (GHz) 255.7 226.4 186.1 168.5 118.l a
E2 ~~ Eq (GHz) 582.0 969.5 483.9 740.8 486.4”
E3 -  E0 (GHz) 977.8 1103.3 975.9 1159.8 865.1“

( m) o (D) 0.31 0.057 -0 .13 -0 .046 0.10b

M i (D) -0 .96 -0 .44 -0.85 -0 .5 0 -

M s  (D) -0.29 -0.033 0.12 0.029 <  0.09b

a Ref. 25.
b Ref. 28. Experimentally the sign is undetermined.

calculation was the same as in Ref. 24 and consists 
of a permanent dipole and a dipole-induced dipole 
on either monomer. Also in Table 5 we compare 
the energy splittings of the lowest G |f2| =  1 states 
with those found by Loeser et al. Again potential 
I I I  gives the best agreement. We present the 
splittings found by the use of potential I I I  graphi­
cally in Fig. 9, together with the corresponding 
experimental values. The expectation value of the 
dipole in each state is given in this figure as well. 
Given the simplicity of all our model potentials, 
including potential I I I ,  the agreement between 
the computed and corresponding experimental 
numbers is surprisingly good.

4. Discussion and conclusions

First of all, let us m ention that the four model 
potentials introduced in Section 2, which all have 
interchange barriers between 0 and 30 cm-1 , yield 
substantially better agreement with the microwave 
and far-infrared spectra than the potential that we 
used earlier [24], which has a barrier of »  80 cm“"1. 
Potentials I and I I I  which have barriers of about 
30 cm“ 1 give good interchange tunneling splittings 
e a4 £ £| -  EEl, and E'c -  Ea (see Tables 4
and 5). The splittings obtained from potentials I I  

and IV , which have practically no barriers, are too 
high. The angles and 8R that correspond to the 
nuclear quadrupole splittings are fairly close to the 
experimental values [17] for all the model poten­
tials, much closer than the results in our earlier 
paper [24], The best dipole moment, measured for

the ground state o f G sym m etry ju st as the q u ad ­
rupole splittings, is obtained from  potential I. The 
other potential tha t yields realistic interchange 
tunneling splittings, potential III, gives a dipole 
m om ent which is ju st slightly too  large. Rem em ber 
th a t the dipole m om ent is 2.29 D  in the nearly 
linear hydrogen-bonded structure tha t corre­
sponds to the equilibrium structure o f the po ten ­
tial in Ref. 24, while the average dipole in tha t 
paper is 1.60 D. Even for po tential I with its good
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Fig. 9. Energy splittings and dipoles o f the lowest G states. 
The computed results on the left-hand side are all obtained 
from potential III. The absolute values of the dipole expec­
tation values, given at each level, are in debyes. The experi­
mental values on the right-hand side are from Refs. 25 and 
28. The experimental energy levels have been aligned to the 
computed energy zero.
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average dipole m om ent o f  0.69 D, the d ipole th a t 
corresponds w ith the equilibrium  geom etry o f  the 
dim er is still 1.49 D . This is characteristic fo r the 
lack o f rigidity o f  (N H 3) 2 along  the in terchange 
coord inate , as are the deviations between the 
average angles #A and  0 B ob ta ined  from  the quad- 
rupole splittings and  the average angles th a t co rre­
spond with the d ipole m om ent. Y et ano ther sign o f  
this non-rigidity  is the recent [28] finding th a t the 
d ipole m om ent o f  the lowest G sta te w ith 
|fi| =  l(/x =  0 .10D ) is m uch sm aller than  the 
dipole (// =  0 .74D ) o f the g round  sta te w ith 
Q =  0. This finding is qualitatively  reproduced by 
all the present m odel potentials; po ten tia l III gives 
the best quan tita tive agreem ent (|/x| =  0.13 D ). O ur 
calculations pred ic t fu rther th a t the first excited 
G  state with |0 | =  1 has a m uch larger d ipole 
m om ent, which does no t differ m uch from  the 
g round state SI — 0 value. It should  be possible to 
check this prediction  experim entally  by the m ea­
surem ent o f S tark  splittings. F u rtherm ore , we 
observe in Fig. 9 th a t the G levels w ith |£2| =  1 
are now correctly positioned, relative to the G 
levels with £7 =  0. In Ref. 24 we still found the 
lowest G level w ith |0 | = 1  to  be 8 cm ' 1 below 
the lowest level w ith £7 =  0.

Regarding the level splittings £ /;| -  E t. a n d  
EEl -  E Ea one can m ake the following obser­
vations. W hen looking a t the quan tum  num bers 
k A and fcB th a t characterize the basis functions o f 
these symm etries (see T able 4 o f  Ref. 24), one 
observes th a t these splittings are related to  the 
barriers in the ro ta tions o f  the  N H 3 m onom ers 
ab o u t their C 3 axes. Since k A , k B =  1 , - 1  (m od 3) 
for the states o f  E\ an d  E 2 sym m etry and 
k A lkÿ  =  1,1 (m od 3) for the states o f  £ 3 and  £ 4 

symm etry, the first states perform  anti-geared ro ta ­
tions over 0 A and f a  and  the la tte r states co rre­
spond with geared ro ta tio n s. N o te  th a t the 
orientations o f  the two C3 axes o f the N H 3 m o n o ­
mers themselves (the angles 0 A and 0 B) exhibit large 
oscillations, however. It is striking th a t the m ea­
sured values [25] fo r these splittings are extrem ely 
small, given th a t these splittings are caused by the 
potential ra the r than  by w eak Coriolis in teractions.

A lth o u g h  o u r  ca lcu la ted  values o f  1 to  5 cm “ 1 for 
these sp littings a re  sm all to o , th e y  a re  still a few 
o rd e rs  o f  m ag n itu d e  la rger th a n  th e  m easu red  split­
tings. T he fac t th a t these  ob se rv ed  sp littin g s  are so 
m in u te  shou ld  give u s  in fo rm a tio n  a b o u t some 
c h a rac te ris tic s  o f  the  in te rm o le c u la r  potentials. 
W e are p resen tly  s tu d y in g  m o d e ls  w ith  two 
co u p led  ro to rs  in  o rd e r  to  u n d e rs ta n d  the data. 
T h e  in te rp re ta tio n  is n o t easy, h o w ev er, since in 
rea lity , the  d ifferen t degrees o f  fre ed o m  in the 
(N H 3) 2 d im er are stro n g ly  co u p le d . M oreover, 
th e re  are d iffe ren t ex trem e cases, e ith e r  w ith free 
ro ta tio n s  o r  w ith  ro ta t io n s  co m p le te ly  quenched, 
w hich  lead to  the  lim it o f  zero  sp littin g s .

A ll the m odel p o te n tia ls  o f  th e  p re se n t paper 
y ield  qu ite  realistic values fo r th e  u m b re lla  inver­
s ion  sp littings. R em em ber th a t th is  sp littin g  in the 
free N H 3 m o n o m e r a m o u n ts  to  23 G H z . In  the last 
tw o lines o f  T ab le  4 w e see th a t  in  th e  d im er this 
tu n n e lin g  m o tio n  is a b o u t 1 0  tim es  s low er, which is 
co rrec tly  reflected by all the m o d e l potentials. 
G ro u p  theo ry  show s (see R ef. 38) th a t the 
observed  G s ta te  sp littin g s c o r re sp o n d  w ith the 
inversion  o f  the p a ra  m o n o m e r. O u r  calcu lations 
tell us th a t in the g ro u n d  s ta te  o f  G  sym m etry  (with 
£2 =  0 ) th is is p red o m in an tly  th e  p r o to n  donor, in 
the  first excited  G s ta te  w ith  £7 =  0 it is the p ro to n  
accep to r. A lth o u g h , of co u rse , th e  difference 
betw een  th e  accep to r an d  the d o n o r  vanishes for 
the  cyclic s tru c tu re , it is still (s ligh tly ) p resen t even 
w hen  the p o te n tia l has  a  cyclic eq u ilib riu m  geo­
m etry , d u e  to  the inequ iva lence  o f  the o rtho  
an d  p a ra  m o n o m ers in the G s ta te s . So, the experi­
m en ta lly  observed  inversion  sp littin g s  im ply tha t 
the  inversion  o f  the p ro to n  d o n o r  is less h indered 
th a n  the inversion  o f  the a c c e p to r , a  fac t which is 
co rrec tly  reflected by  all th e  c a lc u la te d  results. 
F ro m  the  w avefunc tions o b ta in e d  in  Ref. 24 we 
ca lcu la te  inversions sp littings o f  1.67 G H z and 
0.09 G H z, fo r the  g ro u n d  a n d  first excited G 
s ta te , respectively. A gain , we fin d  th a t  the present 
p o te n tia ls , w hich yield m o re  n e a r ly  equivalent 
m o n o m e rs , give fa r  b e tte r  re su lts  th an  the 
p o te n tia l used in R ef. 24.

W e have a lread y  co n s id ered  th e  0 A and fa
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dependence o f  the in te rm o lecu lar p o ten tia l when 
we discussed the sm all splittings E Ei -  E Ei and 
E a 2 -  E Ea. W e have to  m ake an o th er observation  
regarding this (frA , f a  dependence. I t  seems su r­
prising th a t the p o ten tia ls  I and II, on  the one 
hand , an d  th e  p o ten tia ls  III an d  IV, o n  the o ther, 
yield very sim ilar resu lts fo r the energy level sp lit­
tings an d  the  o th e r observed  p roperties, w hereas 
they differ strongly  in th e ir  4>A, f a  dependence. In 
particu lar, ow ing to  the  effects o f  the octupole 
m om ents in  po ten tia ls  III an d  IV, the equilibrium  
values o f  and  f a  a re  60° and  0 °, respectively, 
while fo r po ten tia ls  I an d  II these values are 0° and  
60° (see T ab le  3). I t can  be proved , how ever, th a t a 
transfo rm ation  o f  the in te rm olecu lar po ten tia l th a t 
corresponds to  a ro ta tio n  o f  b o th  an d  f a  by 60° 
(m od 1 2 0 °) leaves the eigenvalues o f  the ro v ib ra ­
tional H am ilto n ian  in v a rian t and  conserves also 
the G36 sym m etry. T his is related  w ith the fact 
th a t the N H 3 m onom ers a re  sym m etric tops, w ith 
kinetic energy o p e ra to rs  th a t are in v arian t w ith 
respect to  any  ro ta tio n  over the angles 
$ x (X =  A  o r  B). T he eigenstates do  ro ta te  w ith 
the p o ten tia l over (f>A , f a  =  60°, 60°, b u t the calcu­
lated dipole m om ent an d  qu ad ru p o le  splittings 
which depend  only on the dA and  dB angles, are 
no t affected. These quan tities are affected, how ­
ever, by the  fac t th a t p o te n tia ls  I and  II and  po ten ­
tials III an d  IV have ra th e r  d ifferent barrie rs in  the 
<j>A and f a  ro ta tio n s  (see T ab le 3), due to  the p re ­
sence o f  the oc tupo le  in te rac tio n s in the latter. W e 
observe, in  p articu la r, th a t  the h igher C 3 ro ta tio n  
barriers enhance the d ifferent b ehav io r o f o rth o  
and  p a ra  m onom ers. T his, in tu rn , influences the 
difference betw een the average values o f  Qk  and 
in the G states and , thereby , increases the average 
dipole m om en t (see T ab le  4).

In  o u r final conclusion, we re tu rn  to  the question 
in the title o f  this paper: is (N H 3) 2 hydrogen  
bonded? W e th ink  th a t  the  in term olecu lar p o te n ­
tial in this d im er m u st be close to our m odel po ten ­
tial III, because th is p o ten tia l yields V R T  level 
splittings an d  p roperties w hich agree well w ith  the 
spectroscopic data . In th is po ten tia l, as well as in 
o u r o the r m odel po ten tia ls , the stab ilization  of this

d im er is m ostly  o f  electrostatic  origin. The purely 
e lec trosta tic  in teractions favo r a nearly linear 
hydrogen  bond . R em em ber th a t the dipole and  
q u ad ru p o le  m om ents a lready  p rov ide the angles 
9a  an d  w hich are ap p ro p ria te  fo r a nearly linear 
hydrogen  bond , b u t th a t one needs the non-axial 
oc tupo le  m om ents to  bring the p ro to n s  o f the N H 3 

p ro to n  d o n o r  to  the d irec tion  o f  the lone p a ir o f the 
accep to r N H 3. The electrostatic  in teractions lead 
to  a ra th e r deep valley, w ith a  saddle po in t 
betw een the tw o equ ivalen t nearly  linear h y d ro ­
gen-bonded  structures. T h e  barrie r at this saddle 
p o in t is low in com parison  w ith  the energy needed 
to  clim b the slopes o f  this valley. T he electrostatic 
valley is so dom inan t th a t  it stays when the 
exchange repulsion and  d ispersion  in teractions 
a re  added . T he in te rchange b a rr ie r  between the 
tw o equivalen t m inim a is low ered especially by 
th e  exchange repulsion betw een  the p ro tons and  
the  lone pairs. F o r  po ten tia l I II , w hich gives the 
best overall agreem ent w ith the experim ental 
d a ta , the rem ain ing  b a rrie r is only 24 cm “ 1. T he 
fac t th a t  this ba rrie r is so low  (recall th a t the b ind­
ing energy Z)e is m ore th an  1000 cm “ 1) and th a t the 
elec tro sta tic  and  the exchange repulsion co n tri­
b u tio n s nearly  cancel (so th a t the, smaller, induc­
tio n  an d  dispersion term s will be im p o rtan t too), 
m akes it h a rd  for ab  in itio  calculations to  
give an  accurate p red ic tion  o f  the barrier height. 
T h e  resu lt o f  this low b a rr ie r  is tha t (N H 3) 2 

becom es m uch less rigid th an  o'ther hydrogen- 
b o n d ed  dim ers, such as (H F )2 \  and (H 20 ) 2. 
S ince the near linearity  o f  A - H  • • • B is the m ost 
characteristic  feature o f  h yd rogen  bonding, we 
m ust conclude th a t (N H 3) 2 is no t hydrogen 
bonded . Som e o f the features o f  hydrogen bo n d ­
ing persist, how ever. A lthough  the average struc­
tu re  calcu lated  from  p o ten tia l I II  is nearly cyclic, 
the  equ ilib rium  structu re  in  th is po ten tia l is still 
close to  a linear hydrogen-bonded  structure. This 
equilib rium  structu re , an d  also the height o f the 
in te rchange  barrier, agree qu ite  well with the ab  
in itio  results o f H assett e t al. [22], F urther, we 
observe th a t the a ttractive  electrostatic in te r­
ac tions betw een the p ro to n s  an d  the  lone pairs o f
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the  N H 3 m onom ers allow  only  a  specific coupled 
in te rnal ro ta tion  o f  b o th  m onom ers, along 
the in terchange path . So, the  d irectionality  tha t 
characterizes a  hydrogen  b o n d  is n o t com pletely 
lo st in (N H 3)2.
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