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ABSTRACT. P r e d i s s o c i a t i o n of NH3 c l u s t e r s has been induced by a CW CO2 
l a s e r and detected by a semiconducting bolometer. For the diiiier two ab-
so r p t i o n bands have been found a t 979 cm-^ and 1004 cm--*̂ , which 
o r i g i n a t e from the e x c i t a t i o n of two non-equivalent NH3 molecules. 
Heavier NH3 c l u s t e r s d i s s o c i a t e a t frequencies between 1020 cm-^ and 
1100 cm--̂ . A simple e l e c t r o s t a t i c model can account q u a l i t a t i v e l y f o r 
the observed f e a t u r e s . 

1. INTRODUCTION 

Recently many t h e o r e t i c a l and experimental studies on the subject of 
hydrogen bonded c l u s t e r s have been c a r r i e d out. 

E q u i l i b r i u m s t r u c t u r e s f o r some complexes could be established and 
valuable I n f o r m a t i o n on i n t e r n a l motions has been obtained. The IR 
d i s s o c i a t i o n of (NH3) complexes has been f i r s t i n v e s t i g a t e d by Howard 
et a l . [ 1 ] , who observed a broad dimer band centered a t 977.2 cm--*̂  and 
d i s s o c i a t i o n o f heavier c l u s t e r s between 1020 cm-^ and 1060 cm--"-. A 
molecular beam e l e c t r i c d e f l e c t i o n study [ 2 ] i n v e s t i g a t i n g small 
c l u s t e r s , from dimers t o hexamers, has shown t h a t only dimers posses a 
permanent e l e c t r i c d i p o l e moment l a r g e r than 0.3 D. A dipole moment of 
0.74 D was indeed measured [ 3 ] f o r (NH3)2 along the dimer a x i s . 

I n v e s t i g a t i o n s of NÏÏ3 complexes i n CO and N2 matrices [ 4 ] demon-
s t r a t e d the existence of two dimer bands of nearly the same i n t e n s i t y 
separated by 12 cm-^ (CO) and 17.5 cra--̂  (N2), r e s p e c t i v e l y . 

I n the molecular beam machine described i n the next s e c t i o n we ob- -
served two broad bands (FWHM = 14 cm-^) i n the (NH3)2 d i s s o c i a t i o n 
spectrum centered a t 979 cm-^ and 1004 cm-^. A s t r u c t u r e r i c h e r than 
p r e v i o u s l y [1,3] emerged i n the f i r s t band. D i s s o c i a t i o n of heavier 



c l u s t e r s occurred a t frequencies between 1020 cm-^ and 1100 cm--'̂ , which 
agrees w i t h the r e s u l t s of [ 2 ] and w i t h m a t r i x spectra [ 4 ] . 

2. EXPERIMENTAL APPARATUS 

The molecular beam i s produced by supersonic expansion of a mixture of 
NH3 i n He through a 30 |jm nozzle i n t o a vacuüm chamber. For the r e p o r t -
ed spectra the stagnation pressure was 5 atm. The temperature of the 
nozzle can be v a r i e d between -SÔ C and 150°C and i s s t a b i l i z e d w i t h i n 
0.1°C. A c o n i c a l skimmer separates the f i r s t chamber from the second 
which i s independently pumped. I n t h i s chamber the molecular beam i s 
crossed by the r a d i a t i o n from a CW CO2 l a s e r . This l a s e r can be operat-
ed single-mode w i t h ^^C02, ^^C02 and N2O gasmixtures, p r o v i d i n g more 
than 250 l a s e r l i n e s between 880 cm-^ and 1100 cm--"-. The gaussian l a s e r 
beam i s focussed t o a spot of 0.8 mm diameter on the molecular beam 
a x i s . The l a s e r power i n a l l the present experiments was 5 W. The 
molecular beam i s detected by a Ge bolometer ( I n f r a r e d Laboratories) 
operated a t 4.2 K. This very s e n s i t i v e device i s located i n a t h i r d 
vacuüm chamber, 400 mm from the i n t e r a c t i o n p o i n t [ 5 ] . The d i s s o c i a t i o n 
spectra were obtained working w i t h a continuous molecular beam and 
modulating the r a d i a t i o n of the l a s e r . The modulated bolometer s i g n a l 
was p r e a m p l i f i e d , fed i n t o a l o c k - i n a m p l i f i e r and averaged by a micro­
computer. The r e p r o d u c i b i l i t y of the observed spectra was b e t t e r than 
5%. A discussion about the use of the bolometer f o r the c l u s t e r d i s ­
s o c i a t i o n spectra can be found i n [ 5 ] . 

3. RESULTS AND DISCUSSION 

A mixture of 2% NH3 i n He was expanded from a 294 K nozzle. The d i s ­
s o c i a t i o n spectrum i s displayed i n F i g . Ib and shows two absorption 
bands of comparable i n t e n s i t y centered a t 979 cm--̂  and 1004 cm--"-. The 
two peaks i n the f i r s t band, a t 977.2 cra--̂  and 980.9 cm--*̂ , correspond 
to those measured by Fraser e t a l . [ 3 ] , the second band has never been 
observed before. Figure l a displays a spectrum f o r a nozzle temperature 
of 248 K, w i t h the other beam cond i t i o n s unchanged. The two bands which 
are due to dimer d i s s o c i a t i o n remain, but new s t r u c t u r e s between 1020 
cm-1 and 1100 cm-1 appear which correspond t o the d i s s o c i a t i o n of 
heavier c l u s t e r s [ l ] . 

The c l u s t e r d i s s o c i a t i o n versus the l a s e r power has been measured 
on a l l the peaks shown i n F i g . 1. The same l i n e a r dependence was ob­
served f o r the i n v e s t i g a t e d temperature range, f o l l o w e d by s a t u r a t i o n 
a t about 20 W l a s e r power. C l e a r l y the d i s s o c i a t i o n of (NH3)2 i s an 
one-photon process. 

Varying the nozzle temperature from room temperature t o 150°C 
(Fi g . I c ) we no t i c e d t h a t the dimer s i g n a l decreased only by a f a c t o r -
of two. I n dimers of SFe, SiF4 and SiH4 a much more d r a s t i c dependence 
has been observed [ 5 ] . This observation suggests t h a t the dimer bond i n 
(NH3)2 i s stronger than i n the other complexes. A lower l i m i t o f 
520 cm-^ t o the b i n d i n g energy of (NH3)2 was given by Buck e t a l . [ 6 ] , 



the present r e s u l t s y i e l d the upper l i m i t of about 950 cm-^ ( F i g . I c ) . 
The spectrum displayed i n F i g . I c has been recorded f r o 5% NH3 i n 

He at a nozzle temperature of 423 K. This spectrum shows a few ex t r a 
peaks and a broadening of the two dimer bands. Since i n F i g . 1 the two 
main bands show the same behaviour when we change the beam conditions 
both must be due t o the same c l u s t e r species, which i s shown t o be the 
NH3 dimer f o r the band a t 979 cm-^ [ 1 , 3 ] . 

I n order t o understand the o r i g i n of the two dimer bands we have 
to consider the s t r u c t u r e of the (NH3)2 complex. The s t r u c t u r e sug-
gested by Nelson e t a l . [ 3 ] f o r the NH3 dimer (6i=48.7°, 62= 115.8°, 
Xi= O", X2= 180°, (])= O*' and R= 3.3374 A) accounts f o r the experimental 
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Figure 1. a,b) Cluster spectrum f o r 2% NH3 i n He, nozzle temperature 
248 K ( a ) , 294 K ( b ) ; c) Cluster spectrum f o r 5% NH3 i n He, 
nozzle temperature 423 K. 



data measured i n the microwave region (below 22 GHz). This s t r u c t u r e 
contains two non-equivalent molecules; one of them (M2) i s mainly a 
hydrogen donor, the other (M^) a hydrogen acceptor (see F i g . 2a). No 
evidence f o r NH3 molecule i n v e r s i o n i n the dimer was obtained [ 3 ] . A 
resonant d i p o l e - d i p o l e i n t e r a c t i o n , observed i n e x c i t e d dimers of SFe 
[ 5 ] , could give r i s e only t o a s p l i t t i n g of 0.83 cm-^ i n the case of 
(NH3)2. 

I t can be concluded t h a t the two bands w i t h a s p l i t t i n g of 25 cm-^ 
i n the dimer spectrum o r i g i n a t e from the e x c i t a t i o n of the two non-
-equivalent NH3 molecules i n the dimer. S i m i l a r l y , the two dimer bands 
observed i n m a t r i x experiments were explained as e x c i t a t i o n of two 
non-equivalent molecules, assuming, however, t h a t a complex w i t h a 
l i n e a r N-H--N hydrogen bond was formed. 

I n order t o check t h i s hypothesis f o r the s t r u c t u r e of Ref. [ 3 ] 
we have perfomed a simple c a l c u l a t i o n of the e l e c t r o s t a t i c energy. A 
charge d i s t r i b u t i o n , y i e l d i n g the c o r r e c t d i p o l e moraents f o r the NH3 
monomers both i n the ground and i n the e x c i t e d s t a t e was assumed. 

The t o t a l e l e c t r o s t a t i c energy of the complex i s obtained by 
c a l c u l a t i n g the energy of one of the NH3 molecules, i n the e l e c t r i c 
f i e l d produced by the other NH3. The e l e c t r o s t a t i c energy has been 
c a l c u l a t e d f o r groundstate (E ) and f o r two d i f f e r e n t e x c i t e d states 
of dimer (Ei and E2). We f i n d Êi-E = 29.6 cra-^ and E2-E =19.6 cm-^, Our 
simple model y i e l d s a s p l i t t i n g oï 10 cm--*̂ ; the peak corresponding t o 
the e x c i t a t i o n of the hydrogen acceptor molecule (M2), i s blue s h i f t e d 
w i t h respect t o the peak corresponding t o the e x c i t a t i o n of the hy­
drogen donor ( M i ) . Note t h a t both dimer frequencies are b l u e - s h i f t e d 
w i t h respect t o the frequency of the monomer v i b r a t i o n . We w i l l now t r v 
to f i n d an explanation f o r the d i f f e r e n t s p e c t r a l appearancé of the t-
dimer bands. The band at 979 cm--"- i s s t r u c t u r e d w i t h i n 1 cm-^ res o l i . 
t i o n , the other band ( a t 1004 cm--'̂ ) looks r a t h e r smooth. Furthermore, 
F i g . 1 shows t h a t i n c r e a s i n g the nozzle temperature leads t o a new peak 
around 961.5 cm-^. I n a d d i t i o n , c o o l i n g the nozzle narrows the bands. 
This observation suggests t h a t the w i d t h of the two dimer bands i s 
determined by i n t e r n a l degrees of freedom, which become depopulated f o r 
colder beams. I n order t o e x p l a i n the observed s p e c t r a l s t r u c t u r e s we 
suggest t h a t the NH3 dimer e x h i b i t s a t u n n e l i n g motion as observed f o r 
the HF dimer [ 7 ] . S t a r t i n g from the c o n f i g u r a t i o n i n F i g . 2a w i t h 
01= 48.7°, 62= 115.8°, x i= 0°, X2= 180°, ([)= 0° and R= 3.3374 K, we can 
o b t a i n an equivalent s i t u a t i o n changing s l i g h t l y the angles ö^, 62, Xi 
and X2 t o 61= 64.8°, 63= 131.4°, Xi= 60° and X2= 120°. The b a r r i e r f o r 
t h i s t u n n e l i n g motion i s expected t o be r a t h e r low, since i n t h i s 
motion the r o l e s of the hydrogen-donor and -acceptor i s g r a d u a l l y 
interchanged. A t u n n e l i n g b a r r i e r causes a s p l i t t i n g AE. f o r every 
v i b r a t i o n a l l y e x c i t e d s t a t e v.. We can c l a s s i f y the 18 dimer v i b r a t i o n s 
i n 6 s t r e t c h i n g s and 6 ben<f'ings, three of each mainly l o c a l i z e d on 
monomer and three of each on monomer M2. More p r e c i s e l y these are 
symmetrie and antisymmetric conbinations of monomer-like v i b r a t i o n s . 
Furthermore we have s i x i n t e r m o l e c u l a r ( i n t r a d i m e r ) v i b r a t i o n s which 
depend on the dimer coordinates defined i n F i g . 2a. A p i c t o r i a l sketch 
of the v i b r a t i o n a l l e v e l s (J=0, K=0) w i t h the t u n n e l i n g sublevels i s 
shown i n F i g . 2b. I n general s e l e c t i o n rules f o r t u n n e l i n g [ 7 ] r e q u i r e 



Figure 2. a) NH3 dimer, s t r u c t u r e according t o Nelson et a l . /3/; -
b) T u n n e l l i n g s p l i t t i n g i n the NH3 dimer ground s t a t e (AE ) 
and i n the symmetrie (AE^) and antisymmetric (AE2) umbrelïa 
v i b r a t i o n s . Allowed t r a n s i t i o n s between J=0, K=0, sublevels 
are shown. 



a change of symmetry i n the t u n n e l i n g species during the t r a n s i t i o n . 
The symmetry group of the NH3 dimer, i n c l u d i n g the p o s s i b i l i t y o f 
tu n n e l i n g w i l l be presented i n a forthcoming paper [8] where a complete 
discussion of v i b r o - r o t a t i o n a l - t u n n e l i n g s e l e c t i o n r u l e s w i l l be given. 

For very cold beam cond i t i o n s ( F i g . l a ) a broad band i s observed, 
which corresponds t o heavier c l u s t e r s . Comparison of spectra measured 
at d i f f e r e n t beam temperatures showed t h a t the broad band between 1020 
and 1100 cm-^ (F i g . l a ) emerges b i t by b i t . I n i t i a l l y . ( a t 270 K) only a 
band around 1045 cm-^ was observed, but reducing the beam temperature 
produced a d i s s o c i a t i o n s i g n a l a t higher l a s e r frequencies. Apparently, 
the absorption bands s h i f t t o the blue f o r heavier c l u s t e r s . The con-
s t r a i n t of an almost zero permanent d i p o l e moment f o r a l l the heavy 
complexes from the t r i m e r s t o the hexamers i s f u l f i l l e d by a symmetrie 
c y c l i c geometry [ 2 ] . I n order t o o b t a i n the minimum of e l e c t r o s t r a t i c 
energy f o r each complex 6 and x angles have been optimized. These 
angles are defined analogously t o the dimer case. O i s the angle 
between the NH3 symmetry axis of each monomer and the N—N axis w i t h 
the r i g h t hand adjacent monomer. x stands f o r the r o t a t i o n around the 
symmetry axis each monomer. The simple e l e c t r o s t a t i c model, p r e v i o u s l y 
a p p l i e d f o r the t r i m e r , y i e l d s i n t h i s case a large blue s h i f t (from 
174 cm--̂  f o r the dimer t o 195 cm--*̂  f o r the hexamer) w i t h respect t o the 
V2 i n NH3 monomer. The trend i s i n q u a l i t a t i v e agreement w i t h the expe r i 
ment. The energy per bond c a l c u l a t e d i n the present model i s roughly 
about 700 cm--*̂  f o r a l l the small c l u s t e r s , which f a l l s w i t h i n the lower 
and upper experimental l i m i t s obtained f o r the dimer. 

4. REFERENCES 
[1] M.J. Howard, S. Burdenski, CF. Giese and W.R. Gentry, J. Chem 

Phys., 80 (1984) 4137. 
[2] J.A. Odutola, T.R. Dyke, B.J. Howard and J.S. Muenter, J. Chem. 

Phys•, 70 (1979) 4884. 
[3] D.D. Nelson J r . , G.T. Fraser and W. Klemperer, J. Chem. Phys., 83 

(1985) 6201; 
G.T. Fraser, D.D. Nelson J r . , A. Charo and W. Klemperer, J. Chem. 
Phys., 82 (1985) 2535. 

[4] W. Hagen and A.G.G.M. Thielens, Spectrochimica Acta, 38A (1982) 
1203; 
G.C. Pimentel, M . 0 . Bulanin and M. van T h i e l , J. Chem. Phys. , 36 
(1962) 500; 
G. Ribbegard, Chem. Phys., 8 (1975) 185. 

[5] M. Snels, R. Fantoni, M. Zen, S. S t o l t e and J. Reuss, Chem. Phys. 
L e t t . , 124 (1986) 1. 
M. Snels and R. Fantoni, Chem. Phys. (1986) i n press. 

[6] Z. Bacic, U. Buck, H. Meyer and R. Schinke, Chem. Phys. l e t t . , 125 
(1986) 47. 

[7] A.S. Pine, W.J. L a f f e r t y and B.J. Howard, J. Chem. Phys., 81 . 
(1984) 2939; 
l a n M. M i l l s , J. Phys. Chem., 88 (1984) 532. 

[8] M. Snels, R. Fantoni, R, Sanders and W. Leo Meerts, 'IR d i s s o c i a ­
t i o n of Ammonia c l u s t e r s ' t o be published. 


