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SPECTROSCOPY LETTERS, 11(12), 939-949 (1978) 

FAR INFRARED SPECTRA OF AMMONIA-BORON TRIFLUORLDE: 

NH BF and ND3BF3 3 3  

KEY WORDS: In f r a red  Absorption; Ammonia-Boron T r i f l u o r i d e ;  L e w i s  

Complex; L a t t i c e  Vib ra t ions .  

A. Anderson and B.A. Bobbie, 
Department of Phys ics ,  Univers i ty  of Waterloo, 

Waterloo, Ontar io ,  N2L 3G1, Canada. 

ABSTRACT: Spec t ra  of p o l y c r y s t a l l i n e  samples of NH3BF3 and ND3BF3 

a t  30q K and 98 K have been recorded i n  t h e  frequency 

range 20-400 cm . I s o t o p i c  frequency r a t i o s  a r e  used 

t o  i n t e r p r e t  t h e  observed f e a t u r e s  i n  terms of t h e  

known molecular and c r y s t a l  s t r u c t u r e s .  

-1 

INTRODUCTION 

Ammonia-boron t r i f l u o r i d e  is  of cons iderable  i n t e r e s t  as a 

textbook example of a L e w i s  acid-base co ip l ex  conta in ing  a boron- 

n i t rogen  d a t i v e  bond and has.been t h e  sub jec t  of many r ecen t  

spec t roscop ic  and s t r u c t u r a l  i n v e s t i g a t i o n s .  

d a t a  from e a r l y  experiments were soon found t o  be caused by water 

Discrepancies  i n  the  

9 39 
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940 ANDERSON AND BOBBIE 

contaminat ion  of  t h e  samples ,  r e s u l t i n g  i n  t h e  p r e s e n c e  of 

i m p u r i t i e s  such  as NH4BF4, which i s  a l s o  a w h i t e  s o l i d ,  and a 

c o n s i s t e n t  p i c t u r e  of  t h e  geometry and normal modes of t h e  adduct  

molecule  NH BF began t o  e m e r g e l Y 2 .  3 3  

The s t ruc tu , re  of  ammonia-boron t r i f l u o r i d e  h a s  been i n v e s t i -  

g a t e d  by X-ray d i f f r a c t i o n  exper iments  on powder' and s i n g l e  

crystal  samples  . The molecule  h a s  C symmetry w i t h  a bond 

between t h e  boron and n i t r o g e n  atoms,  w i t h  t h e  NH and BF groups  

i n  t h e  form of  pyramids. 

c o n f i g u r a t i o n  of  t h e  f l u o r i n e  and hydrogen atoms i s  c o n s i d e r e d  

more l i k e l y .  Although t h e  hydrogen atom p o s i t i o n s  were n o t  

d i r e c t l y  de te rmined ,  t h e y  were approximate ly  l o c a t e d  by p l a u s i b l e  

comparisons w i t h  r e l a t e d  compounds and i n c l u d e d  i n  t h e  f i n a l  

3 
3v 

3 3 
A s t a g g e r e d  r a t h e r  t h a n  a n  e c l i p s e d  

J r e f i n e m e n t s  , Values of  t h e  p r i n c i p a l  bond l e n g t h s  and a n g l e s  a r e  

summarized below: 

B-N 1.60 8; B-F 1 . 3 8  8; N-H 1.02 8 .  
N-B-F 107'; F-B-F 111'; B-N-H 107'; H-N-H 111'. 

The c r y s t a l l o g r a p h i c  u n i t  c e l l  i s  or thorhombic ,  s p a c e  group 

Pbca (D ),  and c o n t a i n s  8 molecules  on g e n e r a l  (C ) sites. The 

smallest d i s t a n c e s  between ne ighbour ing  molecules  are t h o s e  between 

H and F atoms. There  are several such  c o n t a c t s  which are 

c o n s i d e r a b l y  smaller t h a n  t h e  sum of t h e  Van d e r  Waals r a d i i  , 

( f o r  example H....F = 2.10 8, compared t o  1.20 + 1.47 = 2.67 8)  
and t h i s  i s  e v i d e n c e  f o r  the p r e s e n c e  of  weak hydrogen bonding i n  

t h e  s o l i d  as w e l l  as t h e  u s u a l  Van d e r  Waals and o t h e r  e l e c t r o -  

s t a t i c  i n t e r a c t i o n s .  

15 
2h 1 

4 
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SPECTRA OF AMMONIA-BORON TRIFLUORIDE 94 1 

2 , j , 6  Of t h e  r e c e n t  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  of NH BF 

t h a t  by Taylor  e t  a1.2 a p p e a r s  t o  be t h e  most comprehensive. 

u s i n g  samples  e n r i c h e d  wi th  boron -10 and n i t r o g e n  -15 i s o t o p e s  

a s  w e l l  as deuter ium,  t h e s e  workers  were a b l e  t o  o b s e r v e  and 

i d e n t i f y  a l l  v i b r a t i o n a l  modes e x c e p t  t h e  t o r s i o n  about  t h e  B-N 

bond, and p r e s e n t e d  a normal co-ord ina te  a n a l y s i s  t o  s u p p o r t  t h e i r  

ass ignments .  Our o r i g i n a l  i n t e r e s t  i n  t h i s  compound was t o  

i n v e s t i g a t e  t h e  d i f f e r e n c e s  between i t s  v i b r a t i o n a l  spec t rum and 

t h o s e  of c r y s t a l l i n e  NH3 and BF3 which have r e c e n t l y  been 

s t u d i e d  i n  t h i s  l a b o r a t o r y ,  p a r t i c u l a r l y  t h o s e  r e s u l t i n g  i n  t h e  

change i n  geometry i n  t h e  BF 

When i t , b s c a m e  clear t h a t  o u r  m i d - i n f r a r e d  r e s u l t s  were i d e n t i c a l  

3 3’ 

By 

group from p l a n a r  t o  pyramidal .  3 

L t o  t h o s e  of T a y l o r  e t  a l .  , t h e  emphasis  of  o u r  work s h i f t e d  t o  

t h e  low f requency  r e g i o n ,  which h a s  r e c e i v e d  v e r y  l i t t l e  a t t e n t i o n  

from p r e v i o u s  i n v e s t i g a t o r s .  At tempts  t o  o b t a i n  Raman s p e c t r a  i n  

t h e  20-400 cm- l  range  were u n s u c c e s s f u l ,  b u t  c o n s i s t e n t  i n f r a r e d  

a b s o r p t i o n  s p e c t r a  of NH BF and ND BF were r e c o r d e d  i n  t h i s  

r e g i o n  and are r e p o r t e d  i n  t h i s  l e t te r .  The r e s u l t s  are 

3 3  3 3  

c o r r e l a t e d  w i t h  t h e  h i g h e r  f requency  d a t a  and wi th  t h e  known 

m o l e c u l a r  and c r y s t a l  s t r u c t u r e s  i n  a n  a t t e m p t  t o  o b t a i n  a more 

complete  u n d e r s t a n d i n g  of  t h e s e  sys tems.  

EXPERIMENTAL TECHNIQUES 

Powder samples  of NH3BF3 and ND BF were p r e p a r e d  by u s i n g  3 3  
9 a m o d i f i c a t i o n  of  t h e  t e c h n i q u e  of  Leane and R i c h a r d s  . 

g a s  (NH3, 99.99% p u r e ,  from the Matheson Co.; ND3, 98% i s o t o p i c a l l y  

Ammonia 
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542 ANDERSON AND BOBBIE 

pure, from Merck, Sharp and Dohme) was slowly bubbled into a 

mixture of 2 5  m2 boron trifluoride-ethyl ether complex (Xatheson, 

Coleman, Bell) and 100 me anhydrous ether (Baker) in a flask 

flushed by nitrogen gas. The temperature of the mixture was 

maintained at 15 C by a thermo-electric cooling unit, acd the 

reaction was complete in about 90 minutes. Excess ether was 

decanted from the flask, and the remaining solid was pumped for 

0 

48 hours before being transferred under nitrogen to small vials. 

N u j o l  mull samples on polyethylene or sodium chloride substrates 

were prepared in a nitrogen-purged glove bag. For the inr infrared 

spectra of samples at 98 K, a thin layer of powder was sandwiched 

between two polyethylene discs, which were then mcunted in a 

conventional glass cryostat, cooled with liquid nitrogen. Temp- 

eratures were recorded with a copper-constantan thermocouple, and 

are estimated to be accurate to i1 K. 
-1 Spectra in the region 300-4000 cm were recorded on a 

Beckman IR 12 filter-grating spectrometer, purged with drv 

nitrogen gas. Ear infrared spectra (20-400 cm ) were obtained 5:: 

Fourier transformation of the output of a Michelson interferometer 

(RIIC-Beckman, FS 6 2 0 ) ,  which was evacuated to minimize water 

vapour absorption. This instrument used a mercury-in-quartz lamp 

as source, Mylar film as beam divider, and a germanium bolometer 

operating at 4 . 2  K as detector. An on-line mini-computer (Data 

General, Nova 2)  was used to transform the interferograms and to 

obtain transmission spectra, after ratioing against background 

intensities. The instrument was calibrated for frequency accuracy 

-1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
2
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



SPECTRA OF AMMONIA-BORON TRIFLUORIDE 943 

and r e s o l v i n g  power by r e c o r d i n g  t h e  r o t a t i o n a l  spec t rum of water 

vapour  and comparing w i t h  s t a n d a r d  v a l u e s  lo. 

maximum a b s o r p t i o n  are  e s t i m a t e d  t o  be a c c u r a t e  t o  11 c m  , e x c e p t  

f o r  weak broad  bands o r  s h o u l d e r s  ( 2 2  c m  ) .  A r e s o l v i n g  power 

of  2 . 5  c m  (cor responding  t o  a maximum m i r r o r  d i sp lacement  of 

2 nun) w a s  used  f o r  t h e s e  s p e c t r a .  

F r e q u e n c i e s  of 

-1 

-1 

-1 

FSL‘LTS 

S p e c t r a  r e c o r d e d  i n  t h e  m i d - i n f r a r e d  r e g i o n  are e s s e n t i a l l y  

t h e  same as t h o s e  o b t a i n e d  by T a y l o r  e t  al.’, and d e t a i l s  w i l l  n o t  

b e  r e p e a t e d  h e r e .  

t h e  samples .  I n  p a r t i c u l a r ,  decomposi t ion  of NH BF i n  t h e  

They serve as  a u s e f u l  check on t h e  p u r i t y  of 

3 3  

p r e s e n c e  of m o i s t u r e  can be  d e t e c t e d  by m o n i t o r i n g  t h e  r e g i o n  n e a r  

800 cm , as shown by T a y l o r  e t  a l .  . Commercial samples ,  used  i n  

t h e  e a r l y  e x p e r i m e n t s ,  a lways showed a p p r e c i a b l e  c o n t a m i n a t i o n ,  

-1 2 

b u t  t h o s e  p r e p a r e d  and handled  as d e s c r i b e d  above appeared  t o  be  

f r e e  of  s p u r i o u s  a b s o r p t i o n s .  

F a r  i n f r a r e d  s p e c t r a  o f  NH3BF3 and ND3BF3 a t  98 K are shown 

i n  F i g .  1 and show f a r  more d e t a i l  t h a n  t h o s e  of  samples  a t  room 

tempera ture .  F r e q u e n c i e s  o f  maximum a b s o r p t i o n  f o r  samples  a t  

300 K and 98 K are c o l l e c t e d  i n  Table  1 and compared w i t h  

p r e v i o u s l y  measured v a l u e s  where a v a i l a b l e .  R a t i o s  of cor respond-  

i n g  f r e q u e n c i e s  f o r  t h e  two i s o t o p i c  s p e c i e s  are a l s o  l i s t e d ,  and 

ass ignments  of  t h e  peaks ,  t o  be d i s c u s s e d  i n  t h e  n e x t  s e c t i o n ,  are 

summarized i n  t h e  r i g h t  hand column. 
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9 44 ANDERSON AND BOBBIE 

FIG. 1. F a r  I n f r a r e d  a b s o r p t i o n  s p e c t r a  of  NH3BF3 (upper  curve)  
and ND3BF3 ( lower c u r v e ) .  Sample Temperature:  98K 
I n s t r u m e n t a l  Resolu t ion :  2.5 cm'l. 

DISCUSSION 

8 
A comparison of t h e  f r e q u e n c i e s  i n  s o l i d  NH3 and BF3 

L t o  t h o s e  of cor responding  modes i n  NH3BF3 

e s t i n g  e f f e c t s .  

1058 cm ) i s  a p p r e c i a b l y  s h i f t e d  i n  NH3BF3 (w2, 1438 cm-'). 

On t h e  o t h e r  hand, f o r  BF a l l  f r e q u e n c i e s  are changed, t h e  

l a r g e s t  s h i f t  b e i n g  f o r  t h e  an t i - symmetr ic  s t r e t c h  which h a s  a 

v a l u e  of  v 3  - 1403 cm 

NH BF o r  1090 cm-' i n  ND3BF3. One f a c t o r  i n f l u e n c i n g  t h e s e  changes 

i s  t h e  c o u p l i n g  between t h e  two p a r t s  of t h e  a d d u c t  molecule ,  b u t  

t h i s  should  n o t  b e  l a r g e ,  since t h e  NH f r e q u e n c i e s  a r e  

c o n s i d e r a b l y  h i g h e r  t h a n  t h e  cor responding  ones i n  BF3. 

r e v e a l s  some i n t e r -  

For NH3, o n l y  t h e  symmetric deformat ion  (w2, 
-1 

3 

-1 i n  BF and becomes w = 1148 cm-l i n  3 9 

3 3  

3 
b more 
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SPECTRA OF AMMONIA-BORON TRIFLUORIDE 945 

TABLE 1 

Far Infrared Spectra of IJH BF and ND3BF3; Frequencies of Maximum 3 3  
Absorption (in cm-l) 

Present Work Previous Work 
Assignment 

3 0 0 F  98K 3 0 0 r  
- 

9 8K 3001 Ratio ,98K 

45 44 1.02 

52(sh) 51(sh) 1.02 

62 63 60 61 57a 1.03 

67 65 1.03 

85 85 1.00 

V 
T 

99 98 60-130a 1.01 

128 118 118 112 1.05 

136 

158 

127 

140 (sh) 

1.07 VL (XY) 

1.13 

225 203 19 3 202e 1.00 v,(z) 

6 254 190e 1.34 W 

316 293 304d,308C 1.08 

342 331 312 3Mb. 322a 

339 v12 306 1.09 
330d,334b 

a Ref.6; bRef.2; 'Ref.2(ND3BF3); dRef.5; e Note change in ordering, 

see text; (sh) = shoulder; wT = translation; v = libration. L 
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946 ANDERSON AND BOBBIE 

impor tan t  e f f e c t  is t h e  change i n  geometry, p a r t i c u l a r l y  f o r  BF3, 

which i s  d i s t o r t e d  from i t s  p l a n a r  c o n f i g u r a t i o n :  F-B-F, 

120°-111"; atid a l s o  undergoes a n  i n c r e a s e  i n  bond l e n g t h :  

1 .29 %1.38 2 11, 

B-F, 

The c r y s t a l l i n e  environment  w i l l  a l s o  cause  changes i n  t h e  

normal mode f r e q u e n c i e s ,  as w e l l  as t h e i r  a c t iv i t i e s  and m u l t i -  

p l i c i t i e s .  

and 5 of E symmetry, a l l  of  which are i n f r a r e d  and Raman act ive,  

and a s i n g l e  A2 t o r s i o n a l  mode, which is o p t i c a l l y  i n a c t i v e .  

r e s u l t  of t h e  low s i t e  symmetry i n  t h e  c r y s t a l .  t h e  E modes l o s e  

t h e i r  degeneracy,  and when account  is a l s o  taken  of coupl ing  

between molecules  i n  t h e  l a r g e  u n i t  c e l l ,  a group t h e o r e t i c a l  

a n a l y s i s  p r e d i c t s  tha t  a l l  A modes, i n c l u d i n g  t h e  t o r s i o n ,  s h o u l d  

show 3 i n f r a r e d  components and a l l  E modes 6 components. I n  

a d d i t i o n ,  t h e r e  w i l l  be  1 5  i n f r a r e d  active l a t t i c e  v i b r a t i o n s ,  of 

which 9 are l i b r a t i o n a l  and 6 t r a n s l a t i o n a l  i n  o r i g i n .  

For t h e  f r e e ' m o l e c u l e  t h e r e  are 5 modes of A1 symmetry 

A s  a 

The lowes t  f requency  f e a t u r e  observed i n  t h e  

work of T a y l o r  e t  a1.2 cor responds  t o  t h e  h i g h e s t  

a b s o r p t i o n  i n  t h e  p r e s e n t  f a r  i n f r a r e d  s t u d y ,  and 

comprehensive 

frequency 

is a s s i g n e d  t o  

1 2  
' J ~ ~ ,  t h e  asymmetric BF3 deformat ion  . In t h e  low t e m p e r a t u r e  

s p e c t r a ,  t h e r e  i s  evidence  of  c r y s t a l  f i e l d  s p l i t t i n g ,  w i t h  3 

components r e s o l v e d  f o r  NH BF and 2 f o r  t h e  d e u t e r a t e d  sample.  3 3  

The t o r s i o n a l  mode, v 6 ,  is expec ted  t o  be o n l y  weakly 

i n f r a r e d  a c t i v e  f o r  t h e  c r y s t a l .  

i s o t o p i c  f requency r a t i o  f o r  t h i s  mode is given  by 

A s  shown by Herzberg13,  t h e  

' j 6 ( ~ ~  BF ) :  u ( N D ~ B F ~ )  = J [ I ( N D ~ ) X I ( N H  BF 1: I ( N H ~ ) X I ( N D ~ B F ~ ) ]  
3 3  6 3 3  
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SPECTRA OF AMMONIA-BORON TRIFLUORIDE 947 

where the  1's are the  moments of i n e r t i a  about t he  B-N a x i s .  

When t h e  s t r u c t u r a l  d a t a  a r e  s u b s t i t u t e d ,  a va lue  of 1.39 i s  

obta ined .  F o r  l i b r a t i o n s  about t h e  B-N a x i s ,  which d i f f e r  fram 

5 

t he  t o r s i o n  only i n  t h a t  both p a r t s  of the molecule r o t a t e  i n  

phase in s t ead  of anti-phase,  and which are a l s o  expected t o  be 

weakly absorbing, t h e  i s o t o p i c  freqeuncy r a t i o  is equal  t o  t h a t  

of the  square  r o o t s  of t h e  t o t a l  moments of i n e r t i a ,  a va lue  of 

1:Ol. From Fig.  1, i t  i s  seen t h a t  t he  s p e c t r a l  reg ion  j u s t  

below the  s t rong  v abso rp t ion  i s  cha rac t e r i zed  by two weak 

broad overlapping bands, t he  more i n t e n s e  of the two being a t  a 

lower frequency i n  NH BF 

frequency r a t i o  of t he  weaker bands i s  about 1.37 and t h a t  of  

t he  s t ronge r  is about un i ty .  These f e a t u r e s  a r e  t h e r e f o r e  

t e n t a t i v e l y  assigned a s  o r i g i n a t i n g  from t h e  t o r s i o n ,  ' J ~ ,  and 

l i b r a t i o n ,  v ( z ) ,  r e spec t ive ly .  

12 

and a t  a h igher  i n  ND3BF3. The 3 3  

L 
Libra t ions  about axes perpendicular  t o  the  B-N bond, vL(xy) 

are expected t o  be cha rac t e r i zed  by t h e  following f a c t o r s :  

(a) Since t h e r e  is  an o s c i l l a t o r y  d i p o l e  d i r e c t l y  a s s o c i a t e d  

wi th  t h i s  motion, t he  i n f r a r e d  abso rp t ion  w i l l  be much s t r o n g e r  

than  f o r  u6 and v,(z). 

(b) The abso rp t ion  w i l l  be  q u i t e  broad, s i n c e  t h e  c e n t r e  of 

mass is c lose  t o  t h e  boron atom and so t h e  H atom amplitudes w i l l  

be f a i r l y  l a r g e  and hence sub jec t  t o  anhannonic e f f e c t s .  

(c )  The i s o t o p i c  frequency r a t i o ,  based on moments of 

i n e r t i a  about axes  through t h e  c e n t r e  of mass, i s  c a l c u l a t e d  t o  be 

1.12. 
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948 ANDERSON AND BOBBIE 

These arguments lead to the assignment of the strong absorptions 

in the 100-160 cm region to components of w ( x y ) .  
-1 

L 
Translational modes, which involve displacements of the 

molecular centres of mass relative to each other, usually result 

in sharper absorptions than librations, and for polar molecules, as 

for example in the hydrogen halides14 and hydrogen sulfideL5, also 

less intense ones. 

square root of molecular mass, and this leads to an isotopic 

Their frequencies are proportional to the 

frequency ratio of 1.02 in this case. 

100 cm'l, all 6 infrared active translations (v,) predicted by 

group theory may be identified in this way. 

In the region be low 

CONCLUDING REMARKS 

All observed features in the far infrared spectra of NH3BF3 

and ND BF have been interpreted in a straightforward manner. 

However, not all components of the torsional and librational modes 

have been resolved, and alternative assignments to those suggested 

3 3  

here are quite possible. In fact, because of the low symmetry of 

the crystal and the proximity of many of the peaks, mixing between 

different modes is quite likely, so that the conventional labels 

may be inappropriate. Further research, such as neutron 

diffraction experiments to locate the hydrogen positions more 

definitely, and Raman studies to observe the other lattice modes, 

is needed to complete our understanding of these interesting 

crystals. 
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