
CHAPTER 4 เ

X .

■ ;c p  j

'๙'kaaivp','-''
STRUCTURAL โ?1TUDY BY IlIERhBED SPECTROSCOPY

I n f r a r e d  s p e c t ro s c o p y  i s  a  te c h n iq u e  t h a t  f i n d s  a  w ide 
v a r i e t y  o f  u s e s  b o th  in  i n d u s t r i a l  a n a l y t i c a l  l a b o r a t o r i e s  and in  
r e s e a r c h  l a b o r a t o r i e s  o f  a l l  ty p e s ,  a s  i t  f u r n i s h e s  in f o r m a tio n  t h a t  
i s  u s e f u l  i n  o u a l i t r . t i v e  and q u a n t i t a t i v e  a n a l y s i s .  I t  i s  a  c o n v e n ie n t  
ty p e  o f  a n a l y s i s  w hich i s  u s e f u l  f o r  ra ic ro s a n p lo s  (down to  th e  
ร ub m i  c r  0 g r  an r  an ye ) 0

The m ethod i s  r a p id  and e a sy  to  re p ro d u c e  and can  be a p p l ie d  
to  any  P h y s ic a l  s t a t e .  M orcvcr, s p e c t r a  a re  e a s i l y  to  h a n d le  d o cu m en ts , 
i t  h a s  th e  p a r t i c u l a r  advent.''.ye t h a t  a l l  o rg a n ic  and m ost in o r g a n ic  
s u b s ta n c e s  have t h e i r  own c h a r a c t e r i s t i c  s p e c t r a  in  th e  i n f r a r e d  
r e g io n .

I n f r a r e d  a b s o r p t io n  s p e c t r a  can  be em ployed f o r  th e  
i d e n t i f i c a t i o n  o f  P ure compounds o r  f o r  th e  d e t e c t i o n  and i d e n t i f i c a t i o n  
o f  i m p u r i t i e s .  T hus, f o r  th e  i d e n t i f i c a t i o n  o f  p u re  compound th e  
sp ec tru m  o f  th e  unknown i s  com pared w ith  th e  s p e c t r a  o f  a l im i t e d  
num ber o f  p o s s ib l e  s u b s ta n c e s  s u g g e s te d  by o th e r  p r o p e r t i e s ,  when 
a m atch  betw een  th e  s o o c t r a  i s  o b ta in e d ,  th e n  i d e n t i f i c a t i o n  i s  
c o m p le te ,

The sp e c tru m  o f  a  m ix tu re  o f  compounds i s  e s s e n t i a l l y  t h a t  
o f  th e  sum o f  tl '10 s p e c t r a  of tlic  i n d i v i d u a l  com po n en ts, w h ile  
a s s o c i a t i o n ,  d i s s o c i a t i o n ,  p o ly m e r i s a t io n ,  o r  compound fo rm a tio n  
d o es  n o t  ta k e  p la c e .  In  o r d e r  to  d e t e c t  im p u r i ty  in  " s u b s ta n c e ,



c o m p a r is o n  c a n  "Sc n o d e  o f  t h e  n p o c t r u n  o f  t h e  s u b s t a n c e  w i t h  t h a t  o f

th e  p u re  compound ; i m p u r i t i e s  w i l l  c a u se  e x t r a  a b s o r p t io n  b and s to  
a p p e a r  in  tile  sp e c tru m ,

The a p p l i c a t i o n  o f  i n f r a r e d  s p e c tro s c o p y  to  th e  i d e n t i f i c a t i o n  
o f  in o r g a n ic  compounds h a s  b een  somewhat lo s s  s u c c e s s f u l .  Many s im p le  
in o r g a n ic  co m o u n d s  such  a s  th e  b o r id e s ,  s i l i c i d c s ,  n i t r i d e s  and 
o x id e s  do n o t  a l 's o rb  r ~ d i~ t io n  in  th e  r e g io n  b e tw een  4000 and 600 emT^ 
Onxy w i th in  th e  l a s t  10 y e a r s ,  in s t r u m e n ts  become a v a i l a b l e  w ith  w hich 
in c lu d e  th e  r e g io n  below  600 cm ^ and i t  h a s  b een  d e v e lo p e d  to  o o v e r 
th e  f a r - i n f r a r e d  r e g io n  Tv tw een  200 and 10 cm7~ These a r c  th e  r e g io n s  
in  w hich m ost in o r g a n ic  corroounds a b s o rb  i n f r a r e d  r a d i a t i o n .

T’Then  s ta n d a r d  s p e c t r a  a rc  a v a i l a b l e ,  a  compound ouch a s  IOT0 
can  e a s i l y  ง''1 d i s t i n g u i s h e d  from  ITal'IO  ̂ o r  C a(llO ^)p , b u t  in  th e  a b sen ce  
o f  s ta n d a rd  s p e c t r a ,  s p e c i f i c  i d e n t i f i c a t i o n  o f  a  c a t io n - a n io n  p a i r  
i s  u s u a l l y  n o t  p o s s ib l e  by i n f r a r e d  s p e c t ro s c o p y .  The d i f f e r e n c e s  
b e tw een  th e  s p e c t r a  o f  KMÔ  and Ca(lTO^)9 f o r  exam p le , a r e  l a r g e l y  due
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to  two e f f e c t s
1 ) th e  e x te n t  to  w hich  th e  c a t io n  p e r tu r b s  th e  i n t e r n a l  v i b r a t i o n  o f

th e  a n io n
2 ) ch an g es  ill  th e  c r y s t a l  s t r u c t u r e  o f  th e  sy s te m . T h e"second  o f f o ô t  

i s  p ro no un ced  in  th e  f a r - i n f r a r e d  r e g io n  th a n  in  th e  r e g io n
4000 -  600 cm7~

In  o b ta in in g  i n f r a i e d  s p e c t r a  o f  in o r g a n ic  s o l i d s ,  an 
e x p e r im e n ta l  c o m p l ic a t io n  a r i s e s  from  p o s s ib l e  c h e m ic a l r e a c t i o n  
( c a t io n  ex ch ang e) b e tw een  th e  in o rg a n ic  compound and the  i n f r a r e d



window m a te r ia l or su pp ort medium. Care h as ๖ 0011 e x e r c is e d  in  th e  
s e l e c t i o n  o f  method p rep a r in g  sam ples h ere so as to  ovo id  th e ir  
d i f f i c u l t y

Uhen th e co m p o sitio n  o f  .omuound i s  known, in fr a r e d  
sp ec tro sc o p y  can p rovid ed  in fo rm a tio n  about s t r u c tu r a l  do t e m in e t i en . 
Suppose th a t  a m olecu le  has severe,], p o s s ib le  s t r u c tu r e s , each o f  which  
b e lo n g s  to  a d i f f e r e n t  p o in t  group. Then the number o f  in fr a r e d  a c t iv e  
fundam entals sh ou ld  be d i f f e r e n t  fo r  each s t r u c tu r e .  T herefore the  
most p robab le model can be s e le c t e d  by com paring th e observed  number o f  
in fr a r e d  a c t iv e  fundam entals w ith  th a t p r e d ic te d  th e o r e t ic  l l y  fo r  each  
m odel.

C on sid er the XoP. m olecu le  a s  an oxam nlc. I t  may be e i t h e r  
te tr a h e d r a l or square p la n a r . U sin g  the method o f  s e l e c t i o n  r u le s  fo r  
in fr a r e d  s p e c tr a ,  th e number o f  in fr a r e d  a c t iv e  fundam entals can be 
found e a s i l y  fo r  each s t r u c tu r e .

S e le c t io n  p u le s  fo r  In frared  S pectra

c co rd in g  to  fu an tu n  m ech anics, the s e l e c t i o n  r u le s  fo r  
th e in fr a r e d  speccrum i s  determ ined  by th e in te g r a ls
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บ ,''

(เร  1 (  Q .a ) ,M - ‘Ÿ J J  (  ^  Q a

lere JJ- i s  the c lip o le  moment in  the e le c t r o n ic  ground s t a t e ,  )̂  น the
v ib r a t io n a l  e ig e n fu n c t io n , and บ and '๙ arc the v ib r a t io n a l  (•นททturn 
numbers b e fo re  and a f t e r  th e t r a n s i t io n ,  r e s p e c t iv e ly .  The a c t i v i t y  o f  
th e normal v ib r a t io n  whose normal c o o r d in a te , Q^jis b e in g  d eterm in ed .



By r e s o l v i n g  t h e  d i p o l e  m oment i n t o  t h e  t h r e e  c o m p o n e n ts  i n
nd z d ir e c t io n s , wo 0๖ ta in t th e  r e s u l t

ร ุ 3 / 7/■ M-X’ if fพ ' j . 1 -  f  ) M x V 'f’ ) d  Q a

 ̂ j \ r  'r —  ; y j  (Q .0t ) d y  d Q 0-

[ ^ ]  ' y “  ! y *  (Qev-)M-f y ง ' a . )  d Q c x .
I f  one o f  th o se  in t e g r a l s  i s  n o t zero  y th e normal v ib r a t io n  a s s o c ia te d  
w ith  o  i s  in fr a r e d  a c t iv e .  I f  a l l  the in t e g r a l s  arc zero  5 the v ib r a t io n  
i s  in fr a r e d  i n a c t i v e .  I t  i s  seen  in  the r e s u l t  o f  s e l e c t i o n  r u le s  th a t  
the te tr a h e d r a l  s tr u c tu r e  has tiro in fr a r e d  a c t iv e  fu n d a m en ta ls( one 
s t r e t c h in g  and one b e n d in g ), whereas th e  sq u a re-p la n a r  s tr u c tu r e  has
th ree  in fr a r e d  a c t iv e  fundam entals (one s t r e t c h in g  and two b e n d in g s ) .
The i n f r a r e d  sp e c tru m  o f Xe-P/1 in  th e  v ap o u r p h ase  e x h i b i t s  one Xc-F
s t r e t c h i n g  a+ 586 cm  ̂ and two FXeF b e n d in g s  a t  2 9 1  and 1 2 3  cm .^
T hus, th e  s o u a re  p la n a r  s t r u c t u r e  o f  D-, sym m etry i s  p r e f e r a b l e  to  th e4h
t e t r a h e d r a l  s t r u c t u r e  o f  T , sym m etry . T h is  method i s  w id e ly  u sed  f o r  
th e  e l u c i d a t i o n  o f  m o le c u la r  s t r u c t u r e  o f  in o r g a n ic ,  o r g a n ic ,  and 
c o o r d in a t io n  com pounds, d e c e n t l y ,  th e  s t r u c t u r e s  o f  v a r io u s  m e ta l 
c a rb o n y l  compounds have boon d e te rm in e d  by t h i s  s im u le  te c h n iq u e .

I t  sh ou ld  be n o te d , how ever, th a t  t h i s  method d oes n o t g iv e , 
a c le a r - c u t  answer i f  the p r e d ic te d  number o f  in fr a r e d  a c t iv e  
fu nd am en tals i s  s im ila r  fo r  v a r io u s  p robable s t r u c t u r e s .  Furtherm ore, 
a p r a c t ic a l  d i f f i c u l t y  a r i s e s  in  d eterm in in g  th e number o f  fundam entals 
from th e observed  spectrum , s in c e  th e i n t e n s i t i e s  o f  o verto n e  and 
com b in ation  bands arc som etim es com parable to  th o se  o f  fundam entals 
when th ey  appear as s a t e l l i t e  bands o f  the fund am en ta lร . F in a l ly ,  i t
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sh ou ld  be remember th a t th e m o lecu la r  symmetry in  th e  i s o la t e d  s t a t e
(27)i s  n ot n e c e s sa r y  th e same as th a t in  th e c r y s t a l l in e  s t a t e )

The d is c u s s io n  o f  in fr a r ed  fundam entals fo r  in o r g a n ic  
compounds arc d iv id e d  bjr number 01 atoms and s t r u c tu r e s  in v o lv ed  in  
th e  m o le c u le s , i„ e ,

1 . D iatom ic m olecu les»
2 .  L inear tr ia to m ic  m o le c u le s .
3 . Dent tr ia to m ic  m o le c u le s .
4 . Pyram idal four-atom  m o le c u le s .
5» P lan ar fou r-atom  m o le c u le s .
6 . Other fou r-atom  m o le c u le s ,
7 . F ive-a tom  m o le c u le s , te tr a h e d r a l and square p la n a r .
8 . More than f iv e -a to m  m o lecu le s  such a s  XY(- , XY^, e t c .

l )  In d i a t omic m olecul e s ,  th ere  i s  o n ly  one v ib r a t io n  a lo n g  th e  
ch em ica l bond, i t s  freq u en cy  i s  g iv e n  by

y  * X  /  j L
iTicV น ิ

■ where k i s  th e fo r c e  c o n s ta n t , M- th e reduced m ass, and c th e  v e l o c i t y  
o f  l i g h t .  In homopolar X-X m o le c u le s , the v ib r a t io n  i s  n o t in fr a r e d  
a c t iv e ,  whereas in  h e te r o p o la r  X-Y m o le c u le s , i t  i s  in fr a r e d  a c t iv e .
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2) F or l i n e a r  t r i a t o m i c  m o le c u le s , th e  th r o e  n o rm al modes o f
v i b r a t i o n  o f l in e a r  X. and YXY rao_ccu les a rc shown in  F ig  4 .1

F ig  4 .1  Norm al modes o f  v i b r a t i o n  in  0อ2 and HgO m o le c u le s  
(+ and -  d e n o te  th e  v i b r a t i o n s  g o in g  upward and downward, 
r e s p e c t i v e l y ,  i n  th e  d i r e c t i o n  p e r p e n d ic u la r  to  th e  p a p e r  
p la n e ) ^ 2 7 '
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The f r e q u e n c y  i s  n o t  i n f r a r e d  a c t i v e  w h ereas  v'p and V 3 a re  
i n f r a r e d  a c t i v e  b u t  in  l i n e a r  m o le c u le s  XYZ, th e  t h r e e  n orm al modes 
o f  v i b r a t i o n  shown in  F ig» 4 .2  a re  i n f r a r e d  a c t iv e »

>1 ( r + )
A z

-J ,----- 9  ̂ (XT)

v2 ( I I )  . ---------------}y----------------------- ôd (xyz)
4

y 3 ( ^ + ) ------------ o   --------------------— ๐  > (T Z )

F ig . 4 .2  Formal modes o f  v ib r a t io n  o f  l in e a r  XÏZ m o lecu les

30 Bent tr ia to rn ic  m o lecu le s  have th ree  normal modes o f  v ib r a t io n  
th a t  are shown in  F i g .4 .1  a s  normal modes o f  v ib r a t io n  in  HO m o le c u le s . 
The v ib r a t io n s  are in fr a r e d  a c t iv e  w hether the m o lecu le  i s  sym m etrica l 
(x rx  and X y  or asym m etrica l (XYZ, XXY) .  In many compounds o f  t h i s  
ty p e , the a n tisy m m etr ic  s t r e t c h in g  fr e q u e n c y ( V3 ) i s  h ig h e r  than  
tho sym m etrica l one (v ^) how ever, t h i s  i s  n o t tru e  fo r  0 , FgO,
(NO r  and r* 0 ( i c e ) .

V ib r a t io n a l fr e q u e n c ie s  o f  w ater in  v a r io u s  o rg a n ic  s o lv e n t s  
have been s tu d ie d  by G reinacher e t  a l .  For exam ple, d ioxan e s o lu t io n s  
o f  w ater e x h ib i t  th ree  bands a t  3 5 1 8 ? 16 3 8  and 3584  cm }

A p p aren tly , hydrogen bonding betTfeen w ater and d ioxan e i s  r e s p o n s ib le  
fo r  th e s h i f t s  o f  th e s t r e t c h in g  modes to  low er fr e q u e n c ie s  and fo r
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th e  s h i f t  o f  th e  b e n d in g  mode to  h ig h e r  f r e q u e n c ie s .

4 ) The f o u r  n orm al modes o f  v i b r a t i o n  o f  a p yram ided  f o u r  atom  XT

m o le c u le s  (3 ) a re shown in  F ig .  . 3

3 A  \
A  / c -V)

y 1 (a1 ) 
y s (XY)

» A V  v 3 a (E)
ûJY X Y ) V 1 (XY)

V 4 a <s >
£ rl(YXY)

F ig .  4 .3 n orm al modes o f  v i b r a t i o n  o f  p .y ram idal XY  ̂
(27)m o le c u le s ' '

These fo u r v i b r a t i o n s  a re  i n f r a r e d a c t i v e ,  each  band o f
s p e c t r a  i s  s p l i t  up i n to  tw o , b ec a u se  o f  i n v e r s io n  d o u b lin g .  T h is  
a r i s e s  in  p y ra m id a l XY-1 m o le c u le s ,  w h ereas  th e  two c o n f ig u r a t io n s  
shown i n  th e  s k e tc h  a re  e q u a l ly  p r o b a b le .  I f  th e  p o t e n t i a l  b a r r i e r  
b e tw een  th e s e  two c o n f i g u r a t i o n s  i s  s m a l l ,  th e  m o lec u le  may r e s o n a te  
be tw een  th e  two s t r u c t u r e s .  As a  r e s u l t ,  each  v i b r a t i o n a l  l e v e l  a ls o  
s p l i t s  นp i n to  tw o . S u b s t i t u t i o n  o f  a. z atom  f o r  one Y atom  in  th e  
XY3 (py ra m id a l  fo u r -a to m  m olecu l e s )  lo w e rs  th e  sym m etry to  c 0v , a s
a. r e s u l t ,  th e  d e g e n e ra te  v i b r a t i o n s  s p l i t  up i n t o  two b a n d s , th u s
s i x  v i b r a t i o n s  a r e  o b s e rv e d . A ll  o f  w hich  a re  i n f r a r e d  a c t i v e . I f  two
o f  th e  Y atom s a re  r e p la c e d  by two d i f f e r e n t  a to m s , "โ and z, th e
sym m etry i s  lo w ered  to  0-,. S ix  v i b r a t i o n s  a re  o b s e rv e d . A ll  o f  w hich

(28)a re  a ls o  i n f r a r e d  a c t i v e
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5) In  p i a  ng.r f o u r  atom s m o lecu le  XYy th e  f o u r  n orm al modes o f  
v i b r a t i o n  a re  shown in  F ig .  4 .4

p 'p1
ร-* 1

+C A +
T1 Y2V1 (A-1) TTpp)

i

พ 3 ( ธ , ) 
V g O rc )

V 4 ( E , )6 d (YXY)

F ig .  4*4 Norm al modes o f  v i b r a t i o n  o f  p la n a r  XYA m o le c u le s (27)

The v ib ra tio n s  \J 9 พ(5 9 are in fra re d  a c t iv e ^ c a lc i te  and
arag o n ite  (CaCCp e x h ib it d i f f e r e n t  sp e c tra  although th e i r  chemical 
com position are  the sane, owing to the d iffe re n c e  in  c ry s ta l  s tru c tu re s , 
Because o f in term o lecu la r in te r a c t io n s , the symmetry of a molecule
i s  g e n e r a l l y  lo w er i n  th e  c r y s t a l l i n e  s t a t e  th a n  in  th e  g a se o u s  
( i s o l a t e d )  s t a t e .  The change in  sym m etry may s p l i t  th e  d e g e n e ra te  
v i b r a t i o n s  and a c t i v a t e  i n f r a r e d  i n a c t i v e  v i b r a t i o n .  In  a d d i t i o n ,

* th e  s p e c t r a  o b ta in e d  in  th e  c r y s t a l l i n e  s t a t e  e x h i b i t  l a t t i c e  m odes- 
v i b r a t i o n s  due to  t r a n s l a t o r y  and r o t a t o r y  n o t io n s  o f  a  m o le c u le s  in  
th e  c r y s t a l l i n e  l a t t i c e .  A lth o u g h  t h e i r  f r e q u e n c ie s  a re  u s u a l l y  
low er th a n  300 c m /  th e y  nay  a p p e a r  in  th e  h ig h  f re q u e n c y  r e g io n
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as th e com b in ation  bands w ith  in te r n a l  m odes.

I f  Olio o f  th e Y atoms o f  0, p la n a r  XY, m o lecu le  i s  r ep la ced  
by a z  atom ( ZXYpir i l e c u l e  ) ,  th e symmetry i s  low er . I f  two o f  th e Y 
atoms are r o p la ced  by two d i f f e r e n t  a tom s, IT and z ,  th e symmetry i s  
low ered  fu r th e r .  For b oth  c a s e s ,  a l l  s i x  v ib r a t io n s  become a c t iv e  
in  th e in fr a r e d  s p e c tr a .

For fou r-a tom  m o lecu le s  XpY 0 l ik e  H2C9 , s e v e r a l  d i f f e r e n t  
m odels have te e n  su g g e s te d , but th e n on polar ( tw is te d  about the  
X-^-Xg a x i s )  and p la n a r  m odels are most p ro b a b le , s i x  normal modes 
o f  v ib r a t io n  and th e band a ssign m en ts fo r  th e se  two m odels are shown in

Vs vXY) V (xx) & (Yxx)
planar(C2v)A1 (p) A1 (p) V p )

ITonplanar(C2 ) A(p) A(p) A(p)

V — ./  A Y  V /  ไ\
Va s <XY) 6 a s < ™ > Pt (XY)

P lan ar ร 2 (dp) B2 (dp) À9 (dp)
Nonp1anar B(dp ) B(dp) A(p)

F ig . 4 .5  Normal modes o f  v ib r a t io n  o f  n o n lin e a r  m o lecu les (27)
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I t  i s  n o t ea sy  to  d is t in g u is h  betw een the two m odels from  
th e  v ib r a t io n a l  s p e c tr a ,  s in c e  the o n ly  d i f f e r e n c e  betw een the two 
occu rs in  the \)  1r v ib r a t io n ,  i t  i s  in fr a r e d  in a c t iv e  in  th e p lan ar  
model but in fr a r e d  a c t iv e  in  th e uonplanar mode. A r e c e n t  stu d y  o f  
n eu tron  d i f f r a c t i o n  on s o l id  HpOg in d ic a t e s  th a t th e d ih e d r a l a n g le  
betw een two 0011 p la n e s  i s  about 9do

6) Other p lan ar fou r-atom  n o le c u los o f  the XY,, XY4X and ÏTXYd ty p e s  
have s i x  modes o f  v ib r a t io n  such a s  shown in  P ig  4 .6

/

t»

-« t - --------- « À * -
/

- - r -------
v f A ' ) /: >̂ V 2 น . ' )

น (px) v(XT)

Cj y~- พ
y

" V "
V3 (A ') Hi V v)
V (YZ) ü (ïïXY )

■L
V

y+o
<?-------

V 5 (A«) V6 (a *
6 (x yp) rr

‘X

P ig . 4 .6  normal modes o f  v ib r a t io n  o f  n o n lin e a r  IvXYZ
m o lecu le s (27)

A ll  th e se  v ib r a t io n  arc in fr a r e d  a c t iv e
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7) In f iv e -a to m  m o le c u le s , t e tr a h e d r a l and square udanar

7 c 1 T etra h ed ra l s t r u c tu r e s  are s tu d ie d  a s shown in  
F ig , • « 7 ,

' C:

I j  I
î r ' " £ " x î

o

V i  น ;1) V2 (b ) ■ , ^ 2 ) v'/| (P2 )
jJ a O ;ï;.d (YXY) (>A (yxy)

P ig ,  4 , 7 Normal nodes o f v ib r a t io n o f  te tra h ed r .
( 2 7 )m o le c u le s v '

The fo u r  normal nodes o f  v ib r a t io n  o f  a te tr a h e d r a l X Y /1

m o le c u le s , o n ly  .1.) and ■1). are in fr a r e d  a c t iv e ,  .Among the many XII,ว 4 4
m o le c u le s , th e M it io n  i s  c h e m ic a lly  the most im p o rtan t, I lo m ig  and

( 2 7 )CO—worker have made an e x te n s iv e  stu d y  o f  th e in fr a r e d  sp e c tr a
o f  ammonium h a lid e  c r y s t a l s .  They found th a t  th ere  i s  a com b in ation  
band betw een '>.̂ , (Fg) and 'J£ (r o ta to r y  l a t t i c e  v ib r a t io n )  as when the  
ammonium io n  d ees  n o t r o t a t e  f r e e ly  in  th e c r y s t a l  l a t t i c e .

I f  or.c o f  th e Y atoms o f  .an XY, m o lecu le  i s  r ep la ced  by a

7, atom , th e symmetry o f  th e m o lecu les  i s  low ered . I f  two o f  th e Y atoms 
arc r e p la c e d , tile  symmetry i s  a ls o  low ered . The lo w er in g  o f  symmetry 
s p l i t s  th e d eg en era te  v ib r a t io n s  and a c t iv a t e s  in fr a r e d  in a c t iv e  
v ib r a t io n s ,  th u s , the number o f  in fr a r e d  a c t iv e  v ib r a t io n  i s  in c r ea se d  
to  s i x  in  2XY  ̂ and to  n in e  in  '{9  m o le c u le s .



7 .2  Squar e - p l a n a r  X Ï  A m o le c u le s ,  th e  f i g u r e  4 = 8 shows th e
sev en  norm al modes o f  v i b r a t i o n  o f  sq u a re  'p la n a r  XY. m o le c u le s .d
The v i b r a t i o n  \j 9 \Js 9 \) a r c  i n f r a r e d  a c t i v e 0 3 ' o  (

éq(YXY')

P ig . ,8 Norm al modes o f  v i b r a t i o n  o f  s q u a r e - p la n a r  XY( 2 7 )
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8) More th a n  f iv e - a to m  m o le c u le s  such  a s  XY(-9 >[Y^9 T¥y e t c ,

( 8 .1 )  An XYj- m o le c u le s  may be a  t r i g o n a l  b ip y ra n id ;  . o r  a 
t e t r a g o n a l  p y ram id . I f  i t  i s  t r i g o n a l  b ip y ra m id a l ,  f i v e  o f  th e  e ig h t  
n o rm al v i b r a t i o n s  a re  i n f r a r e d  a c t i v e  (ao and E ) .  I f  i t  i s  t e t r a g o n a l  
p y ra m id a l,  o n ly  s i x  (A^ and E ) a rc  i n f r a r e d  a c t i v e ,  th e  v i b r a t i o n s  
mode a.re shown in  F i n . 4 .9

O Y

V (XY^

<bV5 (E')
V(XY)
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M A'l?
y  (XY)

{<p
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y

V6 ( ร , )
5 (yxy)

Q

Ô
y  4 น '-2 )
6 (YXY )

^rÇ
4

5 ' "V

v 8 ( ร ,,)
5  (YXY)

F ig .  4 »9 Normal .nodes o f  v i b r a t i o n  o f  t r i g o n a l  b ip y ra .m id a l 
XY(- m o l e c u l c s ^ ^ ^

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  in  th e  g a se o u s  and l i q u i d  
s t a t e s  p h o sp h o ro u s  p c n ta c lilo r itT e  (pclj-) e x i s t s  a s  a. t r i g o n a l  b ip y ra m id a l  
m o le c u le , w h ereas in  th e  c r y s t a l l i n e  s t a t e  i t  h a s  an  io n ic  s t r u c t u r e  
c o n s i s t i n g  o f  ( ? C l ) + (rci^-) u n i t s .



( 8 . 2 )  O c t a h e d r a l  XIV m o l e c u l e s .

The s ix  normal .modes of v ib ra tio n  of an oc tah ed ra l XY6
m olecules arc shown in  F ig .4 «10, 

Î~ Y
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\ • (P  )
1 4  1u J * 5 < v V py
b  (YXY) f(YXY) ‘.'(YXY)

F ig . 4.10 normal modes of v ib ra tio n  of o c tahed ra l 
XY,' m olecules ^

Only ฯ ไ.ท':ใ \}A are in fra re d  a c tiv e , the molecule XeFg is
d e f in i te ly  d is to r te d  from the re g u la r  o c tahed ra l co n fig u ra tio n . I f  i t
has o c tah ed ra l (o^) symmetry, i+ should oxoe®t one XoF s tro te h  in g ( F.J ) 
band between 650 and 500 e c u ' However, th roe bands were observed a t 
6 1 2 (s tron g ) 065(sh o u ld e r) , and 020 (medium) cm.^ The r e s u l t  suggests 
th a t i t s  symmetry i s  d e f in i te ly  lower than Oj (o c ta h e d ra l) .
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( 8 .3 )  XŶ  m o lecu les

M olecu les o f  t h i s  typ e are v ery  r a r e ; i f  i t  i s  
p en tagon a l b ip y ra m id a l, f i v e  v ib r a t io n s  shou ld  bo in fr a r e d  a c t iv e .
In the IF^ m o le c u le , th e se  v ib r a t io n a l  s p e c tr a  o f  6 7 6 ( A ^ ) ,  ^ Q ( A ^ ) ,
5 4 7 (E1 ) ,  4 2 6 (E^) and 2 5 0 (e ^) cm~^ are o b ta in e d , 30 th e s tr u c tu r e  o f  IF .̂ 
i s  p en tagon a l b ip y ra m id a l. The same c o n c lu s io n  has been  ob ta in ed  by 
n u c le a r  m agnetic reson an ce  and e le c tr o n  d i f f r a c t i o n  s t u d ie s  on t h i s  
m o le c u le .
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