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INF&&L;JG 3 W D Y  OF SdLID CYCLOPL"T&TUL 

Key words: polymorphism, hydrogen bond, 
i n f r a r e d  s p e c t r a  

A. S c i e s i h s k a ,  J. S c i e s i h s k i :  
and LiI. Godie 'wka 

I n s t i t u t e  of .Physics cf t h e  J a g i e l l o n i a n  
U n i v e r s i t y ,  Heymonta 4,  ~LJ-059 Krakb ,  
+ I n s t i t u t e  of  Nuclear  Phys ic s ,  Krako?v, 

Poland 

I n f r a r e d  a b s o r p t i o n  s p c t r a  of cyclopentanol-03 

and -OD have been measured i n  t h e  16 - 3700 cm" fre- 

quenc;. range f o r  c r y s t a l  I V ,  111, 11, I and l i q u i d  

phases.  The r o l e  o f  both t h e  hydrogen bond and t h e  con- 

formation of a molecule  i n  polyaorphism i s  d i scussed .  

INTtlOilUCTI 3X 
--_I 

The 9olymorphism of cyc lopen tano l  h a s  been prev i -  

ous ly  i n v e s t i g a t e d  by several methods. I n  c a l o r i m e t r i c  

n e a s u r e u e n t s l  j 2  t h e  t empera tu res  of phase t r a n s i t i o n s  

and t h e i r  thermodynamic parameters  were d e t e m i n e d .  

D i e l e c t r i c  s t u d i e s 3  showed t h a t  phases  I and I1 were 

r o t a t o r  phhses and allowed t h e  l e n g t h  o f  hydrogen bond- 

ed cha in  polymers t o  be es t ima ted .  Fundamental d a t a  on 
4 t h e  c r y s t a l  s t r u c t u r e  of r o t a t o r  phases  are also known. 

Sowever, i n f o m a t i o n  on t h e  mechanism of phase t r a n s i -  
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400 SCIESINSKA, SCIESINSKI, AND GODLEWSKA 

t i o n s  I s  n o t  comFle te  and t h e  f & c t c r s  I n f l u e n c i n g  i o l y -  

nor>tism Ere n o t  k n o w  ; lo t .  Tbe a i m  o f  t P i 3  worK ’rytis 

t o  s t u d y  t h e  r o l e  of b o t h  t h e  hydrcgen bond and t h e  

c o n f o n i a t i o n  cf a m c l e c u l e  i n  pci;iaorp,hi=m of c y c l o -  

;ent ; lnol .  I n  visw of  t h e  rt;klt,s o b t u i n e a  r e c e n t l y  l o r  

cycI.cjhe~a1101’ i t  s e e n e a  th i : t  t h e  use :1‘ t h e  i i i ’ r a r e d  

s : :ec t  r0scoy.y tnethc.; nay give i F t e r e s t i n 6  i n i o r n s t i o n ,  

dlsjil L T L - i i Z  ~ J I ~ C L > ~ I - & J  

‘the t e u p e r a t u r e  dskenuence  of t k e  absc r : j t i on  spec -  

trm of C I 3E and GD was rneasured i n  t h e  t e m p e r a t u r e  

ru!;ge of 9 U  - 320 I. and I n  t h e  f‘requer!cy r ange  of 16 - 
37Uu cm” w i t h  a 212IL iB  FTS 14 s!mctrorneter .  T h e  tern- 

i j e r a t u r e  rmgs s t u d i e d  c o v e r 3  a l l  knoiwn c r : i s t a l l i n e  

p h i s e u  and the l i q u i i  ; L s e .  ik.e f r equency  range c o v e r s  

t o t h  t h e  l a t t i c e  mcde r e C i c n  (be low c a  270 m-’) trnd 

t h e  I n t e r n a l  v i b r a t i o n  r e g i o n  (above 27;; cm”),  bepre- 

s e n t d t l v e  r e s u l t s  a r e  shown i n  E’lg. I - 3. F i b u r e  I 

sho.v3 t h e  a b s o r F t i o n  s p e c t r h  of‘ p h a s e s  I and IV of cyc- 

l o p e n t s n o l - J L  ( CXL-ui i )  and -dL sbove 45il cm-’ . The 

spec t r i lm of phiiae I1 as w e l l  as  t L a t  of l l q u l d  is prac- 

t i c s 1 1 2  i d e n t i c a l  w i t h  t he  s p e c t r u r i  o f  phase I. This 

f a c t ,  found fcr a l l  p1i;st:c c r y s t a l s  l n v e ~ t i g a t e d ,  con- 

f i rms the  r o t a t l o n i i l  c l i a r a c t e r  of phhses I and 11, I n  

s p i t e  o f  t h e  tibove raent ioned c lose  s i m i l a r i t y  of t h e  

s p e c t r h  t h e  phase  11 - pkase  I t r h n s l t i o n  and t h e  nel t -  

i n 6  t r a n s i t i o n  are no t i ceab le  due  t o  s l i g h t  chances o f  
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TEMP 
[ K J  
26 2 
1 

243 
I 

203 
/ I  

193 

I I I  

FIG. 3 Infrared t ibsorpt ion s p e c t r a  of cyclopentanol-  
OH i n  t h e  l a t t i c e  niode range. From t h e  top:  l i q u i d  
(262 I;) ,  phase I (243 k), phiise I1 (203 K ) ,  phase I11 
(193 K )  and phase IV a t  two temperatures .  
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404 SCIESINSKA, SCIESINSKI, AND GODLEWSKA 

j)ehq i n t e n s i t i e s  ci’ certkin bonds ( I O O U ,  IC)i3U, 113b 

cli-.‘j. T ~ S  coaphri.3on 3f t h e  Zpec t r a  f o r  CPGL-GE and 

-JL ri.iiccs i t  ;;ossibie t o  a s s i g n  t h o  nodes of 2L and bi) 

Crouss. 53:;e u n c e r t d i n t y  s t i l l  r e n a i n s  about  t h e  OD i n  

;jlan.: bending band ( L A  i p  bend) :Nhich ov5rlap t h e  

s t r a ~ g  bane a t  l u d  C T ~  . A few of dii c n d  i)D bands 

p a r x i e t e r s  a r e  g i v s n  i n  Tables  I anc! 2. I t  can be add- 

ed t h a t  ti r i c h  s t r u c t a r e  cf t h e  uli snd i)D o u t  af p lane  

:’,.?sint; b a n d s  sneRrs o u t  gradual ly  under  h e a t i n g  and 

diszL!Gears c o a p l e t e l y  j u s t  a t  t l i f  @sse 111 - ;)hhSe 11 

t 1’933i t i on. 

-‘1 

i‘igure 2 y r e s e n t s  t t e  c h a r a c t e r i s t i c  changes visi- 

tle -t +,he ;!has€ I V  - $,;;.se I11 imd phase XI1 - phase 

I1 t r v n s i t i a n s  i n  t h e  interxL.1 modes range.  The most 

i i $ o r t s n t  r a c t  f o r  f u r t h e r  a n s l y s i ~  is t h e  a i s a b _  ’near- 

ance o f  a r a t h e r  s t ro r?g  band a t  l G 8 0  CCI” i n  t h e  phase 

I1 - phase I11 t r m s i t i o n .  This h s s  been observed f o r  

both u i i  m d  OL) coayounds. There a r e  3130 c e r t a i n  

changes of t h e  s t r o n g  band a t  IWU m”. So I t  seem3 

r e a s o n a b l e  t o  t issue t h i r t  tile 1080 and I W O  cm” bands 

n u s t  be asslg;r?ed t o  t h e  C u  s t r e t c h i n g  mode o f  two d i f -  

f e r e n t  c o n f o r n a t i o n s  of t h e  CPOL molecule ,  one of t h e  

c o n f o r n a t i o n s  v a n i s h i n g  13 phase 111. T h i s  a ~ s u m p t i o n  

d i s a g r e e s  ..vith t h a t  made by h r i g 7  and leads t o  fur- 

t h e r  d i f f e r e n c e s .  For exanp le ,  weax bands a t  377 and 

54:J cn” d l s a p p e a r i n g  t o g e t h e r  w i t h  t h e  I 080  cm” band, 
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INFRARED STUDY OF SOLID CYCLOPENTANOL 405 

d i  End OD S t r e t c L i r g  Dane Parur:,eters 

- -- 
EEnd p c s i t i z n s  hnc! f u l l  band wieths a t  t a l f  rnsxinum i n  
p b r e r . t l i s s i s  ( cm ) for ph6se IV, III, 11, I ,  l i q c i d  L 
and b.; ;; CGIL SoiL t i c f i  of c y c l o p e n t m o l .  
.;ct,,.tion: F anr? P, K O n O i i e r  2nd  a s 3 c c i a t s d  L o i e c u l e  
t ,x*:s; subscript a and m ,  z d n i x t u r e  and L a t r i x  bznCs; 
d, c:stizatet i i K e z r  t e n p e r a t u r e  s h i f t  c o e f f i c i e n t  ( i n  
lQ- fL  2.'' Cef ined  t is  dP'/< dT, ithere c o r r e s p o n d s  t o  
)6K, W and dT deno%e f r equency  anc! t e m p e r a t u r e  change,  
r e s p e c t i v e i y ;  31i s t a n d s  f3r s h o u l d e r .  

-1 
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406 SCIESINSKA, SCIESINSKI, AND GODLEWSKA 

OH an3 (ID Bending Band Farme te r s  

oli Ui ia  ODa 

l y  Bending 
- 

IV 961; 1417 c1 ?G?U 0 

- 
U.U% CCly 1245 W ,  F 

1335 W ,  Y 
075 m, F 

op Bending 

IV 9= 686 s 510 s 560 W 8  M, 
6.37 sh  

820 m,b 625 m,b 

73u w,b 535 w, Dc 
770 iV,b 595 m,b 567 w, Dc 

11 2031; 690 (2001) 520 (I 207) 
~~ 

i 30UK 660 vb 490 vb 
~~ - 

G.0335 C C 1 4  245(11G) 250 b 185(100) 
-~ ~- ~~ 

Addit ional  nota t ion  i n  comparison to  Table 1: 9, m, w ,  
v ,  C ,  denote s t r o n g ,  medim,  xeak, very and broad, re- 
s p e c t i v e l y ;  0, overlaped band; Idc and Uc, monomer and 

6 dirner cluster s t a t e s .  
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INFRARED STUDY OF S O L I D  CYCLOPENTANOL 407 

w e  a s s i g n  r a t h e r  t o  t h e  Cu Lendint; v i b r a t i o n s  

y,, of t h e  s m e  conformation. I n t e r n u l  mode f requen-  

c i e s  of CPOL-Ofi and -OD below 153U cm" observed f o r  

phase I V  a t  96 I; a r e  l i s t e d  i n  Table  3. (Ui and OD 

modes a r e  Given s e p a r a t e l y  i n  Tables  1 and 2.) a s s i g n -  

ment 13 based  on Durig's paper7 and h i s  numbering of 

t h e  fundamentals i s  followed. 

V43 and 

The changes of CO bands a t  t h e  t r ans fo rma t ion  t o  

phase I V  are very c h a r a c t e r i s t i c .  S t r e t c h i n g  and ou t  

of plane bending bands g i v e  q u a r t e t s  c o n s i s t i n g  of two 

c lo3e  doub le t s .  The s p l i t t i n g  of t h e  450 cn" i n  p l a n e  

bending band i s  s m a l l e r  and only i t s  doub le t  s t r u c t u r e  

is v i s i b l e ,  at t h e  same t ime t h e  c)iia and ODa admixture 

doub le t  bands (Fig. 2 and Table 1 )  i n d i c a t e  t h a t  i n  

phase I V  t h e r e  must be two d i f f e r e n t  s u b l a t t i c e s  of 

hydrogen bonds. These f a c t s  suggest t h a t  phase I V  is  

09 orde red  s t r u c t u r e  of two types  of chain polymers 

d i f f e r i n g  only in t h e  conforination of  t h e i r  molecules.  

As t h e  " twi s t ed"  C2 conformation of a molecule w o u l d  

g i v s  one p o s s i b i l i t y  o n l j ,  i t  is assumed t h a t  I:? one 

type  of t h e  polymers t h e  molecules  are i n  t h e i r  "enve- 

lope" a x i a l  form C t x  w h i l e  in t h e  o t h e r  t ype  t h e  equa- 

t o r i a l  conformation Cg"q is found. This Cg symmetry 

p l a i e  r e l a t e s  only t o  the  s k e l e t o n  of t h e  molecule. A 

f i n a l  symmetry can be lower depending on t h e  OH group 

p o s i t i o n .  The s p l i t t i n g  of t h e  CU bands i n t o  doub le t s  
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408 SCIESINSKA, SCIESINSKI, AND GODLEWSKA 

T A B U  3 
In te rn t i1  Kode FreGuencies (crag' ) and xssigmixmt 

CPGL-LH CFuL-GG n s s i g m e n t  CPOL-011 CFOi-OCxssignment 
I__---- 

_c_c - 
217 w,b  

39s w 
4uL, \v 

413 w 
423 w 

446 w 
455 w 

575 vw 

6 1 C  vw 

826 s 

846 vs 
852 sh 

806 s 

894 sh 
897 

902 m 

927 m 

935 m 

985 vs 
991 vs 

215 w,b  

390 w 
397 w 

407 w 
414 w 

430 w 
44c w 

573 w 

6 1 C  sh 

8 1 G  VI 

830 m 

837 m 

852 w 

883 m 

092 m 
895 sh 

900 sh 

923 

93b m 

936 

969 vw 

983 s 
992 VS 

842 sh 

23 $42 

4c: 

40 

22 

39 

21 

2v40 

79,38 

37 

2v22 
20 

18 

36 

34 

17 

34 

%c;+ 39 
13 

1066 vs 
'I612 v s  

1040 S 

1060 w 
1066 s 
'lo72 m 

1161 ski 
1166 s 
1175 ra 
1?52 s h  

1196 u 
1202 sh 

1231 01 

1245 vw 

1264 w 

1285 m 

1306 vs 

1319 m 

1342 vs 

1435 sh 
1437 S 

1444 s h  
1449 n 
1454 s h  

1475 m 

I d l U  vs 
l a16  st1 

'lQ41 m 

1093 sh 
1104 m 

1161 sh 
1173 s 
1176 s 

1197 m 
1,203 sh 

1237 w 

1257 w 

1286 w 

1354 sh 
1359 

1319 m 

1327 w 

1457 m 

1442 r!~ 
1449 IT. 

1473 m 

7 3  

35 

14,f3 

15,16 

32 

12 

? 

? 

31 

9 

I 0  

30 

8 

28 ,29 

7 

Nota t ion  as i n  Tables  I and 2. Numbering of t h e  f'unda- 
mentals accord ing  t o  Durig. 7 
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INFRARED STUDY OF SOLID CYCLOPENTANOL 409 

i s  connactcd w i t h  t h e  1ntrspoly:ner Ljtivjidov s p l i t t i 2 2  

f o r  2-2 wiiile t h e  s e p a r a t i o n  cf t h F :  d o a t l e t s  co;rc-- 

sponds v:ith t h e  ens:.;i;g < i f f e r . ; n c o  betislaen tk,c 2”“ 2nd 

n eq 
bg confornstions. v t k i 6 r  s o u r c e s ‘  c s t i z s t e  ;uc:’. & dif- 

f‘erciica ~3 5ti ct t l /nol$.  T h i s  i n t e r p r s t t t i o c  detsraizles  

a+, tile same time t k e  c o n f o r m t i a n  venfshin& iit t’e 

phase 11 - p h s c  I11 t r a n s i t i o l l  cis 8 “ t w i s t e 2 ”  C- con- 

f o r n a t i o n  ( t h e  CU s t r e t c k i i i g ,  i p  and op beg:ixg nxiies 

at :WU, 540 and 377 cm” and t h e  r i n g  pLc;;ering V 3 x  

and lJ4* modes probably 6 t  245 cn-’ f o r  t h e  i i ; u i d  

phase)  

5 
r 

I.. 

- /  

The a n a i y s i s  of t h e  s p c t r s  i n  t h e  l a t t i c e  regicln 

shcvn i n  Fig.  3 yields f u r t h e r  i n f o r m i t i o n  cm tk.e s t r u c -  

turr: of poljjaers.  The c l e a r  dishppeurance of c e r t s i c  

bands (24, 56 and 63 crs-’) a t  t h e  phrise IV - phase 111 

t r i i n s i t i o n  i s  of v i t a l  i n p o r t a n c e ;  i t  i n c i c t i t e s  t h a t  

t h e  symrnetry of a polymer becoines h ighe r .  Propsscd 2s -  

signi ients  a r e  given i n  Table 4. S o ,  phase I’i i s  b c i l t  

up cf‘ polyrners of  t h e  C2 ( o r  Cs) l i n e  group syzmesry. 

A growing ampli tude of l i b r a t i o n s  d u r i n g  h e o t i 2 g  i ebds  

t o  t he  phase I V  - phase 111: t r t n s i t i c n  a t  which t h e  

s y m e t r y  of polymer r i s e s  ilp t o  t h e  CZv syiuetr j r .  Si- 

multaneously t h e  s t r e n g t h  of  hydrogen bonds s l i g h t i y  

weakens and on t h e  aver&&* becomes equa l  fo r  both tke  

s u b l a t t i c e s  ( s e e  Tables  A and 4 - n o t e  t h e  i n c r e a s e  of 

3Ii, and bDa band frequency,  t h e  decreiise of  Ld fre;uen- 
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410 SCIESINSKA, SCIESINSKI, AND GODLEWSKA 

T A B U  4 
L a t t i c e  Llode Frequencies  (m” ) and T e n t a t i v e  

A s s i  @Ken t 

L I I1 I11 IV Mode Assignment 

261K 243K 2U8K 173K 361; gOK Ilydrogen Polymer 
OD OH Bond 

24 w x2(qr) 
36 vw 
45 sh 
52 sh 
56 m Q8 A (R )and 

67 sh 

83 ah 
86 sh y B2(R )and 

A (I3 ) a d  

€3 P A$($) 

80 GC s B 2 W  
:u2 vb lU5 vb 106 v t  115 120 s 118 s 

180 vb l b 0  vb 190 v t  

235 vb 235 vb 225 vb 220 215Sp 217 Sp 

vfi 126 st $ A:(Ti) 
198sh ZOG sh )’F BI(Ez) 

254 s 258 s vf B1(Tx) 

B, (T )and  
%3 : 4 2  

N o t a t i c n  as i n  Tables  1,2,3. n d d i t i o n a l  n o t a t i o n :  %,%, 
f r ,  hydrogen bond s t r e t c h i n g ,  i n  p lane  and out of plane 
bendicg nodes; T End R ,  t r a n s l a t i o n a l  and l i b r a t i o n a l  
riodes; 21(x)  znd 6 ( x , 3 - ) ,  t h e  chain polyner axis  and 
p l m e .  
Renzrks: CPbL-GD V I ~ S  no t  aeasured  b e l w  190 cxa-’; the 
r e g r e s e n t a t i o n  cf e i d h t  i c t r a p o l g n e r  modes f o r  two nol-  
e c u l c  chain u n i t  under tbLe C2v l i c e  f h c t o r  group i s  

E2(kx) + B-(R ) .  For t h e  c r y s t s l  u n i t  c e l l  c o n t a i n i n g  
twc Cgx and two Cxq n o l a c u l e s  a l l  modes cGuld be doub- 
l e d .  

. y ( T Y )  + A l ( i i z )  + A2(Tzi + ii (R ) + B1(T,) + B,(R,) + 2 Y  
C Y  
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terndl  v i l r c l t i c n  reLion r;r ir, the  l k t t i c e  uode region 

( s e e  k - i b .  ; I .  
m Lke ~ r c p c e f d  i c t e r p r e t e t i c n  f i p d s  son8 suppor t  i n  

t1:e r e s u l t s  o f  t h e  c; \ lor in:etr ic  s tudy?  * 2  It  ret la ins  i n  

~ ~ ~ e i . : e c t  v ; i t k .  t h e  m a l l  e n t r o y y  c txnge  t i t  t h e  yi:ase 

I V  - p h s e  I11 trtcsiticr, an2 w i t k  t h e  trig change a t  

t 1 - Y  ph ,s ( :  111 - phase I1 t r z c s i t i c n  ( h i g t  c c c t r i t u t i o n  

c f  t k c  c c n f c m a t i c n  Eixifig e n t r o p y ) .  ih t h e  o t k e r  hand 

t?:?s i n t e r p r e t a t i c n  enhbles  one $0 e x p l a i n  t h e  i n t e r -  

~ s t ! n ~  i-ressutre e f f e c t s C  cbserved f o r  t h e  phase I11 - 
fikclse I1 t r e n s i t i z n  b;. t h e  i c f l u n c e  of p re s su re  on 

t1 .e  c o n f o r c a t i o n e i  E ( j u i l i b r i u z  o r  ! Z i o i C C U l e S .  

SLi.X&S 

- 

--- 
I t  71;s foand t L Z t  f i r s t l y ,  i n  p t a s e s  I ,  I1 ar.d 

S d 
i1qLid r:.oiecules 3f CSx,  C:': i xe  C, confum-nticns &re 

przsci ; t ,  t h c  L i f f e r s n c e  betaeer. C z x  s n d  Cz' ccnforn- 

; t ;cns  kccGr.i?g v i s i b l e  k t  ir the lo?ver phases. Sec- 

O C ? ~ ; . ,  ir,  t he  phiise 11 - rkase I11 t r a n s i t i c n  t h e  C2 

cur,fclrr; i t icr  d i s z y p e s r s .  T h i r C i y ,  phase ZV i s  iin c rder -  

td S t r L c t L r e  cf Czx :,rid C"' c c c f o r m t i o n s  b u i l t  up cf 

~ W G  E L t i k t t i c e s  o f  h y r l r ~ t ; ~  t.or,da. On the  b a s i s  cf 

t l . e s t  r e s u i t s  h m d e l  of phase  t r a n s f o r m , t i c n s  i n  

c;cioysct;nol !:a$ +rc;lc;sed. 

S 

R&r"d , ,~~C;~  
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(1::6;. 
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