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A N N E X E S  

CHAPITRE VI 



ANNEXE A - V I  - 1 : Les FONCTIONS de DISTRIBUTIONS 

1 -- INTRODUCTION [ 1 1  

Les temps de r e l a x a t i o n  T lZY TI? en RMN, l a  p e r m i t t i v i t é  d i é l e c t r i q u e  * 
E en r e l a x a t i o n  d i é l r c t r i q u e  e t  l a  l o i  de  d i f f u s i o n  neut ronique  ~ 6 , c ~ . ' )  en IQNS 

son t  des  grandeurs  physiques observables  que nous noterons  MCG ) e t  q u i  dépendent du. 

(des) temps de c o r r é l a t i o n z .  c a r a c t é r i s a n t  l e s  mouvements molécula i res .  Ceux-ci 

s 'expriment généralement de  façon simple en fonc t ion  des  d i f f é r e n t s  temps d e  r é s i -  

dence. 

Nous ne  cons idèrerons  i c i  qu'un s e u l  temps d e  c o r r é l a t i o n  (exemple du 

modèle de r o t a t i o n  d i f f u s i o n n e l l e )  dont  l a  v a l e u r  peut  ê t r e  d i s t r i b u é e .  

L ' e x p é r i e n c e d o n n e a c c è s  à l a g r a n d e u r M  q u i  t i e n t  c o m p t e d e c e t t e  
exp 

d i s t r i b u t i o n .  On peut  é c r i r e :  

M 
exP 

M G )  d avec G )  d ~ =  1 1 - - a  1 ----- 
OU encore 

M 
~ X P  = ( 1  F(Z,  dz a v e c j  - -  dz = I  ----- 

e t  1 l - b  

= Log( '' 'm) où Gm e s t  l e  temps de  c o r r é l a t i o n  pour l e q u e l  F ( 2 )  

e s t  maximale. 

Les c a r a c t é r i s t i q u e s  des  fonc t ions  G(L) ( l i n é a i r e s )  e t  F&) ( l o g a r i t h -  

miques) do iven t  permet t re  de rendre  compte d 'une d i s t r i b u t i o n  cont inue  des temps 

de  r é s idence  a s s o c i é s  à un mouvement molécula i re .  

L ' i n t roduc t ion  de c e t t e  d i s t r i b u t i o n  peut  ê t r e  physiquement j u s t i f i é e  

en admettant  que l a  dynamique de c e  mouvement v a r i e  d'une molécule à l ' a u t r e  parce  

que l e u r  environnement l o c a l  e s t  d i f f é r e n t .  

II -- LES FONCTIONS DE DISTRIBUTION 

Nous appe l l e rons  FWHM l a  l a rgeu r  t o t a l e  r e l a t i v e  à m i  hau teu r  d e  l a  

d i s t r i b u t i o n  e t  < G > l e  temps de c o r r é l a t i o n  moyen. 

A) D i s t r i b u t i o n  gaussienne(symétr ique)  

G ( a )  = (Z exp ( - ( G - Z , ) ~  / 2 x 2 )  

FWHM = 2.350( 1 gm e t  < b >  = c m  
Gi  = O pas de  d i s t r i b u t i o n  

B) Log - gaussienne 

l -  

F(z)  = (M V 2 . ~ ) - '  exp (-z2 / 2 m' 2, 



FWHM= 2 sinh ( d ' f G ) )  et < 2 > = bmexp(q'2/2) 

@ = O pas de distribution 

C) Distribution de COLE et COLE (symétrique) [33 
7 

1 sin î l  F(z> = - 2 cosh ( X' z) +cos T'ri 

FWHM = 2 ;sinh [ f1 Arg -cash (2+cos Y ?] 
Y = 1 pas de distribution 

D) ~istribution de FUOSS et KIRKWOOD (symétrique) [ 4 )  

) cosh(p2) 0 C O S ( 2  \ 

F(z) = - ' 5 n i --- 2 P T  cos + sinh2 (P z) 

FWHM = 2 sinh[(3-' Arg 

avec a = cos2 (9) + 

= 1 pas de distribution 

E) Distribution de COLE et DAVIDSON (asymétrique) f 5 j  

F(z) = O pour z > O 

= 1 pas de distribution 

III -- INTRODUCTION DES FONCTIONS DE DISTRIBUTION POUR L'INTERPRETATION DES RESUL- 
TATS EXPERIMENTAUX 

Pour le modèle de diffusion rotationnelle isotrope ou celui de Frenkel 

les grandeurs physiques observables M(G ) ou M(z) sont des combinaisons linéaires 

de fonctions lorentziennes en RMN, en IQNS ou en relaxation diélectrique ( L u ) .  
2 2 

Pour cette technique, E t  s'exprime en fonction de 1 /(1+d cm). 
Dans les deux cas, il est possible de trouver une expression analyti- 

que des expressions 1 - a ou 1 - b permettant ainsi un calcul simple de ZI 12) ------ ------ rxP 

A) En RMN 

AMOUREUX et SAHOUR Cl] cherchent à expliquer la dissymétrie de la cour- 

be TIZ = f (~o'/T(K)). Ils montrent que les distributions de COLE et COLE, de FUOSS 

et KIRKWOOD et de COLE et DAVIDSON rendent compte de cette anomalie et que la posi- 

tion du minimum de T n'est pas affectée par les distributions. 1 z 

B) En relaxation diélectrique 

La permittivité complexe calculée en introduisant les fonctions de 



d i s t r i b u t i o n  de COLE e t  COLE (CC) ou de COLE e t  DAVIDSON (CD) a d é j à  é t é  d é c r i t e  

e n [ ~ 1  - 3 5 ] e t [ ~ 1  - 361. 

AMOUREUX e t  SAHOUR L I ]  montrent que s i  l a  d i s t r i b u t i o n  e s t  symétri-  

que, sa l a r g e u r  n t  i n f l u e  pas  s u r  l a  f réquence c r i t i q u e  FC, c e  q u i  n ' e s t  pas  l e  c a s  

pour une d i s t r i b u t i o n  asymétrique. D e  p lus ,  l ' é n e r g i e  d ' a c t i v a t i o n  mesurée en re-  

l a x a t i o n  d i é l e c t r i q u e  e s t  indépendante de l ' e x i s t e n c e  d'une d i s t r i b u t i o n  symétri-  

que. Pour une d i s t r i b u t i o n  asymétrique, l ' é n e r g i e  d ' a c t i v a t i o n  e s t  d i f f é r e n t e  mais 

sa v a r i a t i o n  e s t  moins importante  en r e l a x a t i o n  d i é l e c t r i q u e  qu'en RMN. 

C) IQNS f 6 3  

Nous avons é t u d i é  l ' i n f l u e n c e  de la  d i s t r i b u t i o n  de FUOSS-KIRKWOOD 
D 3 

s u r  l a  l o i  de  d i f f u s i o n  théor ique  s (G 1. S o i t  S  (Q, cd) l a  l o i  de d i f f u s i o n  
exP 

expérimentale  t i r é e  d e  V I 1  -28. Les c a r a c t é r i s t i q u e s  de sD (Q, 4) ont  é t é  étu- 
exp 

d i é e s  dans l e  c a s  du modèle de r o t a t i o n  u n i a x i a l e  d ' o rd re  12 en t e n a n t  compte de 

l a  r é s o l u t i o n  ins t rumenta le .  On t rouvera  l e  d é t a i l  du c a l c u l  dans l 'annexe A - X I - 5 .  

L ' in t roduc t ion  de c e t t e  d i s t r i b u t i o n  permet d e  rendre  compte d e  l ' ex -  

c è s  de d i f f u s i o n  é l a s t i q u e  observé dans l e  c a s  du CNADM. On montre également que 

l ' i n t e r p r é t a t i o n  d'un s p e c t r e  expérimental  d i s t r i b u é  pa r  un modèle à un s e u l  temps 

de r é s idence  condui t  à l a  su re s t ima t ion  de c e  temps. 

Finalement,  on t rouve  que c e t  e f f e t  dev ien t  f a i b l e  s i  l a  l a r g e u r  

(FWHM) de l a  première l o ren tz i enne  du modèle e s t  'au moins 3  f o i s  supé r i eu re  à c e l l e  

de l a  r é s o l u t i o n  ins t rumenta le .  
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ANNEXE A - V I  - 2 : 

RELATIONS e n t r e  l e s  TEMPS de CORRELATION e t  les TEMPS de  RESIDENCE en RMN 

Pour l e  modèle de Frenkel  e t  dans l e  c a s  où l a  molécule e f f e c t u e  une 

r o t a t i o n  a u t o u r  de son axe  a i n s i  qu'un basculement pa r  r appor t  aux axes  c r i s t a l l i n s ,  1 
l 

l a  fonc t ion  d ' a u t o c o r r é l a t i o n  e s t  d é c r i t e  p a r  une sonmie de 6 exponen t i e l l e s  dont 1 
l e s  temps de  c o r r é l a t i o n  sont  n o t é s  Go(. Ceux-ci sont  l i é s  aux temps de  r é s idence  

Zmp et par  l e s  express ions  su ivan te s  : 

06 t b l *  Gb29 G r l ,  e t  Gr2 s 'expriment  à p a r t i r  des  temps de r é s i -  

dence des  mouvements d e  basculement e t  de r o t a t i o n  u n i a x i a l e  d ' o rd re  p r e spec t ive -  

ment . 

de façon géné ra l e  : 

Pour un é c h a n t i l l o n  de poudre, l e s  v i t e s s e s  de r e l a x a t i o n  deviennent :  
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Figure  V I 1  - 1 a 

d ' ap rè s  [ 11 

P I C  

quasi  é las t ique  
,, L ( W , T ~ )  

O 
Loi de d i f f u s i o n  incohérente  pour l e  modèle de d i f f u s i o n  r o t a t i o n n e l l e  

i so t rope .  

F igure  V I 1  - 1 b A - 
d ' ap rè s  [ 1 

W 

Loi de d i f f u s i o n  incohérente  pour l e  modèle de d i f f u s i o n  t r a n s l a t i o n n e l l e  

i s o t r o p e  

D E T E C T  E U R  

Figure  V I 1  - 2 

d ' ap rè s  [ 2  1 

7 
Var ia t ion  du vec t eu r  Q 

en fonc t ion  de 1' é n e r g i e  E C H A N T I L L O N  

de  t r a n s f e r t  / 



Var ia t ion  de 1'EISF en fonc t ion  de Q 

Modèle de r o t a t i o n  u n i a x i a l e  d ' o rd re  p : 

cas du 1 CNADM 

Figure  V I 1  - 3 a 

1 'Ye Variaticln des  f a c t e u r s  de s t r u c t u r e  i ncohé ren t s  

en fonc t ion  d e  Q(A-l) pour une r o t a t i o n  u n i a x i a l e  

d ' o r d r e  12  ( 1  CNADM) 

Figure  V I 1  3 b 



4 F A C T E U R S  de 

Variations des facteurs de structure pour 

le modele de basculement moléculaire sur 

les axes 4 cristallins (cas du 1 ClADM) 

Figure VI1 - 4 

L'instrument IN5 (ILL) 

Figure V I F  - 5 
d'après [ 2 ]  



Figure V I 1  - 6 

dr après [ 2 j Diaphragme aiustable 
\ 

Chopper de Fermi 

GUIDE DES N C U T R O N S  

(4 

L ' instrument IN6 (ILL) 

Figure VI1 - 7 

d'après i' 2 -1 - - 

L'instrument IN10 (ILL) 





ANNEXE A - V I 1  - 1 

Modèle de rotation uniaxiale d'ordre N : expressions des re et  Al 

On note : a = Qr (Q = module du vecteur de diffusion) 

( r  = rayon du cercle sur lequel se déplace le proton) 

N 

2 

3 

4 

6 

12 

l / rg  

l / ro  = O 

l / r l  = 2/rm2 

l/'ro = O 

l / r l  = l / ~ *  = 1 . 5 / ~ ~ ~  

l/ro = O 

I / r l  = 1 / ~ ~  = 1/rm4 

1/r2 = '/rrn4 

l / ro  = O 

1 / ~ ~  = l / r5  = 0.5/rm6 

1/r2 = l / r4  = 1.5/rm6 

1/'r3 = 2/rm6 

l/'ro = O 

l / r l  = l / r l l  = O . 1 3 4 / ~ , ~ ~  

1/12 = 1 / ~  = O . ~ / T ~ ~ ~  

1/r3 = 1/r9 = l/rm12 

1/r4 = 1/T8 = 1.5/Tm12 

1 = 1 = l.866/rm12 

1/r6 = 2/'cm12 

Ai ( a )  = A12-i (a)  

Ae(a) 

Ao(a) = [ 1+J0(2a)l / 2  

Al(a) = [ 1-Jo(2a)l / 2  

Ao(a) = 1+2Jo(an)l /3 

Al(a) = A2(a) = [ l - ~ ~ ( a n ) ]  /3 

A J ~ )  = [ ~ + ~ J ~ ( ~ ~ ) + J ~ ( Z U )  114 

Al(") = Ag(a) = [ 1 -Jo(2a)1 / 4  

A2(a) = [ 1-2Jo(ad!)+Jo(2a)l /4  

Ao(a) = [ 1+2~~(a)+2J~(a~)+J~(2a)l/6 

( a )  = Ag(ct) = I1+~~(a)-J~(a~)-J~(2a)l/6 

. Az(a) = Aq(a) = [ 1-Jo(a)-Jo(a~)+Jo(2a)l  /6  

A3(4 = [ 1-2~~(a)+2~~(or~)-J~(2a)1/6 

l- 1 

J O  (a1 

Jo(a2) 

J O  (a3) 

J ~ ( a 4 )  

J o ( ~  

' ' !-1 -2 2 -2 2 -2 1 - ' J0(a6)  ' 

avec al=0.518 rQ a 2 = Q r  a3 = Qr d? 

a4 = Qr JS a5 = 1.932 Qr a6 = Zr 

- 1 2 2 2 2 2 1 -  

1 J5 1 O -1- f i -1  

1 1 -1 -2 -1 1 1 

1 0 - 2 0  2 0 - 1  

1 -1 -1 2 -1 -1 1 

1 -JS 1 O -1 J5 -1 

A 0  - 
A 1 

A2 

A3 

A4 

Ag 

=TZ 



CHAPITRE VIII 
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m a l  LL P. LL >al O 

VI 1 C I O ,  

l 
N ! W  N U N 

w ci u 'i- 
ra 



TABLEAU V I  11-2 

ADAMANTANE : Temps de résidence T~~ 

'c4 = ro exp (E/T) (E en ( K ) )  

P L A S T I Q U E  

TABLEAU V I  11-3 

R~ F E ~ ~ N  

C ~ s  

i 181 

i 191 , i 231 

[ 201 , 1 241 

i 271 

[ 181 

1 
T E c ~ N  

FLUOROADAMANTANE 

RMN ( I H )  

RMN ('H) 

IQNS 

s imu la t i on  

RMN ('H) 

RD (1 )  : hypothèse du champ i n t e r n e  de GLARUM e t  COLE 

RD ( 2 )  : hypothèse du champ i n t e r n e  de FATUZZO e t  MASON 

d 

' ~ 9 ~ ~ 4  

Carac tér is t iques  des mouvements mol écu1 a i r e s  pour FADM : r = ro exp(E/T) (T  en (K: 

r0 ( S I  E (KI  

1548 

1395 

1397 

1587 

3268 

1 9. 4x10-l4 

A 
Phase 

D P l  as t i que  1 M 

.- 
ADM Phase BT 

l 8 . 9 ~ 1 0 - ~ ~  

1 7 . 9 ~ 1 0 - ~ ~  

18 x10-l4 

1. 1 3 x 1 0 - ~ ~  



di in  (A") : 2.658 : 2.722 : 2.827 : 2.890 : l 

A M  : Distances minimums entre atonies d'Hydrogène 

de molecules proches voisines 

Tableau V I I I - 4  1 I 

ADAMANTANE T = 188 K 

Tetragonai Z = 2 

a = 6.639(7) A O 

c = 8.918(9) A = 393.1(1.2) A3 
F(0,0,0) = 152 

Space Group Pa 
21C 

211 reflections as 1 I 3u(1) 

Phase basse température de 1 'ADM 
paramètres cristal 1 ins 

Tableau V I I I - 5  

L O W  T E M P E R A T U R E  P U A S E  

I P L A S T I C  P H A S E  

ADAMANTANE 

Variations des paramètres 
cristallins en fonction de 
la température. 

Figure V I  11-1 



t v(a3) 
A D A M A N T A N E  

Cl0 

PLASTIC  PHASP 

1 L O I  T E M P E R A T U R E  PHASE 1 

Variation du volume de 
la maille cristalline en 

fonction de la température. 

Figure VIII-2 

- Independent Atoms (Shel x )  

2 -- -A-- 
R = 3.6 2 Rw = 3.9 % WGHT = û.54/(u + 8.4x10-~ Ç2) I -7 

2 - Rigid Group (ORION) (wZ = l /oc(F)  ) 
Tenseurs T.L.S déduits des Uij a f f i nés  1 

par atonies indépentants (SHELX) ( s @ t r i e  4) 

T1l = T22 = 0.0193 (12 ) i2  T3, = 0.0211(12) i2 

5 = ~LT~  = 4O.3 (0°.5) 5 = 3.7(0°.6) 

sll - = - 2(Sz2 - S33) = - 2(s33 - Sl1) = 0.00106(101) 

T = T  0.0174(7) i2 T13 =0.0212(6) i2 l 

L = 4"34 (0°12) G3 = 4°32(0012) 

SI1 - SZ2 = - 2 (SZ2 - S33) = - 2 (S33 - Sll) =0.00071(79) 
<: :: 

S12 = SZ1 = 0.00025(22) 

Cdc-, = 1.538(1) d I 

S,, = Sel = - 0.00002(71) Li 
R = 4.0% Rw = 2.4 %. 

Tableau VIII-6 

Adamantane : résultats d'arfinements : T = 188 K 



ADM : Phase basse 

température : 

P r o j e c t i o n  l e  l ong  
-+ 

de cT 

FIGURE V I  11-3 

se tempé- 

t i o n  l e  



TABLEAU VIII-7 

F A  D M  Phase basse température 173 K 
O O 

a = 6.80 A , c = 8.90 A 

FLUOROAOAHANTANE T = 217K 

Tetragonal 2 - 2  

a = 6.810 (7) A c - 8.979 (9 )  A O 3 v = 416.4 A 

F (O, 0, 0 )  = 168 

87 reflections telles que 1 3  % ( I )  

R = 3.8 % R, = 3.78 % 

Poids = 1.326/(oc2 + 2.75 x 1 0 - ~  F') 

TABLEAU VIII-8 

Résul tats cristal lographiques 

ADM 9.311 ' 8.704 : 9.104 ' 7 5 5 ( 2 ) :  7 5 6 ( 2 ) :  0 . 7 7  : 

------------------------------:----------,----------L------,---Z----------L------ 

FAûM ' 9.468 ' 8.593 ' 9.198 ' 782 ( 2 ) '  780(2 )  ' 0.76 ' 

---------------------L---,----'----------:----------I----------'----------I------ 

TABLEAU VIII-9 

Extrapolation à OK des paramètres cristallins 



P H A S E  B A S S E  
T E M P E  R A T U R E  

FIGURE V I I I - 5  

P H A S E  
P L A S T ' I Q U E  

I 

FLUOROADAEMNTANE 

Var iat ions des para- 

mètres c r i s t a l l i n s  

en fonc t i on  de l a  

température 

P H A S E  P L A S T I Q U E  

FLUOROAOAMANTANE 

Var ia t i on  du volume 

de l a  m a i l l e  c r i s t a l -  

1 i n e  en fonc t i on  de 

1 a température 

FIGURE V I I I - 6  

TM)  



x- r n O C C C N O N  
Q  P N N O N  
n c o s l n u  
CI r W t r r N  

I n n  
* a m  

YI Yi 
Y Y "  

a n  O 
r OUI 
U I o e  . . . 
r-O 

- N 
n r n  
U I X  

1 1 1 

n-nnocnonc-n  
l n c m r ~ 1 - n - t n 1 - o o  
ri- N N N P N r y U  
U Y Y Y Y Y Y Y Y Y Y Y  





FIGURE V I I I - 1 0  

FADM : Phase basse température : Exemple d'environnements 
locaux possib les 

TABLEAU VIII-11 
Résul tats  avec l e  modèle de FRENKEL : NT = Nombre de fac teurs  de 

s t r u c t u r e  observés (Fo > 30) 



TABLEAU VIII-12 

Résul tats avec l e s  harmoniques cubiques K; c o r n  fonct ions adaptées à 

l a  symétr ie : pour FADM on considère une molécule moyenne de symétr ie Td 

TABLEAU VIII-13 

Résul tats de 1 'a f f inement par l e  modèle F.'A.s. : C10H15F 

TABLEAU V I I I - 1 4  

Probabi 1 i tés maximums, Eu,max, déduites du modèle de FREYKEL e t  de l a  

desc r ip t i on  par 1 es harmoniques cubiques 



A& mm' 

FIGURE VIII-11 

Variations des coefficients A;", calculés en fonction de 



A N N E X E  

CHAPITRE VI11 



A N N E X E  

CHAPITRE VI11 



ANNEXE A - VI11 - 1 

1) FORMULATION GENERALE 

Pour les librations i s o t r o p e s , ~ ~ ~  (fi) e t g r  (.I) ont la même symétrie 

et deviennent identiques : 

N 
1 1 JJ 1 1 E .z ,Amm' Mm' (aM ) Km (a) = - 

8' 

l m  
exp ( - Ui 

2 3 ~  j=l 2 L [ A - 1 1  

= angles polaires dé£ inissant l'atome JJ dans la molécule. 

N = nombre de positions d'équilibre 
1 i ème 

0 ,,j= angle de libration de l'atomeu dans la j position d'équilibre. 

L = (Li pour ADM ou LL pour l'axe a d e  FADM) est l'amplitude quadratique 

moyenne de libration. 
1 

Les propriétés d'orthonormalisation des fonctions K conduisent à : 
@'2 

1 1  1 1 Am, Mm, a; ) = - fj, /exp ( - iii ) K: (a) d n [ ~  - 21 
m ' 23NL J =  2L 

Les positions d'équilibre et les fonctions K: suivent la symétrie cubique. 

La valeur de l'intégrale dansi8 - 21 est identique pour toutes les orientations 
j , d'où : 

1 0 ' ;  (a; ) = - t A:! Mm' exp ( - - ) K: (A) d a  [ A - 3 1  
m' 2 n ~  2 L 

II) MOLECULE FIXE : LIBRATION NULLE 

Lorsque la molécule est fixe, l'atome est fixé par ses angles polaires 

dans le réseau (A: ) .  
1. Dans ce cas, les coefficients A (f) (f pour molécule fixe) sont 

mm' 
donnés par : 

1 (f) M;, (A; ) = Km cn; ) z Am' 
Pour une symétrie moléculaire T OU Oh [ A - 4 j devient : 

Cette relation se simplifie encore si les positions d'équilibre ont la 

symétrie du site (fi; = fi: ) .  



* 1 
A*' ( f ) = 5 m' 

1 
Pour l'axe Cj (4) de FADM, les coefficients Am, non nuls sont tels 

que m' = 1, et on trouve : 

III) MOLECULES EFFECTUANT DES LIBRATIONS - - 

Pour ADM, on obtient 

1 r 
simplement les coefficients A 

1 
mm 

Q'; 
exp ( - - 1 K: (fi) d a  

2 L, 

à partir de 

[ A 

A 

De même, les termes % décrivant l'orientation de 1 'axe A de FADM s 'écrivent r 
ml 

- 
1 1 
Ami = - 

2n L~ 21+ 1 

1 1  Dans les deux cas, les rapports A / A  (f) sont donnés par [ A  - 8 1 -  11s 

ne dépendent que des positions d'équilibre dans le réseau cubique de l'atome 

j . ~  (ADM) ou de 1 ' axe A (FADM) . 
L'équation [A - 8 1  a été programmée pour différentes valeurs de L et pour 

les orientations < 001 > , < 1 10 > et < 1 1 1  > . Les courbes tracées sur la 
figure IX - 5 représentent les variations des coefficients A' pour les 

mm' 
ordres 4 à 12. Seuls les coefficients d'ordre 10 dépendent de l'orientation 

considérée et pour des angles de libration importants ( > 7'). 
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F IGURE I X - l a  

1 Var ia t ion  du second moment de l a  r a i e  d ' a b s o r p t i o n  en RFlN H 

F IGURE I X - l b :  Diffusion quasi-élastique incohérente des neutrons dans C HISI. 
Ce spectre ensegistF6 à 69.C correspond à un vecteur de diPlruion 
Q = 1.31 a-1. Suivant 1 'ordre de la rotation uniaxiale, 1 ' affine- 
ment correspondant est représenté par la courbe en pointillé : 
ordre 3, ou par la courbe continue : ordre 6. 



XMQKÜ 

sin OIX 

h 

k 

1 

Nm 

Ni 
N 

N~ 

space group 

(N,, Ni, N, Np) = number of intensities, measured. independant, 

non systematically absent, included in the refinement F > 6 a ( F ) '  

TABLEAU IX- 1 

Collection des données de l a  Diffraction X 

Paramètres c r i s t a l l i n s  : 1 IODOADAMANTANE : C10H151 

: vecteurs 
: vecteurs 



- 
F- er- 

In u 



4 '  ai-" 
ta 



OYZ,O?Z (1 /2)  \P- S.8 ! 6.2 560 -::: 1.285 ' A A.3.C.  

I I 
D.W.F. anmalie8 

4.6 ( 6.7 1560 ! - 1 1.628 A Correct solution xoz, xot (1/2) JP- 
? 1 

Abrevaeioaii for coments 
A - Ani.otropic D e b y e  ~a1Ler factors 

TABLEAU IX-2 
1 - Iaocropic Debye Waller factors 
S.R.E.D. high ru id iu l  e~act~orric  density Affinements par atomes indé~endants  
D.Y.F .  - Debye wallu factori T = 256 K e t  T = 295 K 
r.n.c. 0 ~no<iulws motecular g-crp 

(XOZ-?OZ) 112 pmn 6.5 ' 6.7 0.232(11) ' .262(13) 0.182(2) 3.9(0.7) 2.6(1.0) 11.5(1.6) -122(15) 30(16) 671 Frenkel 
(OYZ-0.72) 1 12 4 positions 

XOZ- OZ 3.7 1 6.1 0.214(4) b.265(4) 0.187(1) b.S(O.2) b.lO(0.2) 12.6(0.3) -124(L) 55(6) 67'4 
2 vositions 

9 

Positions in 
the 000 and 
112 112 112 sites 

- 
OYZ O?Z 

TABLEAU IX-3 

Affinements par grouqe r i g i d e  

T = 256 K e t  T = 295 K 

Space 
groUp 

Pmn 

Pmn 

JJJ;;(O) 

4.9(0.3) 

3.9(0.6) 

RX 

5.8 

6.6 

Mode1 

C.E.D. 

~ 1 . 2 2 ~ )  

3.9(0.4) 

3.8(0.5) 

RYZ 

10.0 

12.3 

dx 
A 

O.I86(l) 

0.184(2) 1 676 j -114(11) 49(9) I Prenkel 
2 ~ositions 

O 

27.5(1.5) 

NT 

676 

s 1 2 X ~ ~ - b  ' S ~ ~ ~ I O - "  *% iT 1 i2 A 

0.219(7) b.250(7) 

(radxA) 

-169(7) 

0.217(10 

(radxA) 

50(:) 

0.273(10) 



1 1  I I *  i-> 

- - - - - - - - - 1  1  1  1  - N G  ï; i - r u - e m - -  - 
1  I l  I I I *  



I IODOAMANTANE 

FIGURE I X - 7  

Probabilité rotationnelle 
pour 3 modèles : P ( 9 )  

FIGURE IX-8b 
+- +- 

Projection de l a  structure //8, = (a+b)/2 
qui montre 1 'ordre anti ferroél ectrique 

Projection de la structure 11; 



FIGURE IX-9 

Potentiels atome-atome des 

gaz rares 
E (kcal/mole) = f(r) 

FIGURE IX-10 

Projection II [ i T o j  

Projections schématisées des molécules 
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~ TABLEAU X -  1 

l ' nombre Nbre de 
b d l l e  R W <  1 %  de "(i) q ( i i  4 O q0 - posttfons ~6férences T(K)  1 

parametres dl@quilibre 

FRENKEL l a .  1 9 5 112 
0.409 0.324 28.0 O [ 21 295 

(0.017) (0.017) ( 2.0) (0 .3 )  

112 0.391 O.  295 8.6 6 
D.E.C. 22.0 O 

(0.027) (0.025) O (0.4)  
l 

Ch1 oroadarnantane : phase p l  as t i que  

F.A.S.  

PHASE I I  ph 
PHASE 1 1 . ::: 

"412 

PHASE I I I  

13.8 

* D : D i f f u s i o n  t r a n s l a t i o n n e l l e  

TABLEAU X-2 

10 

T Rotat ion endosphérique R,E ' 

*c3 : Réor ien ta t ion  autour  des axes 3  c r i s t a l l i n s  

: Rotat ion d ' o rd re  p  autour de l ' a x e  C3 mo lécu la i re  

112 

N : Nombre t o t a l  de r a i e s  enreg is t rées 

: Nombre de r a i e s  non équivalentes TABLEAU X-3 
N~~ 

a> 
0.41 (0.03) 

Nt : Nombre de r a i e s  gardées pour  l ' a f f i n e m e n t  t e l l e s  que Fo > 30 

Ch1 oroadarnantane : phase p l as t i que  

cond i t i ons  d 'en reg i  strernent de l a  d i  f f r a c t i o n  

- - 7" O - [ 21 295 



Phase 1 A H  transition 

Phase 

III 

Phase 

II 

(. 

FIGURE X - 1  

1-Brornoadamantane : Thermogramme met tant  

en évidence l a  t r a n s i t i o n  I V  -+ III 

1 
I 
1 
l 

Phase Plast iq i ie  

Phase  Basse TempCrature I 
I 
1 

FIGURE X-2 

1-Chloroadamantane : Var ia t i ons  des paramètres 

a (phase cubique) e t  a '  = KI (phase I I I )  en fonc t i on  de l a  température 



Ug = excentrement : d is tance GRDA à 1 ' o r i g i n e  du réseau 

N = nombre de r a i e s  pour l e  c a l c u l  de R e t  R, CHLOROADAMANTANE 

Af f inement  par  l e  modèle D.E.C. 
Résu l ta ts  d 'a f f inements  

Avec t ou tes  
! 

l e s  r a i e s  

TABLEAU X-4 

R %  

10.1 

13 .1  

10.4 

13.6 

i 

6 (A) 

= ~ 6 5  

=q 

16 

0.287 
(12) 

O. 339 

JT11 (A) 

= 4 7  
1 

0.271 
( i l )  

0.326 
(15) 

0.236 
(19) 

0.300 

I 

T ( K I  

257 K 

295 

257 

295 

Sans l e s  r a i e s  
(200) e t  (111) 

TABLEAU X - 5  

5'61 

( O )  

= 7 
4.65 

(0.26) 

5.20 
(o.42) 

5'20 
(0.30) 

U3 6 )  

-0.046 
(9 )  

-0.028 
(17) 

-0.036 
(10) 

-0.024 
(17) I 

Avec l e s  r a i e s  
(200) e t  (111) 

R %  

9.4 

13.8 

9.8 

.................... 
a %  
11.8 

11.5 

10.9 

11.3 

Bromo-adamantane : Phase P las t i que  T 2~ 323 K 

Résul tats  d 'a f f inements  

R %  

7.7 

11.7 

7.8 

N 

45 

34 

45 

34 

"Ombr 
paran 
t r e s  
a f f i r  

6 

6 

5 

-------------i------ 

q,% 

9.0 

11.0 

8 . 1  

13.8 

-------------*------ 

R,',% 

8.9 

11.1 

8.0 

N 

31 

26 

31 

RaCCO~r- 
1 

NT 

12.2 

N 

33 

28 

33 

~ é f é -  

10.6 

E ~ c e n - ~  

I s o t r o p e  

10.9 26 

13.1 

(8.9)  
F i xé  

Fo/a s3  

39 

'nom r e  de 
pos j tiens 

m 3 m Frenkel  I 39 , 4 l I@ 

I 

28 

rences 

Not re  

12.2 
D.E.C 1 

12.3 12.0 

modéle 

O 

18.7 

(5.0) 
18.0 

0.340 

(0.024) 

0.342 

O. 374 

(0.012) 

0.374 

4.2 

I s o t r o p e  

12.6 

groupe i 

Frenkel  

(13.0) 

F ixé  

O 

Il 

I o  

(0.024) 

0.352 

(0.024) 

(0.012) 

R ?D 

11.7 4.9 

(0.5) 
4.9 

i 
(0.3) O 

f i x é  

s p a t i a l  

m 3 m 

I s o t r o p e 1  F r e n k e l l  39 

I i 

0.383 

(0.044) 

0.383 

6 <001> 
i 

(0.3) ! O 
4.1 ' F i x é  

Rw % 

11.5 

4 3 m 

" 
0.E.C 

D.E.C. 

11.8 

12.3 

(0.7) 
4.6 

(0.5) 

4 ( c3 )  

(0.048) 

0.013 
11.5 

11.9 39 

6 <OOl> 1 O 

(0.061) 

0.377 

(0.048) 

d,é~u,li- 
b r e  

<001> 
4 ( c 3 )  

6 <001> 

l 

I t  3 

(0.087) 

- 0.03 

(0.04) 

2 ( c 3 )  

6 <001> 



FIGURE X-4 

B ROMOADAMANTANE 

Projections des structures 
le long d'un axe 4 cristallin : 

Exemple d'arrangements locaux 

a) anti ferroél ectri que 
b) ferroélectrique 

c) orientations 
impossibles 

FIGURE X-5 

CHLOROADAMANTANE 
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FIGURE X-7 

Projections stéréographiques 
a )  Eléments de symétrie 
b )  Atomes 

Plan m4 

a + % FIGURE X-8 

Les vecteurs propres des tenseurs L , T Y T R  par rapport aux éléments de symétrie moléculai 



CHLOROADAMANTANE : Phase III FIGURE X-9a 

Projection de l a  structure parallèlement à 2 : Molécules 1 e t  2 E plan 

x = 1/4 ( 0  ) ; Molécules 3 e t  4 e plan x = 3/4 ( g  ) 

FIGURE X-9b 

Projection de l a  s t ructure para1 lèlement à : Molécules schématisées 
par leur  enveloppe de VAN DER WAALS 



FIGURE X-10 

Orientations des axes 
dipolaires dans les mail 
monoclinique e t  pseudo- 
cubique. 
Projection dans le plan 

(6,;) 
Orientations 1 et  2 E x = 1 /4  

Orientations 3 e t  4 E x = 3 /4  

plan x=V4 
r I 

FIGURE X - 1 1  

I 

pian ~ = 3 / ~  

Orientations Ji des axes 
C3 moléculaires par rapport 

+- + 
aux axes Bc et  Cc du réseau 
pseudo-cubique 



BROMOADAMANTANE Phase III 

RR 
CO 
c 1 
H l  l 
H I E  
CZ 
HZ l 
HZZ 
c 3  
H 3 l  
H3Z 
c 4 
M I  
CS 
HS 
C b 
Hb 
C 1 
H l  I 
M l 2  
c r 
ne 1 
H82 
C9 
HO1 
H.2 

2321  ( 1) 
Z4?2 ( 1) 
i n s n  ( 1 )  
a313 
o p a l  
1641) ( 1)  
1 sfi 

2052  
I n n 2  ( 1 )  

I h h  
Z Z l I  r 
3943 ( 1) 
4816 
1155 ( 1) 
1213 
lB1b ( 1) 
1405 
I l 3 3  ( 1) 
i?II 

1200 
3 f ? h  ( 71 
s w a  
s r t a  
mi ( 
3260 
35q3 

6431) 
9540 
4005 
521Z 
3493 
1696 
3OOI 
2113 
5401 
5101 
bhhb 
ihi! 1 
z 3 a t  
1256 

5 1  
4031 
4610 
2118 
P414 
1231 
3916 
2615 
8131 

166 
-1sn 

185 

Ca - C R  
r u  - c9  
C5 - M5 
CS - C l  
C5 - r s  
T h  - H f .  

ci, - c l  
C h  - cl) 
C l  - H l 1  
CI - M l 2  
c n  - * n t  
C8 - u s 2  
c'a - M.1 
C9 - H 9 l  

8.539 (11 )  
1.531 ( I ? )  
n.qnl 
1.516 (11 )  
1.5nn (11 )  
0.9111 
1.521 (11 )  
I  SI^ ' l n )  
0 .9hl  
t . r n l  
9 ,091 
fi. 9h5 
n.o1)9 
B.915 

na - CO - C l  
BR - CI) - C2 
O R  - CO - c 3  
C l  - C O  - C Z  
C I  - c n  - c 3  
CL - CO - ts 
C O  - C I  - H I I  
CO - Ct - "II 
CO - C I  - C .  
H I 1  - C I  - Ml? 
M i l  - C l  - C O  
H I Z  - C l  - t 4  
cn - c r  - U?I 
CO - C? - .iZi! 
CO - CZ - c 5  
HZ1 - CZ - VlE 
MZl - CZ - CS 
H2E - CZ - CS 
CO - C l  - M3l 
CO - C 1  - u32 
CO - C 3  - C 6  
~ 3 1  - c f  - ~ s 2  
H3t - C3 - Cb 
M3Z - C3 - Ch 
C l  - C l  - Y4 
C l  - CO - CA 
C l  - Co - Cs 
na - ca - CI 
na - c4 - t 9  
C I  - Ca - c9  

- CS - Y9 - C5 - C l  - C4 - C9 - CS - C I  - CS - C9 - C5 - CO - Cb - Y6 - Cb - C l  - Cb - CD - Cb - C l  - Cb - C I  - Ch - Cb - C l  - C6 - C l  - '+II - C l  - Hl,? - C l  - M l 1  - C l  - " I L  - C l  - H l 2  - Cr - t h  - c n  - '+na - cn  - HL2 - C I  - un1 - c n  - HO2 - cn - un+? - c *  - C f  - C9 - H91 - c 9  - MO.? - C9 - M9l - C9 - Y92 - c 9  - Y9Z 

(fin.* 
lo4.a  
tno.1 
(09.1 
tn9.5 
110.q 
119.0 
lefi.9 
104.9 
109.5 
I " 9 . l  
1ln.a 
109.4 
111.1 
tOn.5 
t t n . a  
1fin.a 
1on.4 
I0q .h  
In? .?  
1 fi*. 1 
109.1 
111.3 
109.1 
108.11 
l e i . *  
19'J.t 
ln9 .9  
l l l r l  
1 w . n  

Coordonnées atomiques 
III I ~ t Z Z  Il33 

9 ( 3 4 )  263 (a08 Y86 (461 
9 
5 (38 )  tnb (ab)  5 3 9  (54 )  

TABLEAU X - 1 2  
- - 

D i  stances e t  angles i n t ramo lécu la i res  

TABLEAU X - 1 1  

Tenseurs d ' a g i t a t i o n  thermique 



Plan ml 

Plan m4 

Co 

FIGURE X-12 

BROMOADAMANTANE - Phase III 
-- Les vecteurs pro res des 

tenseurs E,? e t  IR par 
rapport aux éléments de 
symétrie moléculaire 
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FIGURE X-13 

BROMOADAMANTANE : Phase II, T = 295 K 

Vue schématisée du désordre 

6.75 I 1 I 1 b 
100 150 200  2 5 0  300 

FIGURE X-14 

BROMOADAMANTANE : Var ia t i ons  des paramètres 

c r i s t a l l i n s  en f o n c t i o n  de l a  température 



BROMOADAMANTANE : 

Variation du rapport C/2b 
en fonction de l a  température 

P H A S E  I V  

F I G U R E  X-15 1 I 

P H A S E  III 
Ordonnes 

1 posi t ion 

/ p l a s t i q u e  
Semi, 

Ordonneo* 

v Zpositions 

F I G U R E  X-16 

BROMOADAMANTANE : Variation du volume 
de l a  mail le en fonction de l a  tenuérature 



T B ROMOADAMANTAN E 
13.60 

FIGURE X-17 
extraite de [ 121 

t IT couo. BROMOADAMANTANE 

FIGURE X-18 
extraite de [ r2] 

Variations de a,b,c au voisinage Variations de l ' intensité ( I T )  e t  de l a  

de l a  transition de phase I I  + I I  1 largeur (T) de l a  raie (700) au voisinage 
de l a  transition de phase I I  + I I I  

P H A S E  P L A S T I Q U E  cl FIGURE X-19 

Diagramme de phase des mélanges 
1 Br ADM - 1 CL ADM 
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PHP.SE L I Q U I D E  

K ,  
PHASE Rfroidissenent PLASTIQUE 

t 

PHASE II 

Monocl in ique 

FIGURE X I - 1  

CYANOADAMANTANE : 

Séquences des t r a n s i t i o n s  

de phases en f o n c t i o n  du 

t ra i t emen t  thermique 

1 <ut > (A)' 

FIGURE XI-2 
2 V a r i a t i o n  de <ui> en f o n c t i o n  de l a  température dans l e s  

0.050- 

0.025- 

phases: p l  as t i que  1, v i t r e u s e  Ig e t  ordonnée II 

Tg 

effet de l'agitation 
thermique + désordre 
statique 

l /// 4 

/i(//// . A' Phase I g  / ' Phase II 
/ 

/ / 

/' I 
/ 

/ / 

/ A  
/ /  , 

/' /' 

/ / ' / 

T(K) 
1 I 1 b 

1 O 0  2 0 0  300  



r Mesures récentes 

TABLEAU X I - 1  

CYANOADAMANTANE : Résu l ta ts  des af f inements des s t r u c t u r e s  des phases 1 e t  I g  

Reference 
--------- 

[ 3 0 1  

t 

* 
[ 301 

TABLEAU XI-2 

O 

a A 
--------- 

9.638 

9.671 

9.769 

9.813 

Temps de résidence dans l e s  phases ? las t i ques  

T ~ ~ ( A D M )  ou ~3 = T~ ex? (E/T) 

Es t imat ion  de l a  température, Tg, d'une éven tue l l e  t r a n s i t i o n  v i t r e u s e  

f$ % --------- 
10.2 

6.5 - - -  
7.5 

8.7 

A DM 

FA DM 

CNADM 

Cl ADM 

B r  ADM 

R % 
--------- 

7.5 

E (K) 

------ 
1548 

1395 

1397 

1587 

2960 

2282 

6267 

5304 

12364 

3849 

=O 

------------ 
9.4 x10-l4 

18.9 x l 0 - l 4  

17.9 x l 0 - l 4  

18.0 x l 0 - l 4  

9.3 x10-15 

3.8 x10-l4 

5 .06~10- l6  

2 .34~10- l6  

l . 0 9 x l 0 - ~ ~  

2.2 x10-l6 

LI1 (02) --------- 
4.7(1.2) 

T33 iZ --------- 
0.0342(8) 

T g ? ?  

------- 
49 K 

45 K 

45 K 

51 K 

87 K 

70 K 

170 K 

141 K 

37 K 

102 K 

Tll i2 --------- 
0.0357(25) 

VITREUSE 

Source 
expér i -  
mentale 

---------- 
RMN(1) 

RMN(2) 

IQNS 

Simulat ion 

IQNS 

R.D. 

R.D. 

RMN 

ZWOL -----_--- 
-0.11 A 

154K 

PHASE 

- 0 . 0 9 i  

T (K) -------_- 
110 K 

-- 
-0.07 i 
-0.06 A 

PHASE 

PLASTIQUE 

0.0500(56) 

0.0621(47) 

250 K 

295 K 

0.0522(63) 

0.0591(50) 

10.0(3.1) 

10.3(3.7) 

4.5 

4.6 
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J. Php. C: Solid Sute Phg.. 1611983) W C 6 9  Rinted ia Great Entain 
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Evidence of a 'giassy crystal' phase obtnined by the 
quenching of the plastic phase of the cyanoadamantane 

M Foulon. J P Amoureux. J L Sauvajol, J Lefebvre and Er1 Descamps 
Laboratoire de Dynamique des CNIW IvioiMairn. E I U  CNRS 465. UNveniiC de 
LiUc 1.S96SJ Villeneuve d'&q CCdex. Fnnce 

Received 6 Ianuaq 1983 

Abrinet. l a  ihir Lettet wc praent expcrirncaul ruulu which show ihc c&icnce of a 'ylsuy 
apt' phue obuiocd by the quaoching of ibe l-cyaacud-une plutu p h .  From rbe 
0% data. ihc d w  d n o o  icmpmwc bu beta oboloed uid tbc glwsy qusUine I -  
cymoadammtrno hm beea sbowa IO relax M n (  saneolinl st 160 K. The 'plusy a y t d '  is 
cubic(~cc)aadirchu~erixdby ibevdhUisolmcbv.-(rcquencyRamanmntnbuuonr 
o I  the p b i k  phase. 

Adachi et ul(1968) have demonstrated the possible c&ten:e o f  gluses of a new Und 
obtained from the quenching of Iome molecular crystals initiaUy in thcir disordercd 
rotator phase (plastic crystats). If the crystal is cooled rapidly enough I o  prevenr the 
transition cowards the low-temperature ordered phase, the disordercd system is super- 
m l e d  and ultimatcly goes into a gîassy state. O a  gradua1 tcheating it passer through a 
'glas transition' at which the glauy form nansforms inevcrsibly into the low-tcmper- 
a<ure metastable fonnof the pktic-phase. I n  the glassy phase. the average translat&nal 
order o f  the dastic phase is p r e ~ r v c d  but the orientationai d i i r d e r  would be frozen. 
These featurls haveied ~ e k i i o  the apparently paradoxical term 'glusy crystal' 
for thisnew condensedstate of matter(Adachi aal1968). wt.ichispanicularly attractive 
because the transition to the glauy state couM be selcctively a~bserved on the molecular 
orientations. U p  to now these phenomcna have been mair,ly studied on the panicuhr 
cyclohexuiol (Adachi n a l  1968, James et al 1976. Ceccaldl et a l  1980). In the present 
Letter, we repon the resulu of p re l i i na ry  esperirnenis .,n cyanoadamantane (CH- 
ADCI) whose plastic phase can be easily supercooted even when operaring with single 
qstals. T h a e  esperiments are DSC. x-ray diffraction aiid Raman scutefing. The 
molecule exhibits only one conformation and the cry~ta l  structure i n  both the plastic 
andordered low temperature phase has becn zolved(Amoureuxerd 1981a). The plastic 
phase bas an FCC structure with four molecules i n  the cubic cell and no longrange order 
of the molecular orientations. 'ïhe dipolar a& c m  rnndomly take s u  orientations very 
closely located dong the (001) directions. The corresponding rcoricntations are slow 
withcorretation times of about r, = 3 x 10"s at room temperature. O n  the othzr hand. 
teorientation orocesses have been detected (Amoureux k t  al  1981b and references 
therein) in higher frequcncic.~ which correipond to hst u<iaxisi rotations ûround the 
dipolaraxis. Anelementary analysisof figure I ihowt that the srericalrepulsions between 
moleculcs are a predoniinant feature o i  the interactions (Dcscsrnps 1982). 
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Fiauri 4. ( a )  Low-frcqucncy ILuruo rpccm S(v). in chc plaiic phase (ILand in rhs 'gtury 
q u i  phuc' (1,); (b )  R c n o m ~ e d  low-lrcqucncy R Y ~ M  ipc-: - in ikc phuc 1. 
Si(w); - - - - in the pham la, Si,(*); . . . Si(*) -Si,(*). 

Flyure S. Sponl~i~çuur cvolul~on of ihc R.,IIIJ~ ipeci~a -.-a- 1 = 0: - - - i - 10 niin; - 
i = ?U ~ n d  JO min. 

Letter to the Editor 

width of 2 cm-'. The glaug phase was obtained by quenching the crystal to 140 Kin few 
seconds. 

The proNes of the Raman spectra in the plastic and qlassy phases are shown in iigure 
4. An irnponanr change in the shape of th: low-frcqucncy Raman spectmm is observed. 
This cha& appears more strondy Li the profile i f  rhe rtnomalised spectra obtained 
from the experiruenrd Stokes SpCCtNm S ( v )  by the usud transtormatioa 

wherc n ( v )  + 1 is the thermal population of the initiai States. 
The maximum of the S ( w )  spectnim occurs at v,,, = 56 cm-' (rl cm") in the two 

phases. However. S ( v )  is a symmetric hinction in the )Sassy phase (line width 
rG = 35 m-' (t3 cm-'), RVHM). This band is asymmetric in the plastic p h s e  because 
additional contributions are Raman active in a low-hequency range ( v  < JO cm-'). ln 
a disordered phasc, the shape of the low-frequency ilaman spectrum is connected to ihe 
cnvelope of the whole libron frcqucnaa ;iUowed by ihe ditferent local neighbourinjs 
of molecules and the breakdown of the q ~election mle (Souvajol a al 1982). The 
vanishing of the low-frequency contributioas in a Ramaa spcctnim of r glassy phase 
ruggesu ihat some order sets in the system and rrveral mades becomc inactive in the 
glassy phase. 

On the othcr haad, al a temperaturc Tjust above T,, a spontaneous eoolutioa of the 
Raman rpearum. from the oneof the glusy nate toon;oilow temperature. isobserved 
(figure 5). 

AU the results prescnred in this Lctter can coherently interprercd through the 
possible occurrence of a glrissy crystai phase for the CN-kDh.1 with TI - 170 K. Opsr- 
a tbg with powder. this phase c m  be easily obtained by quençhing the plastic phase with 
a cooiing rate as slow as 1.5 K min-' and the thermal componrnrnt under rebcaring 
appcared cmcmely sensiùvc IO an anneaibg. n i e  monocryst;illioc sample of the g l u y  
phasc obtained by queaching ir in a fcw seconds ia mbic FCC and the vaoishing of the 
bw-ircquency contribution ( v  < JOcm") ir rhe Raman 'signature' of the glassy m r e .  
Expcrllncnts are actually done to study the b a i  order in tliis phase; on the other hûnd, 
dielectric experLnenrs are performtd la order to observe huw the slowing down of the 
dipolar rcoricntation U unplicated in the glûssy uûnsition and if it foUows a Vogcl- 
Facher law. 

The aurhon would tike to acknowledgc M Muller and C Carpentier for growing the 
crystds; Dr Y P Cavrot for bis help during ose erpex%nents and Dr H Szwarç and R 
Vacher for k b d  discussions. We wish to thank A HdUer and W Press for their reading 
of tbe manusaipt. 
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hl Foulon ri a l  

Figurr 1. The iaoisculc ofc)anoad~manianc. carbon aiorns are in uhiic. hydroçcn in black 
and ciiirogcn i a  dahhcd A ~ubc h u  becn draun Io ind~alc ihc direciions of aioinr wiih 
rcspecr to cach oihcr; ii docr noi correspond Io ihc Jircciionr o i  ihc UNI ccU. 

average translationalorder o f  the plastic phase ispresewedbut the orientationaldisorder 
is  partially irozen. These feaiures have led  t o  the apparently paradoxrcal term 'glassy 
crystal' for this new condensed siate o f  matter which is pari icularly attractive b ~ c a u ~ e  
the transition IO the g l d i ~ y  hiate cari only influence the molecular orienraitons. In the 
present paper. we report the rrsulis o f  somc expenmenrs o n  1-cyar,oadamantane whosz 
plastic phase can easily be supercoolrd even when operaring w i th  single crystsls. Tn tse  
experimeiital results (osc, x-ray diffraction and HLIR) can be coherently interpretcd 
through the occurrence o f  o glassy state which enables us ro  put  forwardsomr hyporhcsis 
o n  the microscopie descripiion o f  the glassy siate. 1-cyanoadamanrane (CS-ADb l ) :  
CloHIiCN, formally kriown as 1-cyano rncyclo[3.3,1,1~ decane is coniposed o f  r ig i r l  
globular molecules. Ii crin be obtainéd f rom adamantane CioHi6 by  substituting acyano 
group onto a methine carbon (figure 1). This long ciyar-sliaped substiiuent gives a large 
permanent dipole moment (y. = 3 Y3 D) to  the molccule which is in a plahtic plrase a i  
room temperature (melting poii i t :  Tm = 458 K).  blicrowave spectra (Chadwick c i  a l  
1972) and "C chernical stiilt (Knshnamurthy et a l  1963) have showri that this substitutton 
dors  not  change the rest o f  the molecule whose symmetry is then C,.. 

2. Difïerential scaniiinl; caloriiiietry (osc) studirs 

2.1. Expr.rirrirnru1 coridirions 

DSC cuwes uiider various cooling and heating conditions were obtained using a 
Perkin-Elnier di i ferçnttr i l  scarining caloninzier osc II.  The powdcr saniples sealcd ir i to 
aluminium calorimetric cclls \veighed between ?O and 17 mg. .4ccording t o  the expcri- 
ments ihe cooli i ig raie varisd Iioiii 1 5 t o  320 K tr.in-l Th: (1tspl.tgsd co i~ l i r i y  raie-, and 
the real onrs were JI\vays idenrical a i  least abovc 160 K. Thé VK 11 caloriitierer w a i  

A glassy crysral: 1-cyanoadumanianr 5215 

calibrated w i th  ind ium (7, = 129.55 K.  AH, = 28.42 J g - ' )  and w i i l i  succinonitril. 
(Cti+=N)I (Ti = 333 K, AHi  = 26.54 J g-I). The traiisition temperatures a i  t l ie 
peaks were always deduced f rom the eztrapolated onset f rom tl ie base l inc. 

2.2. Descripiiotr of r l i r  ouriot<s solid plluses 

A l1  the srudies carned out  w i i h  different techniques have shown chai cyai ioad~mai i t i inc 
exisis in four d i f k r e n t  solid statcs: a stable plastic phase (1). a supercoolzd merns t~b le  
plastic phase (1 ' ) .  a glassy srate (1,) and an ordr red  phase ( I l ) .  

I t  is  ccnainly possible ro  ob i i i in  anoiher glassy staic frorn i l ie  quenching o f  the liquid 
phase. However u p  i o  now this 'usual' glassy srate ha5 not  been really sren .et. 

If the sample o f  C N - ~ D h l  is cooled rapidly enough, the thcrinodynarnic behav~our.  
when the temperature is increased. is o f  the type shown i n  figure 7. III this case. the 
sample was warmed at +40 K min- '  f rom 100 K to  300 K after a kery long annealing p s t  
below the glass transition. 

Figure 2. DSC cune obi;iinrd duting thc rchcaling pcocerr ( -  4 0  K min-'). corrcaponding Io 
a quenchtny ioitowcd by a long anncding. 

The  successive feiitures o f  this curie can bc  interpretcd as follo\vs: 

(i) The cndorhermic anonialy sr Tg = 170 K is due i o  thé glass transitioii frorn the 
glassy staie II i o  the metasrable plastic phase 1'. Wharcver the cdoling o r  heating raies 
are, ih is glassr transition is always observed at appioximlitely [ l ie sanie ternperaiure: 
t, = (170 2 3) K. In 'usual' glarws the important internal inolscular deformaiions and 
the numerous translational diffusion (laroe vacancy concrntrar i r~ i i )  are perhaps rc latcd 
t o  the fact that i n  these coinpoi in~ls.  T,issirongly depcndenr o n  *he ih t rn ia!  treaimciiis. 
In C N - A D h l .  internal deiorin;itions and trrinslaiional dit lusion i n  rhc salid j ia iç (1 5) d o  
not  exist and in the gI;iss).si~ti' ihcre still remains ocly OIIC d:;r:e o i  ire-dam. 111 fisure 
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Structural aspects o f  tl ie glassy plias; of cyanoadamrnlane 

M. Foulon 1. Ldcbvrc. 1. P. Anioiircux. M. M u l k r  and D. Magnicr 

Labnraioirc de Dyinmiqw des Cruiaui htol lcdauu UA WI. B4L P3, 
UnivcnitC dn Socnccr ci Techniques de LiUc L 59655 Villcncuvc JArcq Ccdcc Francc 

Ri*unil - Ls cyaaoadamaniane cririallix L m  unc phax cubique plrstiqus A icmpéralure ambiants ci  prtscnic 
uni  phax vitreux en Jessour dc 110 K cn u s  de trcmpc rapiûe. Pour ces deus phases. la mai& es1 cubquc i 
lacer ceniréa avcc un groiipc bnpacc moyen Fmlm 12 - I L  L n  structura é 295 K ci 110 K OIII tib r t r dua  
dans rhypothtw dca molh,.ula riridcs Dcur mtih&s oiit tré U i l iXn  pour dicrirc le d(lor&a : k m&k de 
Frcnkcl el une dcnsiié blct.:ronique de symtiric cylindrique. L n  Iacieun L Dchyc W i L r  ont éiC pris cn cornpic 
par k a  tenuun T.U.  Pour h deux p h a m  h deux m d h  moci~rcnt que rare Jijmlairr de ta rndtoik pend 
ruoc des ria or icniai io~ iquivalcnics 1MI) du cube La JemU tkctruniquc du arnopc a J Î m a ~ y l  autour Je cet 
axe nt quasimcni conslanie Lorsque la md&cub priscn&cni un ariant(crneni (ansil ferrdkftrique. Ccacom- 
brcmcni riérque entre Icr rroupcs adanunlyl o( ptw hpo r i an~  dans ta phase v i i rcw : il crcluL par rapport la 
p h a , ~  piartiquc. qudqucr nricniaiions rdaiivn &a motinila autour de lcur aie diplaire. LI paramitre de h 
maillc cuhiquc ainsi que Iïntcnsiii Je deux ~ r M s  Je BraCa on8 tib maurés en hinaion L la tcmpiniurç. 
II y a un chan#unent si&niSuiil63ns la pcnic dc )P fourbe du paramtire de madlc p i s  de la icmpératurc Oe Iran- 
nilion Jc la pharc riircure 

AWr8cL - Thccyanoad .maniane nwkculecr~r<rllizu m a plawiccuh<f phase ai rwim krnpcralwc indésplays 
a crysialline a (Iasq phosr w by rapid  nol lin# k l ow  ibc ;lassy phrw irinsiimn icmpcraiure 7, = I ï û  K l a  bath 
cascs ihcccH n fcc with .ivcraec spice yioup Fmlm(Z = 4L T k i r  wruciura arc MIVC~ al 295 and 119 K in ihe 
framcwork d rigd body nnlcculcr Two descnpiiour am wcd te descrihe ihc duordcr a Frcakcl modcl and a 
cylindrual eltiironic denriiy ïhc  Dcbyo Walkr faclon arc Jexribcd by ibc classial T L S  knSorL Fer lkc IWO 

phases lhc Iwo modclr rli-*w thai ihc mdccular dipokc aru u n  randomly iakc sir ~iicn<atroar abna the(lBll1 
ducciionr and thai ihc aivagc decirnnic d c w y  for ihc adamaniyl group around ihu rru ri puaKconstant. 
Whcn Iwo f in i  mighbnur ms ninlccukr have (am-) paraUcl anentaiionr. ihc ucnc hindr.ncc hciwaa lhc +da- 
maniyl aroups u more unportant in the glassy phax and pevcno snme rclaiivc nricniaiionr iround (hc &polar 
.ais The loiitcc paramcicc ind ihc inicnaiics d i w o  rekc<sd Braylg rcllaiionr have k c n  mcasurrd rrrwi tcmpcra- 
turc Thc rlopc of the laiiicc paramcicr curvc cahibnr i up i r i an i  change ncar ihc giasry phasc iranniton 

1. lnnnductbn 

The exisicncc of glassy phases ohiaiticd frorn the 
qucnching of molccular crysialr i n  iheir plaslic p h a x  
has k c n  Jemonsiraied by A h c h i  rr al. [(II. I n  the 
glsssy phase. the average trinsl:itioiial ordcr of ihc 
plastic phase ir p c x n c d  b r i  the orientaiional 
disordcr wodd  bc frozcn. Cyclrhcnanol is a wcll- 
known case i n  which the glassy phase can bc casily 
obisincd and is. Cor ihe momenî. ihc oiily exiunple of 
II 8l;irry aysIaI n ititcnsivcly studicd 11-51. 

In a prcliniinary p a p r  (a diffcrriiiial sunning 
calotimciry. X-ray and Rainan cspcrimeiits show ihc 
rrisicnœ of a glassy phasc in cyaaoadarnanianc whcn 
ihc samplc is qucnchcd rapidly. Thc phasc transition 

sequena, wlien fcltedting ir surnmarunl In figure I in 
wsc of fasi qwnchtng, slow coolin8 and slow hca- 

ting 14 
In ils plastic phasr cyanuadnmanianr cryaiallua 

m the cubtc sysicm with space groiip Fm3rn TIK 
-Cs N d i p l s r  aatr a n  randonity take s u  orccn- 
 aii ions along ihc four Cold a a a  of ihc cube [q The 
relaxation tunc for ibis iunibl i iu mot ion mcasurcd by 
dickfirtc rcloratton a i  r o m  icnipcrature. which u 
r, = 3 x ID-'s shows tlidt t h i  molion u slow (81 
On ihc oihcr han4 un i îx i r l  roiaicun of the mdeculc 
areund ils dtpolar anis a l  rwrn tctnpcraiurc ocfurs 
a i  higlicr fieqocncics r, 3i IO-" r (91 Whcn ihc 
samplc u slowly cooled, ihcrc ts only a plasitc l o  
ordcrcd phasc transilion a i  T ,  5. ZROU. I n  i h i  
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As iii il ic l i r i i  nicihod. i l ic oricniaiioiial probabiliiy 
displays a m:ixiiiium shcn ilrc -C=N group is along 
tlic lourfuld axes of i l ic cube(l3). 

(iii) by a niodcl iiiteriscdiaic bctwcen ihc prcvious 
unes, whcrc ihc molcculc cou iakc nvany orentaiions 
around il ie dipolar rxir. This can be ûcscribcd ikrough 
a cylindrical clçcironic dcii,iiy for ihc atoiiis of ihc 
adanianiyl group. As Cor modçl (il. dipolar axcs 
oaupy raiiduialy the six iouifold axes of i l ic cubk 
ccll (71. 
II WC wLc inio acwuni thc relaxation iimcs o l  ihc 

two reoriciiiaoonal inoiions d thc molcculc(iumbling 
aiid uiiiaxial roiaiioiij. and il ic g o 4  location of ihc 
C=N groupi i n  ihc ççll. ihc l irsi aiid third niciho& 
yiçld ihc k s i  fils. l n  IIK folIowiii& Ihc rituciurr o f  
cyanoadiiiivaiiiaiic i n  its glassy pliasc will bc solvcd 
wtJi a Frciikcl aiid a cyli i~driçal ûcxr ip t ion  

I n  boih casrs, ihc wholc i ~ i i ~ l c c u k  is  rcgarûcd as a 
riyid body and t l i cOHION progrïni l l4J is uscdfor ihc 
Frciihcl erodcl. For i l ic cylindrical dcsctipiiois rcfi- 
nemcnis arc pcdornrcd with an O R I O N  vcrswn. 
iiioûificd Iiy ilie auihors. 

Ii i i i i ig l i r o ç e d u ~ ~ ~  i;ikcn r i  o(F) - Ka,(F), wiih 
a,(F) = ,'if; E l  F 1  Thc hç ior  K i r  i l ic mulii- 
p lk i i y  d iltc indcpndciit Bragg tdkci io i i& 11 is 
iiriroduccd i n  ihc lcasi squarw proccdurc tu  rcsiorc 
the very diIliireni multipliciiy of lhc rdlcciiuiu in the 
cuhic sysiriii. a, IS tlic :isual couniing siaiiJard 
deviaiion wliilc ihc bc ior  E is aii adaptcd codiirieni 
w h i l i  rcduccs ilic high coniribuiioii d sonic vcry 
strong rcl l~xi iunr I?W Il 1, 31 1. WJ) comparcd with 
ihc oihcrs The saiiic struciurc fi it ing proccdurcs wcre 
pcrlàmard 1Dr i l ic plasiic p1i;rsr and il ic glassy siatc in 
order to makc a coiiipartsor. A rcllcciion is coiisideicd 
as observecl wliçn F 2 1 o,(F). ihcrc arc 42 iiidrpcn- 
dent such rclleciioiis &r the pliistic phase and 84 for 
lhc gb~ssy siaic. 

4. I Tire FRENUL LWEL. -As  C o r  ihc plasiic pliase. 
ihc prototypic iiiolcculc d' syriiinriry C, is choscn 
with iis C-€=N group lyii ig alony ihc 10. 4 I j  
cubic direciion For syiiimctry rcasoiis the dipolar 
aiis can tlicii tühç six oriciiiaiioiü. Tlic diclcciric 
rcl;ixaiioii iiicaiurcincnis (151 show ihat ihis disordcr is 
siaiic i n  ilie glassy siatc. Takiiig into amouiii ibc 
fourlold cubic dxis. the axial Isorûcr  uround the 
C-CeN group can bc dcscrihrd by 2.4 or 8 discrete 
cquilibrium posiiioiis. The @cc spce Croups whicli 
reniain po>siblc. are FJ32. I:43in and FniJm. I n  ordcr 
to siniplify ilie rdirieiricni proccduic. wc assuiiic i ka i  
a inolecular i i i i iror coiiicidcs wiih a (1001 or ( I l 4  
laiiicc plaiic. III tliis w s ç  ilte Fin3m and F432 spice 
~ u p s  I w J  i o  tltc s i n e  cquilibriuiii positions. For 
FJhn, ihçrc arc oiily 2 squivalcni posiiioits ürouiid i l ic 
dipolar alis wlieii a isolecular syinniciry p l ~ n c  
c:~iiicialcs wiil i  a 1 t.  1. O) plaiiç Tlic I:~iiJiii sp;rïe p o u p  
i i i i r i~~luccs 4 air n i ~ l i ~ t : i ~ t . c~  ~~ :~ i i i I i t ~ i i i i i i i  liit,iiv,iir. 

Fiiially. tlic masr cciiirc d the m o l w u k  lowic i l  by 
syniiiiciry arguinrnts a i  (O. ü. II,) is able w d i% 
along ihc IourCold axis o f  the cube. 

Auuiii i i ig a rigid group for t h ç n i o k ~ u l ç  ikc i l icr i i id 
vibraiioiü may br. JricribcJ by ihc T.L.S. icnsors (161. 
The symiiiciry d'one niolcculc aiid i is ncighhuuthwd 
III~WES conslraiiris o n  lhc ço i~ ipo IKNi  01 111ç 'r L.S. 
içiisors. According i o  ihe lucal o<&r w r  shall con i i k r  
only the C,, a d  a, cascr FM ihc Coriiicr. îhc local 
ordcr ir assumcJ t u  bc uniaxial du rde r  n ( I I  muliiplc 
of 3) around ihc -C=N &ris, whik  for ihc lattçr. 
ii displays a mirror coi i~idiuig wirh onc of i l ic n iok-  
cules. Whcn WC add <tic swlc factor and th value 2, 
u f  ihc niass ccnuç. ihcrc arc 7 U u l r p s d i i i  pariusciers 
i n  ihc C ,, Jcrr ip i io i i  and 14 i n  ihc a, onc. 

4 2 CWLINDR~CAL ~LFCTR~WICWNUTY VuCRiPiiON - 
The r, veCtorJoituny ihc ~ r h  alun1 I o  ibe niol~%ular niais 
cciiirc ecxprcrrcd i n  a cylindricil syuicm r, =(y,, 4,. :,) 
in wliich i l ic dipubr uu u along O: Atoiiis wiih 
ihc satne y, and :, ICI up a rhc l i  coiii.ii~~ing n, aiwns. 
Occausc d the ur i i .~r id syinmciry r cqu i r d  tor itiis 
ntudel ihc cwrd i i ia tn  d the mais ccrutc arc@, O. 2,) 
r i iuh  Cor r coniiiiuous cyfardrical c l ~c i r onv  dciiiiiy, 
ihc riruciurc factor is givcn by : 

Thc j surn runs uvcr the shells d ihc n roku l c  and 
ibc i Sun ovcr al1 thc possible oricniaiwiis oi' i l ic 
roiation anis pi is thc probabiliiy d f i d i n g  thc 
tnolcculc wiih iü roiaiion arir along îhc orieoiaiion i. 
For cyaiioadrmai~wne. tlic ro<iiiioii axcs are aloiig 
ihc CourCold axcs d' the cubic ccU and p, 1; 116. QU, " 
and Q,, arc, rcs~xctivcly. ihc p ra l l c l  and pcrpcii- 
dicular paris ihe jc'aiicring vccior Cor i l ic t ih  
oricntaiion d i h r  roiaiion axis. OQ) II ihc scaiicring 
k t o r  d' atotns of the jih slrcll and 1, ir thc zcru- 
orûcr cylindnwl Ucsscl funciion. lV,(Q) iii ihc Debyc 
Wallcr Iïctor. Ii iakcs in io accou»i iranslaiiotial 
thcrmal vibratiocir: ol i hc  whole molcculc. as wcll as 
rotatiunÿl o n a  arouad dirs i ians pcr~xnd icu lu  i o  
the roiation axis. 'Flic Dcbyc Wallcr hc ior  IV,,(Q) 
is. i n  h c ~ ,  cxprcssd l i ~ n  ihc paraiiicicir Tl,. T,, 
and LI, i i i l r d u ~ c d  i n  thc Frcnkrl d e l .  

Wlicn ihc clccironic Jcnriiy distrihuiiun is i io i  
conskani. the probabiliiy w Tind an aiotn of thc ~ili 
slisll wiih ihr p u l u  angle $ kco i i us  117) : 

i n  wliich $1 corirsponds i o  an cquil ibiiwn posiiiori 
Cor i l ic aircl1 n is the nu i r i k r  d suc11 equilibriuiii 
positions and d, are cocUirririiiï; i l ic hcior 112 a 
r i i s i i r ~  normïlir;iiitin. III ctiis ça%. cyli i iJritrl I le>xl  
~~II~~~IIIII~ o$ abrd~r VI ;ire hi k i i i~ r id i i ccd  i n  the 

situcture kc i o r  rc l r i ion  l o r  byaiioadainanianc. tbc 
ininimiun value d n i r  12 and the Q range d ihc 
X-ray mcasurctnerus U no1 pr l tnent I o  givc signJic;iiit 
vallies dlI2fQi, p,)Cor carbon shclls For 1Ii1s rcason 
o w  i~ ives t ip i ion  har bccn luniicd I o  ihc constant 
cylindrical dcscrcpion 

S. Siructure runûuiom - rcsults and discm-inn. 

5.1 D t w m r u s  IN nie KEWWENT. - Sotnc dif- 
ficuliics l im i l  the possihililics in tliis struciurc rd i -  
ncnicnt : 

(i) The rmall numbu  d rignil iwnt indcpcridcnt 
structure facton lirnilr lhc sel d vnrying paraniclen. 
Tlic su l c  factor and the T and L tenson are sirongly 
corrcbaicll 

(ii) Tlic high n t i o  dd i i r ac t cd  inicnriiics lcads i o  a 
c ru iw l  study d thc wc ight in~ s r h m e  

(iii) The h k h  molenilar oricntational disorder 
a p p w n  to  bc iakcn in io  account by the Dcbyc 
Walkr facton. and Ica& IO abnormal values oî the 
lilirational thcrmal paramcicm 

t o  iho dipotbr axis Il 81 1 Ir K r t id  fi, faciors presciii 
a minimum for ioohigh a rclaiivc sIioricning(3 x 10' ') 
and for & - 14 4" Wuh tlic twclvc cqinvalcru 
posuioiu Cor a carbon aioiti of Ihc ad~mantyl  group 
and for a pivcn d i ra i ton  of thc - C r N  group. the 
rotaitonal probabiliiy fuiiciion for such an atom can 
be wkul r ted  using a Gaussirn distribuiion : 

i n  which g', u thc i t h  cquilibrium angle valuc. The 
factor 3 h thc nunibcr d the atoms on the Qd l .  
This rotatit>n;it probahiliiy funciion dtawn on figure 4 
ncarly a a i i n t s  for a cytindriwl dcscrip~ion Using 
rclation (2) for tbc 9 4 )  probabiliiy functioa lunitcd 
up I o  J = 1. osc geu a vcry smaU valuc for ihe fus1 
icnn. oIa P 0.034 for& = 14.40. Titis fact explains 
ihc cquivaknt sucws d the m d  wi ih 4 and 8 
uniaxial qui l ibr iu in positioirs and ihc favourabk 
rçruii d tlie dinements with the cylindrical mode4 
as will bc diicurscd Iatcr. 

5.2. J four positions wrrh T.L.S. uùupfcd to a, qm- 
wmi -. - lakc ncrry. - Lar l  u t cmpu  wcrc madc wi ih 'T.L.S. tenson 

into accouni the aria1 disorder with ihc Frcnkcl taking inlo accoun, a, symnrclry with fou, 
m h t s  have a n a l ~ x d  modeIr w'lh L 4 or 8 c'lui- eguilib"um positions. 14 paramcicri are 10 & Idincd 
librium posilions around the CssN axir usin8 T.L.S. and y, ~mprovcincnt d rc.ub il rienfiCani. 
Icnson with a C,, symmetry. This rn&l has nor b n n  rciaintd eiilier .- - 
1 2.1 Two ~ust i io ru  - The d e ~ c t i ~ t i o n  wiih IWO 

positions ca;rnponds IO thc ~ 2 3 m  group and 
is dismisscd hmux of the poor qualiiy d the rd- 
ncmcnlr (R - 13.2 l: and R, - 19.7 % for ihc glassy 
phase) and the ncgaiive value d the L,, paramcicr. 

S. 2.2 Four positions. - 1 hc rcfincmcno d thc 
structurer. 4 t h  Cour uniaxial cquilibriuin positions 
givc bhc same ruul ts l o r  the Iwo possible disiinct 
oricntatio- (a rnolaular plane coincidcs wiih thc 
llq or Il lq piana). and t h n  pnves lhcir cocxisicncc 
i n  the cryslal. Thiu kadr IO a Frcnkcl modcl wiih 
cighi qu i l ih r ium positions. 

S. 2.3 Eighi po.sitionr. - The r n u l u  obuincd with 
cigli i uniaxial oricntaiions w d r m  the prcvioiir one 
and give n o  significant dccrcase o f  the R and R, 
facion. Fwihcnnorc, ihia disordcr description Ica& 
I o  an clccironic dcnsity distribution quiic similar IO a 
cylindrical one 

S. 2.4 Dlscwsioa 4 the Frcnkcl n d i .  - This diu- 
cussion w n a r n r  ouly the case wiih four psi t ions 
and a T.L.S. adap td  to a C, symmctry. T l u  JiUicutiin 
IO rcfinc the sirwiurc wiih a Frcnkcl m d c l  comc 
from the fact that tlic L,, c41ç i c i i i  has no physiwl 
mcaning 

This paramcicr ir very sensitive IO the disordcr 
around the dipolar axu and d o n  no i  rcally mcpsurc 
L e  librational ampliiudc d thc n ~ d m i l c  T o  takc 
into accouni thb  rout ional  d c c t  on  thc bond lcngthr 
WC iniroduce a slioriening of the atomlc disiairccs 

nneu ir n m m  - $ U * 6. iir I W I  

5.3 RESULTS wrii n iE CYLINUIIICAL wca. - For 
boih phasa. the cylindrical dcscripiion and the 
Frcnkcl modcl wi ih four positions lcad IO aboui the 

Fi6 4. - Rotaiional prubabiliiy funciioa around the dipolar 
axb for a carbon aium d ihc adrniantyl slicll. Full line : 
cakula~cd (tom rrlation (II with the Frciikcl modcl. Mhsd 
linc : uniarlal Irec rmalion m o d ~ t / ( ~ I  - J/Z m. 
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Low frequency dielectric properties of 1-çyanoaclaniantane 
clof4 SCN 

by j. P. A M O U R E U X ~ ,  C. N O Y E L ~ ,  M.  FOULON^, R.I. U É E ~  
and L. JORAT1 

t Laboratoire de Physique des Solides. 
Equipe de Dynamique des Cristaux moléculaires associée au C.N.I\.S., N. 465, 

Universiti de I.ille 1, 59655 Villeneuve d'Ascq Cedex, France. 

f Laboratoire de Physique des niatériaux, lJ.E.11. Sciences, 
23. Rue du Dr. Paul Michelon, 42023 St. 1:tieiiiie Cedex. 

Diclcctric properties of 1-cynnoadamantanc C,.III:CN are a~ialyscd w i t l ~  
vcry 6ow frequencirs beiween 80 K and 320 1C. l'liï criiicïl frcclucncy in 
the (siable and supcrcuolcd) plastic phases docr nu< Iullow û o  Arrlici~iur lüw. 
This brhïviuur corresporids tu the ~lrssy siïtc of cyairi~ïd;ir~ivritaiic. Ilow- 
evrr, rrlïxation iri the glassy phase ceririnly ducs aoi cxist iii iliis coarpound. 

1. INTROUUCTION 
For some years we tiave undrrtakeii an extensive and colnparrtive study of 

substitutrd adainantaries. This series of çoinpounds ;ire ~)articularly intercstiog 
owing to thcir high syniiiietry and to the fact that niost of tlieni are in a cubic 
plastic phase at rooiri teinperature. Oiie of the rnost iiitcrestiiig substitutcd 
adamantanes is 1-cyanoaddinantane (CN-ADM) : C,,II,,CN. Its intcrcst 
arises from its long cylindrical substituent, froin its vcry I.irge permanent dipolc 
moment (p, = 3.83 D) and from its being in a plastic pliase at roorn tçinperature 
(inelting point T,,=458 K). l'his coinpuund. ioritially known as 1-cyano 
tricyclo (3, 3, 1, 1) decaiie, is coinposed of globular iiioleculcs aiid is obtained 
from adomantane, C,,II,,, by substituting a cyano group oiiio a incihine carboii 
(figure 1). Microwave spectra [II and IaC Nlllll cheiiiical sliifts [?] Ivüve stiown 
that this substitution does not change tlie rest of the iiiolrcule whose syiniiietry 
i t e  C .  The iiiolecular motions of tliis coiiil~ouiid Iiavc beeii studied by 
lncoherent Quasi-elautic Neutron Scattering (IQNS [3]), III-NMI1 [t] and 
Iiigli-frequency dielectric relaxation [SI. In these tlirec experiiiieiits we have 
never really observed tlie transition betweeii the plastic and the brittle phases. 
In order IO explain tliis Iack of traiisitioii we have t h ~ u  carried out soine DSC 
experiinciits. 

, 1 . he possihle esistçiicc of a gl.issy rrystiil ph.isc c~i~i,iiiiçd hy qiicncliing of 

soine aaiolccutir pl;istic cryst;ils Iirs Iircri tlizaisscd (($1 If tllc crysi;il in tlie 



Figure 1. T l l c  niolcculc nt cyanondarnantane, carhorii are in white. hydrogenr in blsck 
and n i i r n ~ e n  i s  cross-hatclicd. A cube has hecn drawn to indicate the directinlu 
of atoms w ~ t l i  rcspecc to cach othcr. it does nut correspond to the directions of ihe 
unit ccll. 

plastic phasc (phase 1) i s  coolcd rap id ly  enough IO prevent  the  t ransi t ion towards 
the l o w  tcn iperature o rdc red  phase (phase II). t h e  d isordercd system i s  super- 
cooled and  u l t in iate ly  gocs i n t o  a glassy state (phase 1,). T h a t  i s  the  case fo r  
cyanoadnmantane. l ' l i e  successive peaks in the DSC curve  ( f igure 2), obta ined 
a l ter  quencl r ing f r o m  301) 1< t o  90 K, can b e  in terpreted as fo l lows ( f igure 3) : 

(i) l'hc cndot l icrn i ic  ano~ i ta ly  at Tg= 170 1< i s  d u c  t o  a glass t ransi t ion 
f ro rn  t l ic  gl.issy crystal l ine phasc I, t o  a mctastablc phasc I', w h i c h  we 
sl ial l  sec i s  the  s~ipercooled plastic phase. 

(ii) T h e  exothermic irreversible t ransi t ion n t  about  205 K corresponds t o  
t l ie  t ransi t ion f r o m  the metastable f o r m  (1') IO the l o w  temperature 
b r i t t l e  phase ( I I ) .  r i s  usually observcd in m a n y  plastic crystals there 
cnn exist a noticcnble dclay in the t ransformat ion l r o m  t h e  d isordcred 
statc t o  t l ie  o rdc rcd  one ( l '+I l ) .  'This delay i s  more  o r  less impor tan t  
according t o  the  crystals a n d  tt ierefore t l i i s  t ransi t ion r u n s  over 5 0  K 
in t l i is  powdcrcd  sample. 

(iii) T l i c  endot l iermic pcak at about  T t=2S0 K is  the usual  n o n  plastic- 
plastic transit ion. As in al1 the  other  k n o w n  glassy crystals (71 the 
ra t io  1;/1;=0.6 l ies bc twcen  0.5 a n d  0.7. 

W h e n  t l i c  ternpcrati i rc i s  lowered s lowly f r o n i  300 K, the plastic phase i s  
siipercooled a n d  the  t ransi t ion t o  the b r i t t l c  phase occurs bc low 250 K at a 
temperature w l i i c l i  depends o n  t l ie  cool ing rate. X - ray  d i f f ract ion data have 
b c c n  rccordcd o n  single crystals in bot11 t l ie  b r i t t l e  and  glassy phases. T h e  

Fiyure 2. A DSC curve of CN-ADN corrcogondin~ IO qurttcliiitg lolluwcrl by wurming 
(H) t i lm i i i  ). 
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A N N E X E  A - X I - 5  

Tiie glassy phase of 1-cyanoadamaiitaiie; a study ot tlie 
molecular reorientations !>y high-resolutioii quasi-clastic 
iieutroii scattering 

tvl BÇetS, M Fouloi i t  , J P Amoureuxt, CCauchcieuxt üiid C Poinsigrioii$ 
t Laboriioitc Jc Dynaiiiiquc cks Crisiaux li.loltçulaircs (U,\ WI). Uiiiversiid der Sciçnccs 
c i  des Techniques de Lil le 1.59655 Villencuvc J'Ascq Cd&x. Ftancc 
r lmlitut Laue-Langeviii. 156 X. UW(1 Giçnublc CCdcx. S'~ancc 

Rcceivcd 25 blarch 1986 

AbUraci. Using ihc incohetciii quasi.olistK neutron sç;iiicriiig (IONS) icchiiique. the 
eioiions of 1-cyaiiuadrini~iiian C,.Ii,,CN arc invcnigaid Iicluw 170 K ui ihe glÿrry phare 
obiîiiud by tapid quciichiii# ol the rooiii-tctapcriiurc urtceoii i>i iï l ly J i ~ i ~ r ~ r c J  phare. 
The broaJcning of tliç cxpr~iawni;il rpecir ï  ir cviilcnco lor ;tic exisiriiçc ol roiairoii~ ut ihc 
muIrcules aboui thcir >yin~nciry axes on ihe tirncsale IU-Io-IU ' S. I l uwevc r .  lroiii a direct 
Fouricr translurnl ;iiialysir.ii ir&nicnirtraicdihai the expriiiuiiial J~ii~c;rivi~ii bc Jc,cribed 
in tcrms of aoy rimplc juiap muJcl involviiiy a riiiglc corrcl.i~iun iiisc. III DCCUI&IÏC wiih 
ihc conclusioiir ol ihç rtudiçs by N~IH and x a y  tccliiriqucs. .in iiitetpiei.iiws l u x d  uyus 
dirtritiuiiun ol the corrçbtton ciines ir proporcd. Fioally. WC diseurs uhcihcr ihis i i i i ie  
Jisiribuiton i s  a cliiracicrisiic katurc ol ihir glarry riair. 

'The rxisiencc o f  ü new type o l  gl;isses wüs denioiisirüicd by Adiiclri cf 411 (1908): by 
rüpidly cooliitg soins moleçulür crysials. irriiiolly i n  t l i r i r  111 t ~ i i i i i i i ~ i i i i t l y  disordercd 
phase (plastic phase), ilir normal iraiisiiion i i i io  an ordrred low-izmperüturc phüsc can 
br avoided and the specimrn passes in io  a 'glüssy stüie'. A coiiiiiiort descriptioti o f  suc11 
û phase is ihüi the avrrüge trüiislaiioiialorder i s  preserved. but iliç orieniütionrildiwrder 
is frozen. Beçüuse o l  the crysiülliiie nature of ihcse glassy pli;ises. tlie stucly o f  cbem 
should proviûe a b r i i r r  uiidcrsiandiiig o f  the usuül üinorphou.s glüsscs. 

This type o f  gliissy trünsiiioii tias bcen obsrrved for I-cyüiioüdüiiiüiii;ine Ci,tIl5CN 
(herealier relerred IO as ADM.CN). sliowti ~ ~ I i e ~ ~ i ü t i c a l l y  iii liguie 1. 'l'lie iiioleculc Lias iI ie 
gciirrül shapc: of  ü globulûr üdiimüntyl cage. o i i io  whicli is bt i i idrd ü riither r lo i igülrd 
radiçül C - N. The rcsuliiiig inoleculür syii inir iry is C,,. l'k. wliole itioiecule beürs a 
large dipote niomeni (3.90). 

Ttie crysial structure o f  ihe i:cc plastic pliase (spüce group Fm,,,,, Z = 4) lias ülreüdy 
berri k s c r i k d  i n  soiiie deiiril (A~ i ioureux üiid U t e  1979, Aniourcux cru/ IYSlb), iis üIso 
has the nature o f  the dynaiiiicül disorder. Several experiiiieiiiül iccliniques, i.e. NMI~ 

(Amoureux er ul 1981a. 19o6), dieleciric rehxatioti (Ainourciix ef ri1 t1)83), and inco- 
herent quasi-clssiic ncuiroi i  scicireriiig (IONS) (Ode CI (11 I 9 M )  show ilrai i w o  iyl>cs ui 
n ~ i ~ l e c u l ~ ~ r  i ~ ~ i i i i o ~ i s  c x i q  ~ i i ~ ~ i ~ l i ; ~ i ~ c ~ ~ ~ i ~ l y .  ' l l i c  t i i \ t  II~II~IIIII ~ ~ I I I ~ L ~ ~ ~ ~ I I I I I ~ ~  III i l ic  r a i r i -  
eniaiion of the III~IC'C~IIC'S ihrcc.l i~ld i ix is( i1 i~x~lc iixis) froiri oiic (tHll) 1;iilicz dircciioi i  40 



Figure 1. A pobsible cocilcgurditon of I -~yrnodJ~in~nt~nc raotcculcs in ihc ghsy si~ir: wiih 
air .~i~iifctroelectrtc rrrdngemcni (Foulos c ru l  IYJJS). 

ai iotl i fr. while the second is the rotation o f  tlie inoleculc about this axis. The iorriier 
niotion is strongly Iiiiidered by the first- and secoiid-neiglibouring molecules. tience the 
niean resideiice tinie o f  the niolecule dipolar axis along the (001) directions is ratlter 
large. Conversely, tlie latter motion appears to  be more frec. I t  has been dcscribrd as 
30- jumps i i nong  twelve equilibrium positions. The relatedcorrelation l ime r,,,!: is about . . 
1.6 x 10-"s at T = 300 K. The ordered phase br low T = 7,W K is monoclinic. C y m .  
The crystal structure caii be describcd as a succession o f  p i a l l e l  plaiies coniposed o f  
molrcules wi i l i  theirdipoles in antiparalklorder. alongone (1 I I )  pscudo-cubicdircctioii 
(Foulon ei ul 1984). NLIH nieasureinents prove ihat the motion around the niolecular 
thrertold axis sti l l  exisis. in spiir of a strong stcric hindrance ( F w l o i i  rr cil 1984, Amou- 
reux r i  irl 1986). 

Below the glassy traiisitioii temperature (T, -. 170 K), t l iz glassy state exhibits tlie 
same average space group as the plastic phase. in which the niolecules uccupy i l le  
sanie eqiiilibrium positions (Foulon r i  ul 1985). X-ray and ci~herent neutroii scatteriiig 
rneasurenienis (Descüinps r i  ul 1985, Lefebvre r i  al 1985) hiive demonstrated tlie pro- 
gressive iiicrease in the nuiiibers o f  intcrlocked antiferroelcctric doniains. Tlie gbss 
transition presrrves the traiislational order and affects the niolccular oricittüiions. 

Tlierrfore, the kiiowledge o f  the evolution, as a funaior i  o f  temperature, o f  tlie 
dipole resideiice tiine amoiig the equilibriuni positions is an esseiirial factor in obtaining 
an uiidcrstaiiding o f  the exact niechanism o f  the glass transition. 

Low-frequency dielectric relaxation nieasurriiicnts (Amoureux er al 1984, Püthrriaii- 
atlian and Joliari 1985) have clearly showii ttiat the dipolc tuiiibling is frozeii a i  T, 
according to  ü Vogcl-Fülclier law. Convcrsely . the uniaxiül rcorientiitioo sti l l  ci)niiniics 
to  1)s o l ~ ~ c i v i i h l c  iisiiig N~III I > c J ( ~ w  I f  (1.011l1~tt r .~  rd IVH-1, A i i i ~ ~ i i r ~ : i ~ x  ~ ' I I I I  l'JX(3). . . I l ie IONS iecliiiicliic pcriiiit.;ol~rcrv~~tcoiiolc~icli iiiilivi~liiiil~c:ittcrcr iiisidc ii i i i ~~ l cc i t l c  

ai id consequently consritutes a way of  investigatiiig the iiiotioiis o f  the riiolecule ilscli. 
Because the number o f  hydrogeii atoins in the ADM-CN ~iioleçule is ratlier large. and duc 
t o  the Iürge incoherent cross section of ihis eleineiit. this compouiid is pirt içularly 
suitable for investigation usiiig this technique. 111 this paper, ive r c l ~ o r t  o n  i u ~ s  iiieas- 
urenieots receiitly perfornied with n~ht -CN,  usiag the Iiigli-rcholution back-scatteriiig 
ine t tiod. 

The experimcnts were cürried out at the institut Lüue-L;ii\ycvia. in Graiobic.  Tlrc 
back-sca~tering spectrometer IN IO was chosen because o f  ils Iiigh res lu t i on  i n  encrsy 
for the range expected to  be relevant. Use o f  a powdzr sainplc criabled us to  avoid a lot  
o f  technical difhculiies l inked wit l i  the growing and tlie cult i i ig o f  single crystiils wi l l i  
large enougti ürer and unüll enough thickness i o  obiaii i  a sullrcisnt ~ ~ a t t ~ i c d  tniensity 
without sigiiificant contaminütioii from niultiple scattering In ihcory. usiitg a p i ~ l y -  
crystalline specimen rr ther tlian a single crystal leads to  a loss of i n l o r i n ~ i i o n  bccausc o l  
thcliveragingover al1 thedireciioiisofthe scatieri~igvecior L>. 1 lowever ,oii the tiincscalc 
o f  the experinient the dipolar orientational disorder c.iii be coiisidered stiitic (Uzc ri ul 
1980). The scattering law related to  uniaxial rotation has to  II(: üverüged over the six 
possible (LW) directions. and the use o f  ü single crystal would i iot üc tu~ l l y  provide iiiuch 
more inforinaiion. 

The followiny temperatures were chosen for the measurcnieiits: T = 13s. IJY w i d  
159 K (Tg = 170 K). Si (1 11 J analysers were set u p  about the avecagc scattcriiig vector 
values, Q = 1.2.1.55,1.77 and 1.93 A-i, i i iorder IO avoid D c l ~ y e  circlesçorrrs~~oiidi i ig 
i o  Brügg rellections (A = 6.28 A). Tire instruriunt re,oluiioii \va> o l  i l te ordcr ot L p c V  
(FWIIM) for an energy range of  the analysisof a 13 PCV. The i i iul i iple scattcriiig d id  not 
need t o  be taken in to  account because of  the very sinnlt thickiicss uf the sprciiiirn. about 
0.3 mm, correspondiiig to  a transmission o f  0.9 wlren the saiiiplc was perpendicuiar 10 
the neutron beam. T l ie  Aat sampte, 38 x 35 mma in diinensiun, was orientcd rt 45" i o  
the incoming neutrons. A rapid qiienching was acbtevcd by d:rectly dipping the saiiiple 
in to  l iquid nitrogen and ihis was followed by a slow heating ut. t o  tlie required ieinpera- 
iure. Thus, comrneiiceinent o f  crystallisatioi& into the i r to i i t~ l in ic  phase ,criüy bc con- 
sidered improbable. 

Another seriesof meusurenients wasperfornicd a i  T = 159 K. whcre. for iniprovriig 
the instrument resolution, polislied analyser plates were eiiil)loyed. 'l'lie ~:wttht o l  the 
resolution fuiiction wûs decrciised to  about 0.42 peV.  An evcn bctter value couid Iiave 
been obtained by using a polislied monocbrumator, but wc did not use one because WC 

wanted to  kcep sutficient incident neutron Hux. In tliis expericneiir, ddta were collected 
for only three values o f  Q, 1.31. 1.72 and 1.93 

The usual corrections for absorption, self-sliieldiiig iiiid saiiiplc Iiolder scatteriiig 
were applied t o  the data, and tlieci they wcre anülysed on  tlie basis ot  dynüinical iiiodels. 

3. Andysis of the experi ineitt~l r r ru l ls  

Basic hypotlieses and fundaitirntül expressioi~s aiisiiig iii IOPIS Iiave alieady becci dis- 
cussed a l  soine lcngth iii rclc io icc i c \ i l i o t i h ~  (L.~.idl~t III r .II, l / ~*~:Iiiicr 1979. Fpringcr 
1972) and wi l l  iiot be repttrtcd Iicre Tlre rçlc.v;cii( eclii;iia,ii iii ihc siiidy 01 i i i o l d ~ ~ l i i t  





4 -  
u 

Y;: .- 
ir - 



:O961 Jouuo3) Pm*IJ!X 
-ssonj I q  p a m p o ~ i u i  i cq i  se uasoq3 r( l ! i r~ i !q~c scm (9 '1)9 uo!~nunj uo!inq!~lsn> a q l  
-pawJo]lad Sem c~ i?ads ~ 1 ! l I I ~ i i l l ~ d ~ ~  l q i  JO UO!il!lnlUlf C 'i~nJ13JdS 8u!Ja11~3S Jq i  JO 
d c r p  aqi i ~ o s a w l i  tioicxrllal j o  uo!tnq!Jiç!p c JO iJajIa ai11 aiciistlouiap o i  JapJO UI 

-uo! ic io~ la!xe!un aif i  
i i o  a3riantlur qir!( Xliio j o  zt UO!i!FiiI!J1 açi!qd IsselS-~iisi*~d ail1 i cq i  sulJ!luo~ s!ql  '(m61 
ln ~ m ? g )  a ~ r q d  n!iseld ai11 JC>J MFI W4U311JJV a111 WOJJ p ~ a ! l o d c ~ i x a  anleA 341 Jo apni!u 
-%ui go ~ s p ~ o  aqi j o  SI s 01 x 9 - ""1 ' a n i c ~  Ouuinsa~ a q l  .lapout 341 &q p a ~ ! p a ~ d  
anlaA aql "011 IJI!A nt pauolla t! Ii!çiialu! ~! isc(a A la~nd "qi i r q t  4u!p!rro~d 'lyx>ui 
dtiinl-ahlami ai(1 j o  iuawDcqal I q  ' c ~ i ~ s d s  aql W O J ~  pajnpap aq uc3 aiU!l uo!tcxrlaJ 
a % c ~ a ~ c  ue 'uolinq!Jn!p aiii!i UO!IC~~JJOJ alqnqoid sttli litno33c oiut %u!i(ci i n o q i ! ~  

'S3Se2J32p 1Jnle~d>dui31 ail1 iGIi(m dS13 ~ciuaiu!~ndxa it13~CddC Jq i  JO JîCaJ3U! 
siiieldxa '(g a~n41~)  3tisrIa aq 01 s~raddt? I i~sua i i i !  paialic3s 8ii!puodsa~~o3 aqi  
pui! a l i i c ~  kn~aua  alqnJnsr>w aqi  aptslno 04 I[lar!ssa~fhid saw!t uo!ir(ajJo3 ~ a 8 u q  01 

pa,i!la~ si10113un~ UE!7litJJfi1 141 jo s q i p ! ~  a q l  wmop ppmols ale suoiioui aql 'papan\ol 
s! a ~ n i e ~ ~ d i l i a i  DiIr i i a 1 1 ~  .>IIUIJ s! UO! ,~~OS~J III~~~JICII! a111 ' A ~ ~ e n t ~ v  i ) ~ ~ ! ~ ~ ~ n j - ~  3CJ!a 

Ilisuaru~ r i w p  sqt or >~nqri iw~ sinuil %Wr 
url(1 ~ ~ . % u o ( ~ a l i i i i 3 l l ~ t J ~ l ~ T ~ r q ~  p~lFJlplll3JF SlRVl1 IUSUmJl~lll)CJ>AZS ~ J ~ I F J ~ U ( ? I  LIJl I O  

11n~13unj P SF SJUIII ~IOIIP~JJOJ ~111 JO UOII~~IJIS!~ a91 JO UOII~~OAD aq~ 10 qnav y 's r ~ n 8 ~  

a si! ~ ~ J > ~ I S U O J  aq I~I!J pu*' àii!iinlri!oal II!I~I~IIIIJ~~>;~ aql III!III IJA\OJJI!II qm t i i  s! i! apilm 
'a'! ' i i i i io>~t!  o lu l  i i ~ ~ ~ ! l  u.l.rq loi1 si!q rio!iitlth.u l i iarun~isi i ! 3111 SI! Biiol sn '(1) hq II"A!% 

i r q l  o i  (o!lilap! AS13 leiu?tii!~adxa plle ~ rs ! i a~oaq l  c s a p ! ~ o ~ d  iio!ssa~dxa s!qi 'IXJ UI 

aqi JO I i ~ ! u a p c o ~ q  atli a q ! ~ ~ a p  o l  .saw!i uo!ielaJJo3 j o  uo!inq!Jis!l> a j o  s ~ s a i l i o d l i ~  aqi 
i ~ o d d n s  s iuawnbc asail1 1 1 ~  .s.inoqil%!ati si! j o  1eq1 qi!m paiclauo3 h18uo~is t! atnxqow 
i p r a  j o  s ~ ! t i ~ u I p ' a q r  ieq i  pue Alqr~ap!suo3 XJBA ut3 alnmlow ua~!B e JO iuawuoJ!Aua 
I I ! ~  ail) 'alq!aod ~lopd  n suo!ie~n4t~tio3 aqi 4uoiuc i sq i  slsaAaJ sii!eiiiop qnns u! 
~3llf!JpU!t( JIJ~IS arli JO s~shlcec UV ' ( ~ ~ 6 1  ln IJ xna~nou iy )  ~ o i 3 a j  UO!IR~~JJOJ J I J I ~ ~ I ~ ! ~  

pnomq~!y mol aqi  I q  paisp94ns se ' iuauca4iir~ie ~!~13alaoi~aj ! iut !  l w o l  a qi!m 'sii!etuop 
31lcJpsnh JO a~t fs~eaddr !  ~ c q  aq i  aq plnom U!%IJO aqL  .an!iii!( n!qn3 a111 JO sa i~s  ueaw 
ai i l  i n q c  snln3alow aqi jo a c w  JO sa~iua:, aqt j o  uo!inq!Jis!p ~ ~ i a i s  c sa para~diaiu!  aq 
UR:, 43!4M 'paAiasqos! uo!in!teA lEUJJOU aqi 01 i ~ a d s a ~  qiim uo!ic!Aap a~!r!sod s ' ~ 3 w a v  
j o  ascild Isscl8 aqi iq . ( g ~ h l  1" la u o l n y )  JOSilai uo! ia ls i~r i i  a l e ~ a ~ a  ail1 j o  uo!inlorra 

' JeauIl 2qI r(q Umoys Sc 'UaZOJJ X1aA!ssaJ8oJd aie salnJalow aqi JO siio!iow (eiio!ie(sueJi 
lcwJaqi alti 'paiamol s! a ~ n l e ~ a d w a l  aqi  uaqM .(9~61101a X~JJ~OUIV) paiunssc SI ~ 2 1 ~ 1 1  

ax~ap!sa~ jouo!inq!iis!pej! pau!eldxa aq I l i t o i i c~a ie i s  Asscl8 aqi josa~n1aaj asatli 1 1 ~  
'(, - lo lu rq 6) ~ ~ ~ i I ? ~ a < s ~ > i  S!i(l aAoqI! Ill!ql'J M O l Y  ( 1 - ~ 0 ~  r?( c';) J1I(CUIS q3nw S1111033q 
i[%~aua uo!in~!i3r! ~rit iaiu!r.dxa aqi 'Ja~ah\oH .y n l g  p u t  U3aM15(1 '11 JO s a n l a ~  
a111 IIIOJJ pa3npap ""1 auli i  awap!saJ aqi qi!m p a i c l n q a ~  sa110 l u ! p u o d s ~ ~ ~ o ~  ~ q i  ucqi  
~alfmiiis sXsm(e a ~ c  "J j o  sanlcA (tiilaut!~adxa aqi 'aieis Xssel8 ar)i u! "J molag . u q ~ c i o i  
(clxa!un agi  j o k ~ u a n b a ~ j  ar(1 ~%uI!~JI~~II~"~u~!s IOU SaOp UO!l!SUt?Ji A S S C ~ ~  lql1i!iIi SMoqS 
iuari iaa~8e s!ql  .assqd ~!i.:ald ûqi  u! sanleA ai f i  JO t io!~clodc~ixa aldui!s Aq p a i x p a ~ d  
a n p  lc3!ia~oaqr aqi  qi!m sap!3u!o:, '1 UO!i!SUCJi Issel8 aqi it! '11 j o  anloA a i l 1  

.aseqd 
Issc~W aqi  u! swtxa 1111s uo!iow le!xe!un aif i  i cq i  smoqs dlsaal3 MWN u o i o ~ d  u! '11 au i !~  
iio!icxr!~aJ IVU!~~I!%UO~ aql JO I pn i s  a i l 1  .sanb!uqjai ~ciuaiu!~adxa Jailio j o  silnsai aqi 
I q  pauaq i sua~~s  so s!saqidIrl s !q l  .saiit!i uo!iexclai 2qi j o  uo!inq!~istp c JO uo!idiunssc 
aqi lapi ln pashlnuc aq plnoqs ell3ads ~!isrla-tscnh q i  JO adrils aqi pi ic alq!ssod SI saui!~ 
tIO!iCXI!j~JJOSa!JaS y .paJnoAqssa( ~ o a ~ o r i i  aq u c ~ s u o ! i o u a ! ~ o a ~  ' a ~ o j a i a i l ~  'saln3alow 
(le ~q awcs aqi aq i o u  111~  "u!puno~~ns aic!paiuw! aqi iccli aiiinssa o i  alqirunrilai s! i! 
'stlnsai 4u!iaiio3s u o ~ i n a u  iii*JJilO3 pile I c i - x  w o ~ j  ascqd Assel4 ai11 u! Jnmo o i  UA\OqS 

.%u!uapeo~q alqci3a~dcia Aui! a ~ n p o i d  
O1 MOIS 001 JCJ aJc (f-861 1" 82 "0ln0cJ) * ~ c q d  3!U!l3OUOiU aqi U! JnJJO 01 UMoUl aJV 
ici11 suoit!sd alqrqs!n%e!ts!pu! uaamiaq sdwnf d z l  a41 asnr3aq ' i i r d  qlssla-!senb aqr 
uo  a3crnnuu! o u  scq II 'aJoIUJ3qlJIIcJ ' q 4 y  oo i  s! x i 3  aqi JO anlcA ail1 Aqn\ i i~c ldxa iouur3 
i.inpo~d Jql 80 ~0!las!l(ciSh~3û~ ~r!lJcd V 'paJaMol s! a ~ n l c ~ a d u i a i  aqi 112qm SascaJJiI! 3513 





3 $ 
r 3  - =, .J q 5 
2 1 

;;3= 
a g g  

2 y = - :  
*a=.m 2 g c n e  

3 -.us- 
6 ?&g4g '0. - 3  - 

00 r 3 * g u s -  
2 j rg" ,  
e - -  5 
t o f z E  
3 Q 3 $  
U 

0. %&se 
i?: g ;  

J ~ J E  
cg 2 O . = $ ?  
Z 
2 i : $+  

4 r  - - ,+f  
2 ' s -  

.) U J.  g 32 gJ 
2 5 ,  
3 2 3  

,c Y > ?  
.z .e = - 
c  2 2 

M 8 2 2 .- 
Li u, 
'J 2 "  
$ 2  z 

a"' 
2 Y  3 .- g f  2 

g.2  
" 5 3 v abz 
Y 2 - 
2;s Y 
.'n F = 
> z z  
Y u , -  " '5 
3.5 2 .- 
E 2 .$ 
" ' . , V I  

"5 0, 9 - , = a  g 
u Y r -  VI 

z z g  
s 2 ;.y 

,2 = 2 -  .. 
O 3 2  
E V 1 2  
2 2  2 
"-l 

2 $ 3  .- 
E S '  
2 5 3  
4 .: + 

4 g g 1  , n 
Y e n o 

2 5 2 
* 3 -  
5 . 2  a. 
9 '- 3 

F ,e 2 
t 3 - 
s & 
3 2  $ 
a 5 a 

: O * %  'C 
.- C . , a u  
Z f  2 
a-'''& ,.$ g CI 
.C u, in * 
t; E Z C :  >z+o 
F;.z ,&-, 
0 2 8 3 - - VI .- 
- 2 l G  

2 0 2 5  
3 U - 9 z.2 ;: 
z:=u 

O W U  r -  C J  S 2 2 3  - 
- 3 2 -  o r ,  ,f 
3+40 2 x . - - b .2 3 - - s  2 s';Li 
a z u U U  ::;; 
2 c 2 3 

2 - 5 5  
2 3 U'ü 
%a 2 

2za.- + 0-a 



A N N E X E  A A X I - 6  

1. Cueomba (Editor). Dynarnic~ of Molecubr Cr~stoh 
O 1987 ELiavirr Sciencr Publiahem B.V.. Arsrhrdam - Prlnlad ia The Netl~erlurids 

REORIENIATIONS AN0 LOCM OROER IN THE CLASSY A M  PLASTIC PIiASES 

OF 1-CYANO-ADAMANTANE C 10ll,SCN 

W. B i r .  M. FOULON and J .P. AMOUREUX 

Lab. Oynam. Cr i s t .  k l & c .  (U.A. 801) 59655 Vllleneuve d'Ascq Cedex (France) 

ABSTRACT 

I n  the glassy-state o f  1-cyanoadamntane obtalned by rap id  quenching f roa  the 
p l a s t i c  phase. the ra te  o f  the reor icntat ionr  i s  not  unique bu t  widely d i s t r i b -  
uted because the local  order which varies f r o n  one awlecule t o  another has been 
frozen. This d i s t r i b u t i o n  s t i l l  ex is ts  i n  the p l a s t i c  phase, even I f  the loca l  
order I r  p a r t l y  averaged by the slow tuaibling motion. Simi lar  e f fec ts  were 
recent ly  observed w i t h  r l x e d  crysta ls  (C,0H15CN)x(CIOHISCl)l-x. 

The existence o f  a new type o f  glasses, obtained by quenching o f  sonte w l e c u -  

I a r  c rys ta ls  i n i t i a l l y  i n  t l i e i r  o r ien ta t iona l l y  dtsordered fihase was evidenced 

by Adachi e t  a l  (Ref. 1). The normal t r a n s i t i o n  l n t o  an ordcred loir-teuwratufe 

phase i s  avoided and the speclmen passes i n t o  a 'glassy state". i n  which the 

average t ranslat ional  order o f  the p l a s t i c  phase i s  preservdd. but  where the 

or ientat ional  dlsorder i s  frozen ( a t  

l eas t  p a r t i a l l y ) .  This type o f  glass- 

t r a n s i t i o n  has been observed w i  t h  the 

1-cyanoadaaiantane CIOttI5CN. The ml- 

ecule has the general shape o f  a 

spherlcal adamntyl cage. on which i s  

bonded the elocigated rad ica l  C r N 

(see f i g .  1). By rao id  quenching. the 

n o m l  t rans i t i on  (Tt = 280 K) to  the 

ordered monoclinic phase i s  avoided 

and the sample passes a t  Tg a 170 K 

i n t o  a glassy-crystal phase w i t h  the 

same rveraged f.c.c. s t ructure as the 

p l a s t i c  phase ( F m U .  Z = 4). This 

l a t t e r  has been largely  described 

(Refs.2.3) and also the nature o f  Fig. 1 A p o s s i b l ~  conf igurat ion 
o f  1-cyanoadawntùc~e tnolecules w i t h  

the dynamical disorder. an at i t i  ferroelec tr IC arrai~qetoent. 



NFIR, d i e l e c t r i c  re laxa t ion  and Incolierent Quasie last ic  Neutron Scat ter ing (IQNS) 

experinlents have evideiiced the siuiultaneous occurrence o f  two types o f  ~ t i o n s  

(Refs. 4 - 7 )  : i )  reor ie i i ta t ions o f  the molecule threefold-axis (d ipo le-ax is)  

amaiitjst ~100, l a t t i c e  d i rect ions,  s t rongly  hindered by Uie f i r s t  and second 

neighbouring inolecules and l i )  a r o t a t i o n  o f  the molecule about t h i s  axis. nuch 

less hindered and described as IO* Jumps over a c i r c l e .  

Belon T = 2110 K ,  the c rys ta l  s t ructure i s  monoclinic C2,,,,, lomied by a suc- 

cession o f  p a r a l l e l  planes composed o f  m lecu les  w i t h  t h e i r  d ipo les i n  a n t i -  

p a r a l l e l  order (Ref. 8) .  I n  s p i t e  o f  a strong s t e r i c  hindrance, the un iax ia l  

r o t a t i o n  i s  s t i l l  ex i s t i nq  i n  tha t  phase (Ref. 5 ) .  l n  the glassy phase 

(1 = 170 K ) .  the molecules occupy the same e q u i l i b r i m  posi t ions as i n  the 
9 

p l a s t i c  phase (Ref. 9 ) .  X-ray and coherent neutron sca t te r ing  evidenced the 

progressive appar i t ion o f  in ter locked a n t i f e r r o e l e c t r i c  domains (Refs. 10.11). 

Uhi 1st the d ipo le tuiiibl ing i s  frozen a& T (Ref. 12). the un iax ia l  r o t a t i o n  
9 

s t i i i  continues t o  be observed by tIMR (Refs. 5.8). 

IIIBI-RESOLUTION IQNS IN I l l€  GLASSY-PHASE 

The experiinents have been ca r r ied  ou t  a t  the I n s t i t u t  Laue-Langevin. i n  

Ci-eitoble. The backscattering s p e c t r w t e r  IN10 was c h o s ~ n  because of i t s  h iy l i -  

reso lu t ion  i n  energy. (c.a. 1 peV) on the expected re levant  range ( t yp ica l  l y  

t L I  beV). The f l a c  specimen. 38 x 35 x 0.3 mi i n  s ize (transmission 0.9)  nas 

or iented a t  45' o f  the incocing neutrons. Quenchinq was rea l i sed  by d i r e c t l y  

dippiny ttie saiaple i r i to  l i q u i d  n i t rogen and ttien s lon ly  heat ing up to  the 

requireci tempera ture. 

F iq .  2. fxperi inental EISF values 
compared to  juiiip-tnodels over 3. 4 
o r  12 s i  tes. 

F ig.  3. D i r e c l  determination o f  the 
charac te r i s t i c  t inas fronk the exoeri- 
centa l  data. 

Expertrilental values o f  the Elas t ~ c  lncoherent Structure Factor (EISF) were 

obtatned from the r a t i o  o f  the pure ly  e i a s t i c  sca t te r rd  i i i t e i i s i t y  over the wliole- 

spectrum in tens i t y .  They were cmoared wi th  the values p r fd i c ted  by the niodels 

based upon r e o r i e n t a t t o ~ s  over 3 .  4-o r  12 s i  tes on a c i r c l c .  I t  turns out that  

experiiuental values d e f i n i t e l y  l i e  above the oredicted one. even i o r  Uie 3 -s i te  

model. i n  s p i t e  o f  i t s  large auwunt o f  e l a s t i c  sca t te r ing  (see F ig .  2). 

By Fourier-transfornatioti. the scat ter ing funct ion was deconvoluted from tlie 

instrument reso lu t ion  and the ln temed ia te  scat ter l i ig  funct ion was obtained. A 

loqar i thn ic  p l o t  as a funct ion o f  time does not  e x h i b i t  a simple l i near  decrease 

and thus proves tha t  the motion cannot be described by any iiiodel involv ing a 

s ing le exponeiitial t e m  ( i .e .  N = 2 o r  3) (see F iq.  3 ) .  Moi-eover, a t  least two 

s t r a i q h t  l i nes  w i t h  d i s t i n c t  slooes i n  the r a t i o  1:5 cdn be obsei-ved, thus 

r u l l n g  out  the H a 4 m d e l  p red ic t i ng  a r a t i o  1:2. F i n a l l v ,  the N = 12 model 

can a lso be el iminated. the r a t i o  1:5 being constant u i t h  O. 

An in te rp re ta t ion  was prO[iOSed, strenqthened by the resu l t s  o f  other exoeri- 

mental techniques. X-ray and coherent neutron scat ter ing evidenced the progress- 

i v e  occurrence o f  a n t i f e r r o e l e c t r i c  domains. Thus. the inniediate surrouriding can 

d i f f e r  frein one niolecule t o  another, w i t h  a ne t  inf luence on t h e i r  dynasics. The 

shape o f  Ule spectra should ra the r  be analysed i n  terins o f  a d i s  t r i b u t i o n  o f  the 

re laxa t ion  times and takinq i n t p  account the ins truinent r~ :o lu t ion .  When the 

teacysca ture decreases . the iaot ions becoiw 

siouer. The widths o f  the Lorentr ian 

functions r e l a t e d  t o  longer corre la-  

t i o n  times go progressively outside 

the masurable energy range. Ihe  cor- 

rerpondinq scattered 

as e ias t i c .  producing an incre 

o f  the apparent EISF (see 

f i g .  4). 

F lg .  4 Yetch o f  the 
taaperature evolut ion 
o f  the d i s t r i b u t i o n  o f  
the characteris t i c  times. 

TIME-OF-FLIUti IQNS II THE PLASTlC PtUSE 

Cyanoadauiantane 

Tlie question arises i f  t l i i s  d i s t r i b u t i o n  o f  molecular t.i?taxatioii tiiiies also 

e ~ i S t S  i n  the p l a s t i c  phase. f a r i i e r  t ime-o f - f l i gh t  experlnients (Ref. 7 )  exhi- 

b i t e d  a t  T = 300 K a small dev iat ion o f  tlie EISF, i n  the range 1.1 < () < 
1.4 A'' w i t h  respect to  the 12-s i te  model. the experiinentrl values being above 

the theoret ica l  curve. Recent experiments ca r r ied  out  over a Iarqe 0-ranqe. w i t h  



several ins ti-uciiei~t-resolutlons, d e f i n i  t e l y  

coi i f i rm t h i s  discrepancy. The EISF 1s 

found dependent on bot11 tlie temoerature 

and the reso lu t ion  (see Flg.  5). This 

behaviour can be in terpreted by a d l s -  

t r i b u t l o n  o f  the re laxa t ion  times 

re la ted  to  the progressive occurrence. 

when tlie temperature decreases. o f  c lus-  

ters w i t h  local  arrangement o f  the mole- 

cules. llowever, because o f  the slow 

tunibl l ng  reo r ien ta t ion  o f  the molecule 

d ipo le moments. l t  i s  reasonable t o  

consider tha t  the d i s  t r i b u t l o n  I s  more 

sharply peaked than i n  the glassy 

s ta te .  As soon as the teinperature 

increases above room-temoerature, most 

o f  the reor ientat ions occur on the 
O / k '  

111s trument time-scale. Near the me1 t i n g  ~ ~ ' c ~ o H ~ $ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r e n t  
po in t  (Tm = 460 K). nearly a l 1  of them instrwnent resolutions. 
occur w i t h  a unique co r re la t ion  time. 

Cyanoadamantane/chloroadamantane a l loys  

Owing to  t h e i r  s i m i l a r i t t e s ,  C10H15CN and C,01115C1 c m  c r y s t a l l i s e  together 

to  forni inlxed c rys ta l s  (C H CI()x(CIOHISCI),-x. 60th molecules have the s a w  10 15 
equi l i b r ium or ientat ions along O01 d i rec t ions  o f  f.c.c. l a t t i c e  w l t h  s l m l l a r  . 
parameters. They undergo the saine type o f  reor ie i i ta t ions but. wh i le  the frequen- 

cy o f  the u i i i ax ia l  r o t a t i o n  1s near ly  the same, the tumbling f o r  C10H15Cl occurs 

a t  a aiuch faster  r a t e  (log Hz) than f o r  CIOH15CN (IO4 H L  a t  1 - 250 K). Ca lo r l -  

metr ic  measurements (OSC). NMR o r  d i e l e c t r l c  re laxat lon.  X-ray s t ructure deter- 

minations c l e a r l y  ind icate that  dynamlcs o f  these alxed c rys ta l s  tend to  that  o f  

cyanoadamantane, 1.e. a quasi -s tat lc  d isorder  o f  the or ientat ions o f  the aolecu- 

l e  dipole-axes. f o r  x -. 1. Conversely. f o r  x -* 0. the behaviour i s  s im l la r  t o  

tha t  o f  chloroadamantane, i . e .  we are concerned w i t h  a dynamlcal disorder o f  the 

dlpoles. IQNS experiments were ca r r ied  out  4 t h  a series o f  mlxed c rys ta l s  w i t h  

intermediate concentrations. x 0.20. 0.33 and0.61. I n  order t o  analyse more 

prec ise ly  the dynainical behaviour o f  each species. measurenients were also perfor- 

med wi  t11 p a r t i a l l y  deuterated sainples (CIOH,SCN)x(CIOOISCI)I-x. 

Experimental EISF values were found st rongly  temperature-dependent, as 11 lus-  

t ra ted i n  F lg.  6 f o r  the f u l l y  hydrogenated species x = 0.33. At  each t e v e r a -  

ture. the curve i s  intermediate betwees the curves f o r  pure species x 8 O and 

x = 1. but, i t  never corresponds t o  t h e i r  simple weighted average. i h a t  proves 

I \ / ,  
a6 la . * 

O/ri."5 20 

Fig. 6. Expertmental ElSF values f o r  F ig.  1. Scattered in tens l t y  versus Q 
the f u l l y  hydrogenated mixed c rys ta l  and Guinier p l o t  f o r  the two p a r t i a l -  
x = 0.33 a t  d l f f e r e n t  temperaturer. l y  deuterated mlxed c rys ta l s  a t  

T = M O K .  

t ha t  we'are ac tua l l y  concerned w l t h  a molecular mixture o f  the two species. 

The p a r t l a i  ly-deutera ted speclmen gives ri se to  a s trong coherent scat ter ing 

(see Flg. 1 ) .  especia l ly  a t  s m l l e r  Q-values. A f t e r  subtract lng the lncoherent 

part, the amount o f  coherent sca t te r lng  1s found propor t ional  t o  the concentra- * 
tien o f  CIODI5CI. A Guinler p l o t  y ie lds  a radius o f  about 2.6 A wlilch corres- 

ponds t o  the radius o f  one ind lv iduat  molecule. 

The coherent sca t te r ing  was proved to  be e l a s t i c  t n  nature. A f t e r  correct ton 

fo r  i t s  con t r ibu t ion  to the sca t te red  in tens i  t y  . the exper linenta l values o f  tl ie 

EISF are found s l m l l a r  f o r  hydrogenated and p a r t i a l l y  deuterated speclmen. 

Clearly, there 1s no d l f ference i n  the dynamics o f  C10D15Cl and C,0H15CI. f o r  

the saae concentrat ion (F ig.  8). 

The mixed c r y s t a l  corresponding t o  x = 0.20 i s  found to  have a behaviour very 

s i r i l a r  t o  pure chloroadamantane. and the v a r i a t i o n  w i t h  temoerature o f  the EISF 

f o r  x * 0.66 tends t o  be close t o  tha t  f o r  pure cyanoadamantane. The specimen 

for  x a 0.33 exhib l  ts  a stroi iger temperature dependence, whlch 1s l l k e l y  re la ted  

t o  the thermal ac t i va t ion  o f  the tw ib l i ng  o f  the chloroadatnaiitane vlolecules i n  i t. 

CONCLUS ION 

The exact nature o f  the local  order lng has ye t  to  be elucldated. New experl- 

ments are planned l n  order CO get  soaie ins igh t  on the molecular arrangement on 



Fig.  8. Experimental EISF value f o r  the various specimens a l  T = 300 K 
and T = 353 K.  

both sides o f  the t r a n s i t i o n  teinperature, i n  the p l a s t i c  and glassy phases. 
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ABSTMCT 

nie struccures of dlfferent phaeer nt chloroadamancan~, bromoadamaiitane 
iodoadauncane and cyanoadauntane hawbeen waaured by X-ray diffraction. 

Iha phyaical nature of the order paracetera lmplied by the syamecry reduc- 
tion 1s artabltahed for the observed phasa transltlon. A aodel 1s proposed 
for deacrîption of phoaa transitins ln cyanoadauntane on the babls of cher- 
u l  vsriation oicuains ln tts luu temperature phaae. 

lNTRODUCTION 

k p c  for lodoada~ntane (1-MU) the derlvetlves of adamancana CIOHISX 

(called below X-MI0 have their hlghrst temperature solid plastlc phases 

caracterirad by the spaca group Fmlm (2 - 4). 
The Low tampernturor phases of theae iubatancee exhlblc a varlety of struc- 

cura. with dltterent degrees of wleculer order accordlni; ae the substlcuiing 

eleunt X changea. The existence of relatlonshlpa batuecn the hlgh and lou 

temperature laiclces alloua to sstabllsh formal structural order paramecers 

chat glver Indications on the transltlon mechanism. 

SOLID PILASES OF SOiiE DERIVATIVES OF A D M U T A N E  

Maln resulci of X-ray dlffractfon lnvestfgatlons of Ci-ADM. Br-ADti, CN-ADti 

and I-MU are presanted ln Table 1 aiong with the phase transition temperaturea. 

The orderlng of molecular dlyulea ln the phases lnverttgacod are schematlsed ln 

Fip. 1. 

Tbe phaae transitions P - O In al1 iubstancea and P - s O  ln 8-ADU are 

stron~ly di~conclnuous and end up ulth poudering of crysc~ls. Tlie glassy phase 

6 of CN-ADti 1s got only by a rapld quanching of the plasclc phase (ref.1). The 

dlpolas order s h o m  In fIg. lc ha# a local nature the cxcant OC correspondlng 

domaine brin# of the dlmenslon 6 0 1  (ref. 2) .  
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CROUP TIIEORETICAL DESCRlPTlON OF DIPOLES ORDERlNC I N  Br-MM and CL-Mti 

The reduc t i on  o f  symsetry f o r  the phase t r a n s i t i o n s  P  * SO l n  Br-MH ; 

P * O I n  Cl-ADN and SO * O I n  Br-ADH read respec t t ve l y  

3  
Fulm * ( k 4 -  ~ n / a . ~ )  ; 1- 1, r . n I - n 2 - n ) + ~ m c n  (1) 

F ~ I ~  + (k4 .1 - 1, r l ,  7' ;  nl -n2.  cl - c Z - 0 -  PZllc ( 2 )  

Pmcn * (kg - O. 1' - ) * PZllc ( 3 )  

Nota t i on  o f  l r r e d u c l b l e  representa t lons (kt .  T ~ )  a f t e r  r e f  4. 

rl and Cl are  the coepaiencs o f  tha r e a l  p h y a l c s l l y  l r r e d u c l b l e  represen- 

rac lons en~endered by Che loaded onea Ti. and 1' respeccively.  

The phase t t a n s l t i o n  SO * O 1s clone t o  second orJur  I n  accordance u l t h  

one dimensional a c t i v e  represencat lon. 

The p l i y s i ca l  q u a n t l t l e s  fluctuations compatible w l t h  the representa t lons 

i nvo l ved  l n  (1) and (2)  a re  e x h l b l t e d  i n  T l g  2. The cor re ipond lng order  o f  

molecules 1s i io t  completa. 

Tlius. one ln t roduces an a d d l t l o n a l  order  parameter d r f l r i ed  by s y m e t r y  

:educt lon scheme 

F i n 3 q - ( k 1 0 - ( 0 . 0 . 2 n l a )  r " . u , - u 2 - u ) + P l i i n n 3 P m c n  (4) 

Such a  chonse o f  order  La always d lscont inous becausc o f  tha e r i s tenc r  

o f  U f s l i l t r  Luvarlant I n  the representa t ions (k4. 1'). An a l t a rnac i ve  

p o s s i b l l i t y  o f  t he  I n s c a b l l l c y  l a  4  be lng t r i g g e r e d  by the am l n u a l s o  leads 

t o  a  d l sconc inu l t y .  A  sr rong coup l tng u l t h  o t r a l n  (volume c o n t r a c t i o n  5 . 4 . 1 .  

l n  Cl-ADN) makes the t r a n s l t l o n a  dest ruc t ives .  

HOOEL FOR PllASE TRAllSITlONS I N  CN-MM 

Tlie sequerice o f  phases l n  CN-MM 1s shom FIg.1. The syœmetry r cduc t l on  

lead lng CO the t e t ragona l  s t r u c t u r e  o famea l l ed  phase C reads 

Fmlm * (klO. 1'. U 4 O) +P4/nmm (5)  

Tlie one domoln c r y s t a l  o f  thc cerragonal s y m e t r y  1s never observcd be- 

cause o f  l l u i l c r d  molecular m o b l l l t y .  Tlian the glasay yli.ise C l s  represcnted 

as a  composlt lon o f  d l f f e r e n t  t e t ragona l  domaines o f  upuiecry P4/ninr. 

The poss lb le  symaietry reduct ion l n  plidse t r ans l c l o r i  P * O  a re  t o l l w l n g  

Fm3m * (kg - ( n /a  , 11'' @ l a ) .  I', q 4 O) * Cl lm (6) 

fn lm + (k  - r .' p - O) * ~ j m  * (k  - O . Eg) C2/m 
9  ( 7 )  

The order  paratueter p governs the molecules' o r l e r i t a t l ons  uliereaa the 

onc rl the  dl$placenients o f  t h e l r  mass centres. Wl th  the s t r a i n  components 

de f l ned  a a u -  ( C I  + C 2 - 2 c 3 )  16 

Flg. 2 Flg. 5 

Flg. 3 

2 Pro)ect lon a i  o r i en taC iona l  d l s t r l b u t i o n  l n  pliase r (a) t r ans la t l oned  
(# ) and o r i c n t a t l o n a l  (9 dfsplacements o f  syuunetry (k , r ') (b) 
o r l e n t a t l o n a l  p r o b s b l l l t y  f l u e t u r t i o a s  o f  syœmetry (kg, (c) and 
(kt0. 1 IV) (dl .  E f f e c t i v e  o r l a n t a t l o a l  order  parawetcr (a) 

F1g.3 Scheme of  f r ee  cnergles O €  CI-ADn l n  i t s  d l f f e r e n t  phases. Q-Quenched 
A-annealcd glasay s ta te .  

FI&. 4  Tamperature dependancn o f  spontaneous s t r a l n  conpouence In phase O  
o f  CN-MM. Dazhed l l n e  t h e o r e t i c a l  curve imp l l ed  by K - KO+K,(T-To) 
i n  (9) 



The siinplest frre etiergy expanslon ln plisse O readr 

F - (ap / 2 ) 0 1  + (b 14)~' + fa,, 12) r)' + ( b,,/4) ri' + ( dI1 16)i)' 

+ (C1/2) u 2  + (Ci / 2 )  n 2  

1'110 lack of pretransltlonal eflects ln phase P laplles that a,,, a,, . C I  
ûiid C L  .ce conscaiits ulth temperature Arsumlng elmoet perfecc order of the 

0:poIcq ln pliase O dlfferenc pssslbillces of llnear Ihermidependence of  the 

expanslon (Y) coefflcleata have been examlned CO pet the besc fit uith expe- 

rinelital vsrlation of the u fonponent ol sponcaneoiis srraln. Thls proceduru 

lndlcaced the coefflclent - Ko + KIT as the most temperature dependent ln 

the viclnlty of phase transition (F i&.  4). Thus the phase transition P - O 
1s attrlbuted Co clie thermal Jependence of orlencatlon-translarian coupllng 

coelficlrnt (ref. 5 )  
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TABLEAU XII-1 

Caractér is t iques mol é c u l a i  res 

Moment 
d i p o l a i r e  

(0) ------------ 
3.9 

2.4 

TABLEAU XII-2 

I 

Moment 
d ' i n e r t i e  
r ~3 ( G )  ------------ 
583 

593.3 

- - 

Température e t  en tha lp ies  des t r a n s i t i o n s  

Moment 
d ' i n e r t i e  

P ~3 ---..-------- 
298.6 

298.6 

CNADM 

Ct ADM 

Direct ions 
axes 

d ipo la i res 
phase II 

- - - - - - - -O---  

2<lllgseudc 

4<001;Seud< 

ca rac té r i s t i ques  s t r u c t u r a l e s  des # phases 

Masse 
mol 6cul a i  re 

uma ------------ 
161.3 

170.7 

Paramètre à 
phase 1 

pres de Tt 

------------ 
9.805 

9.864 

Groupe 
spat ia l  

phase I g  

---------- 
Fm3m CNADM 

ce nm 

TABLEAU XII-3 
Les temps de résidence dans l e s  d i f f é ren tes  ohases du CNADM e t  du C l  ADM 

T = T~ ex? ( E / f )  (T  en K) 

mil écul ai re 
------------ 

162 

161 

CNADM 

Ce A M  

E 
compacité 

Phase I 3 Tt 

------------ 
O. 687 

O. 671 

T fusion 

*"f 
(KJ/mle)  

- - - - - - - - - -O- 

425 K 

15 

442 K 

4.9 

0irectioi)s 
axes 

d ipo la i res 
phase 1 ------------ 
6 < 001 > 

6 < 001 > 

Tt ( I I+ I )  

*"I I-PI 

(KJ/mole) ------------ 
280 K 

5.5 

246 K 

6.0 

Type 
d'expérience ------------ 

RMN 

R.D. 

IQNS 

R.D. 

T,,,~ phase II ou III 

Tg 

-------.-- 
170 K 

Non 

observee 

--- - -- --- ---r 
------*----- 

1.6 x l 0 - l 5  

T , ~  phase 1 - --- ---- ---- 
E (KI 

----------a- 

4960 

Groupe 
spat ia l  
phase I 

------P--- 

Fm3m 

Fm3m 

----- -- -- - - - 
To ------------ 

3.4 x10-l4 

5 . 0 6 ~ 1 0 ' ~ ~  

l 

Groupe 
spat ia l  

phase II 

---------- 
c2/m 

pz 

T~~~ phase I g  --- --- - 

Pas de d iscont inu i té  

avec l a  phase 1 

-------- ----- 
E (KI ------------ 
5470 

6267 

rm12 phase 1 

I 1 . 0 9 x l 0 - ~ ~  

- - --- - - - --- -- 
------------ 

3.9 XIO"~ 

5.62x10-'~ 

------ --- --- 
E (KI ------------ 
1206 

1000 

1237 1 1 . 2 3 x 1 0 - ~ ~  2576 





Diagramme de phase no 2 FIGURE XI I -4  

FIGURE X I I -3  

e x t r a i t e  de [ 1 ] 

Diagramme de phase no 1 

TEGC (a-  p las t i que )  TEGC (8-t  p las t i que )  

e x t r a i t e  de [ 11 . TEGC (u+Y) A TEGC (B+Y)  x TEGC (a' 8)  



phase I 

-. -- 
*- -3---- 

150 'a- phase Ig 

Variations des températures de t ransi t ions en fonction de 
la  concentration x 4 T g  +Tt 

sur  l a  surface du "Cusp" 

Wb- 

=- 

sa. 

2s. 

'T 

As(U.6) W 

TH) 
1 -r-- ---r--- ------ -+ 

160 170 180 

FIGURE XII-6 
ext ra i te  de [ 11 

Surface du "Cusp" en fonction 
14) 110 131 1.0 16s 

du temps de recuit  S T =  165 K 
FIGURE XII-7 ext ra i te  de [ 11 

Influence de la  température de recuit  (T )  



I I 

10 20 36 40 50 66 

FIGURE XII-8 e x t r a i t e  de [ 11 

Var ia t ion  de Tg en fonct ion du temps, t, de r e c u i t  

FIGURE XII-9 e x t r a i t e  de [ 11 

Var ia t ion  de Tg en fonct ion de l a  température de r e c u i t ,  T 



FIGURE XII-11 e x t r a i t e  de 1 1 1  

a Vitesse de trempe minimale pour " v i t r i f i e r "  
1 a t o t a l i t é  du mélange 

A viltesse de trempe maximale pour que t o u t  l e  
mélange t r a n s i t e  dans l a  phase I I  

FIGURE XII-10 e x t r a i t e  de [ 11 

Thermogrammes schématiques montrant l e s  t r a n s i t i o n s  

de phases observées au réchauffement immédiat apres 

trempe des mélanges à 100 K 



TABLEAU XII-4 extraite de [ 1 ] 
Paramètres des collections de données de l a  diffraction X 

r 

X 

0.15 

0.25 

0.25 

0.40 

0.40 

0.50 

0.50 

0.50 

0.60 

0.60 

loi de 
V E G A R D  /-- 

0 

0 
/ 

/ 
/ 

Phase 1 
T = 295 K 

T ( ~ )  

295 

295 

110 

295 

110 

295 

251 

110 

295 

110 

points expérimentaux x 

points affinés 8 

l 4 Phase Ig 
t T = 110 K 

SPE 
degré/s 

0.020 

0.008 

0.016 

0.016 

0.016 

0.020 

0.024 

0.024 

0.010 

0.010 

FIGURE XII-12 -- 
Variations des paramètres, 

ac 9 dans les phases plastique 
e t  vitreuse, en fonction de 
l a  concentration 

SWO 
degré 

1.40 

1.50 

1.50 

1.30 

1.20 

1.20 

1.20 

1.40 

1.40 

1.40 

REFLEXIONS 
MESUREES 

417 

1265 

1201 

670 

674 

568 

279 

345 

27 7 

404 

REFLEXIONS NON 
EQUIVALENTES 

7 2 

103 

148 

141 

149 

80 

93 

115 

209 

200 

REFLEXIONS AVEC 
F > 30 (F )  

42 

43 

77 

3 1 

69 

40 

46 

68 

69 

95 

O MAXIMUM 

26.20 

31.00 

36.50 

36.50 

36.50 

29.00 

29.00 

32.50 

42.00 1 
42.00 

L 



A x = 1 (cubique) 

9.9. V V x = 1 (ordonnée) 

O x = 0.5 (cubique) 

+ x = 0.25 (cubique) 

A x = O (cubique) 

V x = O (ordonnée) 
9.8- 

9.7.. 

T M )  
L 

FIGURE XI I -13  e x t r a i t e  de [l] 
3 

Var ia t ion de fi en fonct ion de l a  température oour d i f fé ren tes  concen t ra t i ons ,~  

TABLEAU X I I -5  

4 -1 Coef f i c ien t  de d i l a t a t i o n  volumique (av x  10 K ) 

PHASES 

1 e t  1 '  

PHASES 

1 g 

PHASES II 

x -+ -------- 

a v  

a v  

O -------- 

3.19 

2.60 

1.0 -------- 

7 . 2  

- 

3.3 v  1 2.60 

0.25 -------- 

3.50 

2.00 

- 

0.50 -------- 

3.56 

2.00 

- 



- F(h,k,e) avec h2 + k2 + a2 < 100 (ou 170), sans 200 e t  111 - - avec 200 e t  111 -- 

TABLEAU XII-6a [ 1 ] 

Résultats des affinements avec un tenseur de translation isotrope 
(Nb : nombre de raies introduites dans l'affinement ; G : facteur "Goodness of f i t  

-- F(h.k,t) avec h2 + k2 + fi2 < 100 (ou 170). sans 200 e t  111 -C - avec 200 e t  111 - 

(il 

0 1 9 8  (5)  

0.266 (7) 

0.200 6 

0.274 (10) 

0.208 (6)  

0.287 (15) 
~ - - - - 

0.253 (9) 

0.209 (6) 

0.285(13) 

0.207 (6)  

0.326 (15) 

0 2 7 1  1 

0.268 (9) 

i 
! 

1 ., 
\' . TABLEAU XII-6b [ 11 

Résul tats des affinements avec un tenseur de translation anisotrope 
(Nb : nombre de raies introduites dans 1 'affinement ; G : facteur "Goodness of f i t  

~b 

34 

70 

35 

65 

3 1 

63 

34 

39 

64 

35 

63 

28 

33 

37 

5 ( Y  
3-30 (Osz8) 

1.90 (0.22) 

3.36 (0.26) 

2.43 (0.22) 

3.98 (0.32) 

2.57 (0.20) 

4.70 (0.53) 
-- - 

3.85 (0.25) 

2.84 (0.19) 

4.78(0.38) 

2.80 (0.13) 

5.20 (0.12) 

4.65 (0.26) 

3.80 (0.27) 

u3 (1) 

- O i  

'Oi::; 

-Oe!:: 

-Oi:; 

-Oiy:? 

-O.::; 

' O i ~ : ~  

'O.3: 

-Oiy:! 

- O 6  

-OiU: 

x 

0.00 

0.00 

0.15 

0.75 

0.40 

0.40 

0.50 

0.50 

0.50 

0.60 

0.60 

1.00 

1.00 

x 

0.00 

0.00 

T ~ K )  

295 

110 

295 

110 

295 

110 

295 

251 

110 

295 

110 

295 

257 

PHASE 

I 

I g  

T(K) 

295 

I l 0  

R ((1.1 

8-16 

9.9 

8.05 

10.12 

8.92 

8.25 

10.60 

8.46 

9.04 

11.58 

8.25 

13.8 

9.4 

8.98 

PHASE 

1 

Ig 

1 

I g  

1 

Ig 

1 

1 

Ig 

1 

Ig 

1 

1 

0.251 295 

R~ ( 1 1  

8-78 

10.53 

6.92 

10.18 

7 3  

9.03 

8.42 

8.94 

8.65 

9.32 

9.03 

11.0 

9.0 

8.68 1 

U3 ( A )  
-0.084(11) 

G 

2.7 

9.3 

3.1 

6.1 

2.6 

4.3 

14.8 

4.7 

3.4 

27.1 

4.3 

7.7 

5.7 

6.1 

R~ (XI 

8.76 

10.46 

6.92 

10.12 

7.01 

8.97 

8.95 

8.94 

8.58 

9.14 

8.97 

11.1 

8.9 

8.55 

JT11 (A) 

0.270(10) 

~b 

32 

68 

33 

63 

29 

61 

32 

37 

62 

33 

61 

26 

31 

35 

G 

2.4 

9.2 

2.7 

5.7 

2.2 

4.0 

15.2 

4.1 

3.1 

24.9 

4.0 

6.8 

4.8 

5.2 

-0.108 (5; 0.209 (7)  

R (%) 

7.58 

8.32 

7.86 

8.87 

5.89 

7.50 

12.28 

8.63 

7.29 

7.89 

7.50 

11.7 

7.7 

7.78 

G ( A )  

0.257(11) 

0.187 (7)  

( O )  

3.18 (33) 

1.67 (27) 

R(%) 

8.17 

9.61 

RH(%) 

8.62 

10.13 

G 

2.7 

8.7 

Nb 

32 

68 

R(%) 

7.29 

8.41 

RH(%) 

8.59 , 

10.06 

G 

2.3 

Nb 

34 

8.5 70 



FIGURE XII-14 extraite de [ 1 ] 
Variation de 1 ' intensi té  de la  raie (311) en fonction de la température 

FIGURE XII-15a [ 11 

Evolution de la  raie (311) à la 
remontée en température près de Tg 

FIGURE XII-15b [ 11 
Evolution de l a  raie (311) en fonction 
de la température 



- F(h,k,R) sans 200 e t  111 + - avec 200et111 4 

TABLEAU XII-7a [ 11 

Résultats  de 1 'affinement de l a  s t r uc tu r e  à 178K (phase 1 ' )  

pour l a  concentration x = 0.25 : modèle de t rans la t ion  isotrope 

4 F(h, k ,  a) sans 200 e t  111 r -avec 200 e t  111 - 

. TABLEAU XII-7b 1 

Résultats  de l 'aff inement de l a  s t r uc tu r e  à 178K (phase 1 ' )  
pour l a  concentration x = 0.25 : modèle de t rans la t ion  anisotrope 

r x = l  x = 0.5 '-01 O x = 0.25 8 x = O  (cubique) 

x x = O (phase ordonnée) 

FIGURE XII-16 e x t r a i t e  de [ 11 

Variation de l 'amplitude quadratique moyenne de l ib ra t ion  ; L l l  (1 axe d ipo l a i r e ) .  

en fonction de  l a  température 



O x = 0.25 

8 x = O (cubique) 

x x = O (phase ordonnée) 

FIGURE XII-17 e x t r a i t e  de [ 11 

V a r i a t i o n  du terme de t r a n s l a t i o n ,  cT>, en f o n c t i o n  de l a  température 

Phase p l  as t i que  
/ 

9 / 
40 / 

FIGURE XII-18 

Relaxat ion  d i é l e c t r i q u e  d 'un mélange 

CNADM, . C l  ADM, . . Di agramme E I1 = f (E  ' ) 
FIGURE XII-19 

Fréquence c r i t i q u e  de basculement 

du CNADM e t  du CL ADFI dans l e s  mélanges 



TABLEAU X I I -8  

13 Le temps de résidence affiné, -rm12 x 10 s ,  pour des 
concentrations e t  des températures différentes (modèle 
d'ordre 12 sans tenir compte des distributions) 

CNH 

CNH 

CNH 

CNH 

CNH/ClH (2/3, 1/3) 

CNH/ClD (2/3, 1/3) 

CNH/ClH (1/3, 2/3) 

CNH/C1 D (1/3, 2/3) 

C l  H 

353K 

0.96 

253K 

1.36 

423K 
ns trument 

Longieur d'onde A 
Résol ution ueV 

IN5 

30 
IN6 
5.9 

5 O 
IN6 
5.1 
80 

IN6 

273K 1 

l 

5.1 
120 
1 N6 
5.1 
120 
IN 6 
5 . 1  
120 
1 N6 
5.1 
120 
1 N6 
5.1 
120 
1 N6 

300K 

1.50 

1.18 

1.06 

0.98 

1.13 

0.74 1 

1.11 

0.91 

0.98 

0.77 
1 

0.77 

0.74 

0.65 

0.70 

1.52 1 
1 

0.48 1.18 1.09 



FIGURE XII-20 e x t r a i t e  de [ 2 1 
C. l t5CN7 S-AVM 

E v c ~ o n b  dc t1ivLten4.cté au WC de w u h c t w r e  12  1 a.u c o w  f ~ ?  

di{tgrrw trùzctmcnts .thwunique6 4ubcb pan Le CRAM : 

a 1 vieceelb.4 ment à 1 5 7 K  pendant 70 Izeuneb 

b l  .r@chau66age : / r é v w i o n  v w  TaOK 

c i v i U . 4  ement à 1 bùK pendant 3 ftewed 

dl téchaudhage : ttLznA&on 111 - 1 v a  237K. 

emperature 
e r e c u i t  

pas de réversio 
mais t rans i t ion  
a ~ 3 7 ~  

Demi largeur du p r o f i  1 
121 j u s t e  avant l e  
réchauffage (u.r .  r . )  

TABLEAU XI 1-9 e x t r a i t  de [ 21 
* 

: c r i s t a l  pour lequel  nous avons noté une saturat ion 

T a i l l e  des 
doma ines 

( A  

- La v i tesse  de réchauffage a toujours é t é  de l ' o r d r e  de 6Klminute 

Température du 
début de l a  
révers i  on 
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FCI Modèle ---- Isotrope 
FACTEURS DE STRUCTURE OBSERVES ET CALCULES : 

FCA Modèle Anisotrope 

1 CHLOROADAMANTANE PHASE 1 
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