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ANALYSIS OF LOCAL FKEE VOLUME I N  LAMELLAR CRYSTALS : 
AN A I D  FOR UNDERSTANDING RADICAL MOBILITY I N  SOLIDS 

3 .  MICHAEL MCBRIDE 
Department of Chemistry, Yale Un ive r s i ty  
Box 6666, New Haven, 06511, U.S.A. 

Abst rac t  I n  c r y s t a l s  w i th  two shor t  axes  i t  i s  easy  
t o  p a r t i t i o n  f r e e  volume i n t o  l o c a l  components by p lo t -  
t i n g  a p r o f i l e  of t he  f r e e  a r e a s  of p l anes  p a r a l l e l  t o  
t he  plane def ined by the  sho r t  axes.  Local f r e e  volume 
i s  used t o  analyze r a d i c a l  motion i n  bis-undecanoyl per- 
oxide.  T t  i s  r e l evan t  t o  mel t ing-point  a l t e r n a t i o n  i n  
long-chain compounds and t o  packing i n  a l i p i d  b i l a y e r .  

INTRODUCTION 

I n  s o l i d s ,  a s  i n  f l u i d s ,  f r e e  volume should be important i n  

determining molecular  mob i l i t y  and r e a c t i v i t y .  For e i t h e r  

phase one may es t imate  molar f r e e  volumes by comparing exper- 

imental  d e n s i t i e s  wi th  molecular  volumes, which can be calcu-  

l a t e d  by a method such a s  group a d d i t i v i t y . I  I n  many cases ,  

e s p e c i a l l y  f o r  l a r g e  molecules  and r i g i d  media, one might 

suppose t h a t  l o c a l  f r e e  volume near  some p a r t i c u l a r  p o r t i o n  

of t he  molecule should have more in f luence  over mob i l i t y  and 

r e a c t i v i t y  than  ove ra l l  molar f r e e  volume does. For c r y s t a l -  

l i n e  s o l i d s  of known s t r u c t u r e  i t  should be p o s s i b l e  t o  t e s t  

t h i s  hypothes is .  The present  paper desc r ibes  a p re l imina ry  

approach toward d i s s e c t i n g  f r e e  volume i n t o  l o c a l  components 

i n  order  t o  understand how a p a r t i c u l a r  c r y s t a l  l a t t i c e  

accomodates t h e  s t r e s s  genera ted  by a s o l i d - s t a t e  r e a c t i o n .  

Using X-ray d i f f r a c t i o n  and r a d i c a l - p a i r  EPR spec t ros-  
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20 J .  M. McBRlDE 

copy of s ing le -c rys t a l s  Segmuller has r e c e n t l y  demonstrated 

t h a t  g-decyl r a d i c a l s ,  generated a s  a p a i r  by p a r t i a l  photo- 

l y s i s  of c r y s t a l l i n e  bis-undecanoyl peroxide (UP), behave 

UP 
r'nontopochemicallyr' by r e c o i l i n g  from one another  i n  two 

d i s t i n c t  s t eps  before  they come toge ther  aga in  and reac t . '  

The dominant motion c o n s i s t s  of a r o t a t i o n a l  t r a n s l a t i o n  i n  

which each CE, group of one r a d i c a l  r ep laces  i t s  neighbor 

down the  zig-zag chain.  "his type of screw motion has been 

proposed f o r  r e l a x a t i o n  i n  polyethylene, '  a l though i t s  

importance i n  g-alkanes has been disputed.4 Hollingsworth has  

used FTIR t o  confirm t h a t  t he  screw motion i n  UP i s  dr iven  by 

r e l axa t ion  of compressive s t r e s s  on t he  CO, molecules,  which 

a r e  generated toge the r  with the  r a d i c a l s  by peroxide photo- 

l y  si s. ' 
It seemed a t  f i r s t  s u r p r i s i n g  t h a t  the  bes t  way t o  

accomodate s t r e s s  i s  f o r  an e n t i r e  r a d i c a l  t o  s h i f t  longi-  

t ud ina l ly  r a t h e r  than f o r  t he  f i r s t  few carbons t o  s h i f t  

l a t e r a l l y . '  C r y s t a l s  of long-chain compounds a r e  t y p i c a l l y  

much l e s s  compressible along the  cha in  a x i s  t han  perpendic- 

u l a r  t o  i t . '  I n  polyethylene the  compress ib i l i t y  d i f f e rence  

i s  70-fold.' When long i tud ina l  motion occurs  i n  UP, the  

environment must somehow make room fo r  t he  te rmina l  methyl 

group, s ince  t h e  g-decyl cha in  i s  not l i k e l y  t o  shor ten  

appreciably.  Figure 1 shows t h a t  l ong i tud ina l  motion i n  UP 
can be accomodated i n  p a r t  by l a t e r a l  compression of t he  next 

l aye r  of molecules, but  t he  ques t ion  remains why t h i s  motion 

should be p re fe r r ed  over l a t e r a l  motion of a p a r t  of t he  

r a d i c a l .  We suspected t h a t  unusual ly  low packing dens i ty  near  
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LOCAL FREE VOLUME IN LAMELLAR CRYSTALS 21 

t he  methyl terminus favored  t h e  screw motion. The remainder 

of t h i s  paper expla ins  what aroused t h i s  susp ic ion  and how we 

t e s t e d  i t  q u a n t i t a t i v e l y .  

Figure 1. Layer s t r u c t u r e  of UP viewed a long  t h e  a a x i s  
(7.421 1). The b a x i s  (8.036 1) p o i n t s  r i g h t ;  t he  c a x i s  
(39.99 11, up. C-centering of space group ~ 2 2 2 ,  o f f s e t s  
t h e  next l e v e l  nea re r  t he  viewer by h a l f  a 3 spacing t o  
the  r i g h t .  

MELTING POINT ALTERNATION I N  LAMELLAR CRYSTALS 

Most long-chain compounds c r y s t a l l i z e  wi th  molecules  a r ranged  

side-by-side t o  give two-dimensional shee t s ,  which s t ack  so 

t h a t  molecules i n  ad jacent  shee t s  meet through t h e i r  t e rmina l  

groups.s l o r e  than  a century  ago Baeyer noted t h e  a l t e r n a t i o n  

i n  mel t ing  po in t  which d i f f e r e n t i a t e s  odd from even members 
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22 J .  M. McBRIDE 

of so many homologous se r i e s . IO  Some f i f t y  yea r s  l a t e r  Malkin 

r ea l i zed  t h a t  a l t e r n a t i o n  occurs  only for  l ame l l a r  c r y s t a l s  

where the long molecular axes a re  not perpendicular  t o  the  

in t e r f ace  between shee ts .xx  He proposed t h a t  fo rces  wi th in  

the  shee ts  should be a smooth func t ion  of cha in  length ,  so 

t h a t  a l t e r n a t i o n  must a r i s e  from d i f f e r i n g  i n t e r a c t i o n s  

between terminal  groups of adjacent  lamellae.  I n  1956 von 

Sydow noted t h a t  the t i l t  of the zig-zag backbone of c rys t a l -  

l i n e  f a t t y  ac ids  makes the  terminal  C-C bonds roughly paral-  

l e l  t o  the in t e r f ace  i n  the  even (high-melting) ac ids ,  while 

i n  the  odd ac ids  they a re  roughly perpendicular.’ The a l t e r -  

na t ion  of mel t ing po in t s  and of many o the r  p r o p e r t i e s  should 

provide important information about nonbonded i n t e r a c t  ions 

and t h e i r  anisotropy,  but i t  has  rece ived  l i t t l e  systematic  

a t t e n t i o n ,  perhaps because so few three-dimensional c r y s t a l  

s t r u c t u r e s  have been determined f o r  long-chain compounds. 

Of course a l l  symmetrical d iacyl  peroxides from f a t t y  

ac ids  have an even number of atoms i n  the  long chain,  but 

s t i l l  t he re  is an a l t e r n a t i o n  of mel t ing p o i n t s  between 

molecules with twice an even number and those wi th  twice an 

odd number ( see  Figure 2).la This  i s  hard ly  su rp r i s ing ,  s ince  

the  f a t t y  acids ,  which show a l t e r n a t i o n ,  c r y s t a l l i z e  as di -  

mers. UP i s  a member of the low-melting s e r i e s  of peroxides, 

and X-ray d i f f r a c t i o n  showed t h a t  i t s  terminal  C-C bonds a r e  

roughly perpendicular  t o  the  i n t e r f a c e ,  a s  i n  t h e  low-melting 

f a t t y  acids .  This  made us suspect  t h a t  packing between adja- 

cent  lamellae i s  i n e f f i c i e n t ,  and t h a t  excess f r e e  volume a t  

the in t e r f ace  may he lp  accomodate t h e  long i tud ina l  r ad ica l  

motion observed by Segmuller. Furthermore carbonyl branching 

i n  the middle of the UP molecule might decrease f r e e  volume 

near the r a d i c a l  cen te r s  and h inder  l a t e r a l  motion. It i s  

presumably t o  reduce such congest ion t h a t  the molecules 
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LOCAL FREE VOLUME IN LAMELLAR CRYSTALS 23 

i n c l i n e  so f a r  from being perpendicular  t o  the  i n t e r f a c e .  

Figure 1 shows how t i l t i n g  o f f s e t s  t h e  peroxide bulges .  

h 

u 
0 
Y 

a 
5 

I 1 I I 

20 24 28 30 34 
CHAIN LENGTH 

Figure 2 .  Melting p o i n t s  f o r  symmetrical d i acy l  perox- 
ides  of f a t t y  ac ids  (Ref. 1 2 ) .  Chain l eng th  inc ludes  t h e  
peroxy oxygens. UP i s  the  f i l l e d  poin t  i n  the  4n s e r i e s .  

FREE AREA ANALYSIS OF LAMELLAR STRUCI'URES 

Molar f r e e  volume is  easy t o  def ine once one has  decided on a 

scheme f o r  es t imat ing  molecular volume, but l o c a l  f r e e  volume 

i s  more d i f f i c u l t ,  s ince one must a l s o  def ine  " local" .  A 

p e r f e c t l y  general  approach t o  t h i s  problem would be t o  p l o t  

t he  r a d i a l  d i s t r i b u t i o n  of f r e e  a rea  about each atom of 

i n t e r e s t .  That i s ,  t o  consider  a s e t  of spheres  centered  on 

some atom ( o r  any o ther  p o i n t ) ,  and p l o t ,  a s  a func t ion  of 

rad ius ,  the f r a c t i o n  of sphe r i ca l  sur face  which i s  not w i t h i n  

van der  Waals d i s tance  of  any atom. For a l l  atoms i n  a crys-  
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24 J .  M.  McBRIDE 

t a l  such curves would converge t o  t h e  same ove ra l l  f r a c t i o n a l  

f r e e  volume a t  l a rge  d is tance ,  but the  short-range behavior 

should show loca l  f r e e  volumes c h a r a c t e r i s t i c  of each atom. 

For long-chain compounds which c r y s t a l l i z e  i n  u n i t  c e l l s  

wi th  two shor t  axes, t h e r e  i s  an e a s i e r  method. One can 

choose a s e t  of planes p a r a l l e l  t o  the  plane def ined by the  

two shor t  axes and p l o t  the f r a c t i o n a l  f r e e  a rea  of the  

planes a s  a func t ion  of t h e i r  pos i t i ons  i n  the  t h i r d  d i rec-  

t ion .  Since the repea t  d i s tance  on these planes i s  sho r t ,  the  

f r e e  a rea  does not need t o  be evaluated over more than one 

u n i t  c e l l .  The f r e e  a rea  on planes i n  o the r  d i r e c t i o n s  would 

take longer t o  eva lua te  and would not  permit t he  same loca l  

i n t e rp re t a t ion .  

Evaluating the  cross-sect ional  area of a molecule i s  

d i f f i c u l t  because of s ing le  and mul t ip l e  overlaps among i t s  

atoms. We wrote a program fo r  the Apple II+ computer which 

drew f i l l e d  c i r c l e s  on t he  high-resolut ion (280 x 190) 

graphics  screen t o  represent  the  i n t e r s e c t i o n  of a plane wi th  

the van der  Waals spheres  of a l l  atoms. A subrout ine then 

counted the  number of p i x e l s  w i th in  the  boundaries of a u n i t  

c e l l  which were i l luminated.  From t h i s  number i t  was easy t o  

reckon the  c ross -sec t iona l  a rea  of the  molecule cor rec ted  for 

overlap. Figure 3 shows two such planes f o r  polyethylene.'* 

Remarkably enough the re  i s  l e s s  f r e e  a rea  on t h e  plane which 

b i s e c t s  t h e  C-C bonds and avoids  atom cen te r s  than  on t he  

plane which passes  through the  nuc le i  of the  CE1 groups. This  

i s  because atoms from adjacent  l a y e r s  consume very  l i t t l e  

a rea  on t he  l a t t e r  plane. 

Of course ca l cu la t ed  f r e e  a rea  depends on t he  choice of 

van der Waals r a d i i ,  but f o r  comparative purposes a s i n g l e  

s e t  of reasonable va lues  should su f f i ce .  We chose r a d i i  of 

1.8 1 fo r  carbon and oxygen and 1.35 ff f o r  hydrogen. 
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LOCAL FREE VOLUME IN LAMELLAR CRYSTALS 25 

Figure 3 .  Cross s e c t i o n s  of c r y s t a l l i n e  polyethylene 
perpendicular to  t h e  long molecular a x i s .  The top 
s e c t i o n  passes  through atomic c e n t e r s  and has  24% 
unoccupied area (shaded); the lower s e c t i o n ,  midway 
between atoms, has 11%. 
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26 J.  M .  McBRIDE 

A more ser ious  problem i s  t h a t  x-ray atomic coordinates  

f o r  long-chain compounds a r e  o f t en  un re l i ab le  because of low 

c r y s t a l  qua l i t y .  Appreciable d i f f e rences  i n  atom-atom dis- 

tances could cause l a rge  d i f f e rences  i n  the  intramolecular  

overlap of van der  Waals spheres and thus i n  ca l cu la t ed  f r e e  

a reas .  We minimized t h i s  problem by ad jus t ing  atomic posi- 

t i o n s  toward 1.53 ft C-C d i s t ances  and 1120 C-C-C anglesi4 and 

then r eca l cu la t ing  hydrogen pos i t i ons  wi th  C-H d i s t ances  of 

1.08 1 and H-C-H angles  of 109.5O. 

APPLICATION 2% RADICAL MOTION IN BIS-UNDECANOYL PEROXIDE 

To appreciate  the  s ign i f i cance  of free-volume d i s t r i b u t i o n  i n  

UP i t  i s  useful  f i r s t  t o  examine severa l  hydrocarbons i n  the  

high-melting s e r i e s .  Figures  4-6 a re  f ree-area p l o t s  €or 

polyethylene, 9-octane, and 2-octadecane .1* C i r c l e s  show the 

pos i t i on  of carbon atoms. In polyethylene f r e e  a rea  v a r i e s  

from 11% t o  24% and averages about 16%. For both alkanes the  

amount of f r e e  a rea  along most of t he  cha in  i s  s imi l a r  t o  

t h a t  i n  polyethylene, but t h e r e  i s  e x t r a  f r e e  a rea  a t  the 

i n t e r f a c e  between layers .  It i s  hard ly  s u r p r i s i n g  t h a t  the  

roughly cy l ind r i ca l  cen te r s  of chains  pack more e f f i c i e n t l y  

than t h e i r  roughly hemispherical ends. It i s  more noteworthy 

t h a t  a t  t he  terminal  carbon atom the  f r e e  a rea  has  a l ready  

f a l l e n  i n t o  the  range c h a r a c t e r i s t i c  of polyethylene. 

Figure 7 i s  an analogous p l o t  f o r  UP. Jn t h i s  case atoms 

near the middle of the  hydrocarbon cha in  pack about a s  dense- 

l y  a s  those of polyethylene. There i s  very  l i t t l e  f r e e  volume 

near the carbonyl branching, but the  two terminal  carbons 

f a l l  i n  a region with near ly  twice the  f r e e  a rea  of poly- 

ethylene. It seems obvious t h a t  the  9-decyl r a d i c a l s  should 

r e l a x  by longi tudina l  motion i n t o  a region of low dens i ty  

r a the r  than by l a t e r a l  motion i n t o  a region of high dens i ty .  
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LOCAL FREE VOLUME IN LAMELLAR CRYSTALS 
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Figure 4 .  Cross-sect ional  f r e e  area of polyethylene a s  
a funct ion  of d i s tance  along the  molecular a x i s  from 
an arb i trary  carbon. C i r c l e s  show atomic p o s i t i o n s .  
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Figure 6 .  Analogue of Figure 5 f o r  g-octadecane. 
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28 J.M. McBRIDE 

I I 

a 2  4 6  0 10 

Figure 7 .  Analogue of Figure 5 fo r  UP. Open c i r c l e s  
a re  sa tu ra t ed  carbons; f i l l e d  c i r c l e s ,  oxygens; the  
h a l f - f i l l e d  c i r c l e  i s  carbonyl carbon. 

Comparing Figure 7 with Figures  4-6 shows t h a t  t he  

ove ra l l  molar f r e e  volume of c r y s t a l l i n e  UP i s  much l e s s  

informative than i t s  d i s t r i b u t i o n  is. 

OTHER APPLICATIONS 

There a r e  many s t r i k i n g  phenomena which depend on i n t e r l a -  

mel lar  p rope r t i e s  i n  general  and on odd-even a l t e r n a t i o n  i n  

p a r t i c u l a r .  These include v i b r a t i o n a l  spec t r a  of hydrocar- 

bons, lC r ad ica l  s t a b i l i t y  i n  i r r a d i a t e d  f a t t y  ac id  amides, l l  

and formation of d i f f e r e n t  r a d i o l y s i s  products  i n  hydrocar- 

bons of d i f f e r e n t  chain-length pa r i ty . l '  There i s  a recent  

r epor t  of s t r i c t  a l t e r n a t i o n  i n  the  na ture  of r a d i c a l s  formed 

by r ad io lys i s  of the 3-alkanes from Clo through C l S . l 9  A l l  of 
these problems should p r o f i t  from free-volume ana lys i s ,  

although i n  many cases  c rys t a l log raph ic  da ta  a r e  lacking.  

The in t e r l ame l l a r  s t r u c t u r e  of l i p i d  b i l a y e r s  has  sub- 

s t a n t i a l  b io log ica l  implicat ions.  Since X-ray s t r u c t u r a l  da ta  

a r e  ava i l ab le  f o r  the phospholipid 1,2-dilauroylphosphatidyl- 
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. . . 
0 2 4 6 8 10 12 14 16 18 

A FROM INTERFACE 

Figure 8 .  Free a r e a  p r o f i l e  of a l i p i d .  C i r c l e s  shaded 
on t he  l e f t  show carbon p o s i t i o n s  of t he  s t r a i g h t  12- 
carbon chain;  those shaded on t h e  r i g h t ,  of t he  bent  
chain.  F i l l e d  c i r c l e s  a r e  p o s i t i o n s  of bo th  cha ins .  
Pos i t i ons  of o ther  atoms i n  t h e  po la r  r eg ion  a t  t he  
r i g h t  a r e  not ind ica ted .  

ethanolamine,ao we have p l o t t e d  i t s  f r e e  volume d i s t r i b u t i o n  

i n  Figure 8 .  The p r o f i l e  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  of 

UP. The reg ion  near  t he  p o l a r  head group i s  ve ry  densely 

packed, while  a reg ion  of low dens i ty  extends t o  3 1 from the  

i n t e r f a c e .  Free volume r i g h t  a t  t he  i n t e r f a c e  i s  unusual ly  

low because cha in  ends from adjacent  l a y e r s  i n t e r d i g i t a t e  

s l i g h t l y .  I s o t r o p i c  thermal parameters  f o r  atoms i n  t h i s  

s t r u c t u r e  may not be exper imenta l ly  s i g n i f i c a n t ,  but  i t  i s  

no tab le  t h a t  they c o r r e l a t e  b e t t e r  w i th  l o c a l  f r e e  volume 

than they do wi th  d i s t ance  from the  methyl terminus.  
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