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On the other  hand  

f f +~ d~ ~-~ dq~ / ( ~ + B ~ ) . d z  < ( m + l )  Be 
Zl d-Z--Z i /  ¢P' _ _oo(p2÷ 

= --~ ( m + l )  
B 

(B2) 

where m is the number  of maxima and minima of 
dq~/dz between zN and zl. Thus, i t  follows t ha t  

1 ( (m+ 1)½u} 2~ (83) Ix(i'i~)l-< (2-~T 
In  a similar way 

1 
[Iii~+~)[-< ( 2 n +  1)-------~. {(m+ 1)½~}2~+~" (B4) 

~T  (~'*) and ZI!~ ~+1) converge Therefore we can see ---i/ 
absolutely.  

The au thor  would like to express his sincere thanks  
to Dr A. R. Lang for his valuable  discussion and kind 
encouragement  th roughout  this work. He also wishes 
to express his thanks  to Dr J. W. Menter, Dr P. 8 .  
Hirsch, Dr M . J .  Whelan  and Dr A. Howie who 
k ind ly  gave him opportuni t ies  of seeing their  interest-  
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Electron  Dif fract ion Study  on T h i n  F i l m s  of P o l y m e r s  of p - H a l o g e n o - s t y r e n e  
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Thin films of polymers of p-Cl-, p-Br- and p-I-styrene obtained by radical polymerization were 
studied by electron diffraction. Ten to thirteen halos were obtained by using a sector-camera. 
Intensity curves for some assumed models were calculated and were compared with the observed 
ones. In the cases of the Br- and I-derivatives the complex atomic scattering factors were used for 
the calculation. The radial distribution method was applied to the Cl-derivative. 

The following results are common to all three kinds of halogen derivatives. A linear molecule is 
built up of styrene residues connected in a 'head to tail' arrangement, and their benzene rings are 
located alternately on each side of the plane of the zig-zag paraffin chain. Neighboring molecules are 
closely packed in a 'face to face' configuration in a plane perpendicular to the chain. These regular- 
ities in the structure are maintained only among the nearest neighbor residues. 

1. I n t r o d u c t i o n  

Several electron diffraction studies of amorphous th in  
films have been reported. Since more halos can be 

* Present address: Faculty of Science, Osaka City Univer- 
sity, Sugimotocho, Sumiyoshi-ku. Osaka, Japan. 

obta ined by  electron diffract ion t h a n  by X-ray  dif- 
fraction,  the  former method is be t te r  suited to a 
s t ructure  analysis of the shorter  in tera tomic  distances. 
There have been few studies, however, in which this  
usefulness of electron diffract ion has been exploited. 
In  the present s tudy,  this mer i t  of electron diffract ion 
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will be used and a practical method of analysis will 
be described. 

In a study on thin films of polystyrene, agar, 
gelatin, methyl-, acetyl-, nitro- and benzyl-cellulose, 
Kakinoki, Murata & Katada (1949) found similar 
electron diffraction patterns with six to eight halos 
for each substance.* This similarity was explained by 
considering that  the constituent atoms in these 'light' 
substances arranged with similar interatomic distances 
and scattering powers within each compound even 
though their overall chemical structures differed 
greatly. Kakinoki (1949) analyzed the halo pattern 
from thin films of polystyrene in detail and determined 
the relative position of benzene rings along the chain 
of polystyrene, but he was not able to get any con- 
clusion about the intermolecular configuration. The 
latter information may be derived, however, if light 
atoms at certain positions in a polystyrene molecule 
are substituted by heavy atoms. For this reason 
polymers of p-halogen derivatives of styrene (polymers 
of p-Cl-, p-Br- and p-I-styrene) have been studied by 
electron diffraction. 

2. E x p e r i m e n t a l  

The samples were synthesized by a method of radical 
polymerization.t Thin films were prepared by allowing 
a drop of dilute benzene solution of polymer to 
evaporate from a clean water surface. They were then 
transferred onto a brass specimen holder with several 
holes of 0-5 mm diameter. The films were estimated 
to be of the order of hundreds of AngstrSms in thick- 
ness. 

An electron diffraction camera with a rotating sector 
(Ino, 1953) was operated under accelerating voltages 
between 40 and 60 kV. 

The films of halogen derivatives were weaker than 
those of polystyrene. The use of a surface of warm 
water was somewhat helpful for making a film stronger 
and more uniform, but in the cases of the Br- and 
I-derivatives it was very difficult to prepare a film thin 
enough to produce a diffraction pattern with high 
contrast. In spite of this situation more than ten halos 
were visually observed on the photographs taken with 
the sector-camera. A quantitative intensity measure- 
ment of the diffraction pattern by the usual micro- 
photometric technique was only available for the 
Cl-derivative. 

The densities of these films were assumed to be the 
same as those of small bulk samples which were 
measured by the floating method. They were 1.20, 
1.56 and 1.87 g.cm. -3 for the Cl-, Br- and I-derivatives, 
respectively.:~ 

* I t  was found by  Ino that  some proteins such as egg- 
albumin, silk-fibroin and casein showed similar results 
(unpublished). 

t The author  is indebted to Prof. A. Kotera  of Tokyo 
Universi ty of Educat ion for the supply of the samples. 

:~ The density of polystyrene is 1.05 g.cm. -3. 

3. I n t e n s i t y  data  

For the Cl-derivative the structure sensitive intensity, 
I(s), was obtained from the observed total intensity 
as follows : 

I(s) = C{[total intensity/background intensity] - 1 }, 
(1) 

where C is a constant, which will be given in See. 4, 
and s = ( 4 n / A ) s i n  (0/2), /~ being the wave-length of 
the primary electron beams and 0 the scattering angle. 
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Fig. 1. Experimental  intensity curves, I(s), for polystyrene 
and its p-Cl-derivative obtained with the sector-micro- 
photometric  procedure and for the p-Br- and p-I-derivatives 
obtained with the sector-visual procedure. The ordinates 
of the parts shown with broken lines are multiplied by  
about  a quarter. 

The background intensity was determined by succes- 
sive approximations, after which a reasonable radial 
distribution curve was obtained (sector-microphoto- 
metric procedure) (Karle & Karle, 1949, 1950). For 
the Br- and I-derivatives the structure sensitive 
intensity, I(s), was estimated visually (sector-visual 
procedure). These intensity curves are illustrated in 
Fig. 1, and the s-values of the intensity maxima are 
listed in Table 1. For comparison, the result for 
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Table 1. The s-values of maxima on the experimental intensity curves, I(s), of polystyrene, 
its p-Cl-, p-Br- and p-I-derivatives 

is t h e  s t a n d a r d  d e v i a t i o n  of t h e  v i s u a l l y  m e a s u r e d  v a l u e s  of  t h e  m a x i m a  

S y m b o l  of  P o l y s t y r e n e  C l - d e r i v a t i v e  B r - d e r i v a t i v e  
m a x i m u m  s -Va lue  s -Va lue  s -Va lue  a 

A 1-38 ~ - ~  1"43 2~ -I 1.71 ~ - ~  0.011 
B 3"05 3-05 3-02 0.013 
C 
D 5.59 5.34 5.23 0.022 
E 6.48 0.014 
2' 8.40 0.024 
G 8.80 8.55 9.45 0.034 
H 10.03 10.10 10.95 0.027 
I 13.48 13-29 13.64 0"030 
J 15-4 15-0 15.9 
K 18.38 18.95 18-20 0.065 
15 20.42 20.8 20"99 0"070 
M 23.80 24-41 0"050 

A-1 

I - d e r i v a t i v e  
s -Value a 

1"81 A -a 0"008 A -1 
2-98 0.017 
4.70 0.012 
6.39 0.015 
6.32 0.026 
8.05 0-041 
9.04 0-044 

10.51 O-O6O 
13.35 0.072 
15-4 
18-66 0.102 
21-1 
23"7 

polystyrene obtained with the sector-microphotometric  
procedure by  Ino (1953) is also shown. In  the visual 
procedure the  s-values of the max ima  were determined 
by  averaging over values measured on several photo- 
graphic plates for each derivative.  The s t andard  
deviations of these values are also listed in Table 1. 

As seen f rom Fig. 1, the pa t t e rn  obtained from the 
Cl-derivative resembles over the  whole region of s the 
pa t t e rn  from polystyrene,  which has intensi ty  features 
common to the  ' l ight '  substances mentioned in Sec. 1. 
Bu t  the Br- and I-der ivat ives  produce pa t te rns  dif- 
ferent  f rom t h a t  of polystyrene,  especially in the 
region of 4 < s < 12 A -~. The addit ional  max ima  E and 
F appear  in the case of the Br-der ivat ive and C, E 
and F in the case of the  I-derivat ive.  

4. C a l c u l a t i o n  of the  i n t e n s i t y  c u r v e s  

Intensity formula 
Except  in the region of very  small  values of s, 

the  to ta l  intensi ty,  Jds), of electrons diffracted by 
amorphous  mater ia l  is expressed as follows: 

Jds) = N B ( s ) { I a ( s )  + I~(s)  + I m ( 8 ) }  

N 
+ -~ ~ ~" nAnB(ZA--fA(S))(Z,--fB(S)) 

f sin s r  
x 4~r2(WAB(r)-  1) dr. 

0 s r  J , ( 2 )  

where B(s)=(Jo/R~)(8ugme2/h2)~(1/s4), each symbol 
having its usual  meaning. V is the effective volume of 
specimen for scat ter ing of electrons, N the number  
of certain units  of the  chemical consti tut ion (repeating 
units) in the  volume V, na the number  of a toms of 
the A- type  in a repeat ing unit,  ZA the atomic number ,  
fA(s) the  atomic scat ter ing factor for X-rays ,  and 
Sa(s) the  incoherent  intensi ty  funct ion for X-rays  for 
an  a tom of the  A-type,  4~r~WAB(r)dr/V a probabi l i ty  
funct ion t h a t  an  a tom of the  B- type  is a t  a distance 
between r and  r + dr from an a tom of the A- type  and 

~" means the summat ion  over the types  of atoms. 
a 

The sum of the first  two terms in equat ion (2) repre- 
sents the background intensity.  

I f  ZA is subst i tu ted for (ZA--fA(S)), Ira(S) in equa- 
tion (2) becomes the reduced s t ructure  sensitive 
intensi ty per repeat ing unit,  I(s), namely,  

l(s) = (N/V) ._~ ~" nAnBZAZB 
A B 

X ~ 4 7 ~ r 2 ( W A B ( r )  - 1)(sin sr/sr)dr. (3) 
d 0 

Each a tom within a repeat ing unit  is labelled by a 
different subscript,  and this labelling is re ta ined in 
each repeat ing unit.  Since WAB(r) tends to un i ty  
beyond a certain value of r, say lAB, the following 
expression can be obtained for I (s) :  

unit r i j< !AB 
l(s) = ~ _,~ Z~ Z~ exp ( -- A ijs 2) sin s rLj 

i ~ 8ri~ 

- -  (N/V) ~ ( 2 -  5AB)nAnBZAZB 
(AB) 

flAB4~r2 dr, (4) s i n  s~" 
× 

®'0 8r  

where r~j is the interatomic distance between the  i th  
and j t h  atoms,  exp ( - A ~ j s  2) the damping factor  due 
to thermal  vibrat ions or to f luctuat ion in the distance 

unit 
rfj, dAB ~- 0 for A # B, dAB = 1 for A = B, ~ means 

i 
the summat ion  over all a toms in a repeat ing unit ,  

_Y the summat ion  over all a toms for which 
1 

0 <r~ <lAB, regardless whether  the j t h  a tom is in or 
not in the repeat ing uni t  containing the i th a tom,  and 
~" the summat ion  over the types  of atomic pairs. 

(AB) 
If  the constant  C in equat ion (1) is defined as 

C = ~ "  {nAZ2_~ +nAZi} , (5) 
A 

equat ion (1), the experimental  intensity,  becomes 
equal to equations (3) or (4) under  the assumption tha t  
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ZA--fA(s)=ZAq~(S), SA(s)=ZAqg2(S), (6) 

w h e r e  ~(s)  is a c e r t a i n  f u n c t i o n  of s c o m m o n  to  a l l  
t y p e s  of a t o m s .  Th i s  a p p r o x i m a t i o n  is p e r m i s s i b l e  
e x c e p t  i n  t h e  r e g i o n  of s m a l l  s. T h e  e x p e r i m e n t a l  
i n t e n s i t y  o b t a i n e d  b y  t h e  s e c t o r - v i s u a l  p r o c e d u r e  c a n  
a l so  be  c o m p a r e d  w i t h  t h e  i n t e n s i t y  c a l c u l a t e d  f r o m  
e q u a t i o n  (4) b e c a u s e  of t h e  n a t u r e  of t h e  h u m a n  e y e  
( P a u l i n g  & B r o c k w a y ,  1934). 

Models and calculation procedure 
K a k i n o k i  (1949) c o n s i d e r e d  f o u r  m o d e l s  fo r  po ly -  

s t y r e n e  w h i c h  a r e  i l l u s t r a t e d  in  F ig .  2. H e  d e t e r -  
m i n e d  m o d e l  I t o  be  t h e  bes t ,  a n d  t h e r e f o r e  i t  is t h e  
o n l y  m o d e l  u s e d  t o  c a l c u l a t e  t h e  s u m m a t i o n  t e r m  in  
e q u a t i o n  (4) for  t h e  h a l o g e n  d e r i v a t i v e s .  

I n  m o d e l  I m a n y  s t y r e n e  r e s i d u e s  f o r m  a ' h e a d  t o  
t a i l '  c o n n e c t i o n  a n d  t h e i r  b e n z e n e  r i n g s  a r e  l o c a t e d  
a l t e r n a t e l y  o n  e a c h  s ide  of t h e  p l a n e  of t h e  z ig -zag  
p a r a f f i n  cha in .  T w o  s t y r e n e  r e s idues ,  Cz6H14X2, w e r e  

I II I I I  IV 

Fig. 2. Schematic side views (upper) and plans (lower) of the 
four models considered for polystyrene. Circles show the 
positions of H-atoms where halogen atoms are substituted. 
Thick line in the plan shows the projection of paraffin chain. 

t a k e n  as a r e p e a t i n g  u n i t ,  w h e r e  X is a h a l o g e n  a t o m .  
N o r m a l  v a l u e s  for  b o n d  d i s t a n c e s  a n d  b o n d  a n g l e s  
w e r e  a s s u m e d ,  for  e x a m p l e ,  1.09 /~ for  C - H  d i s t a n c e ,  

(a) 

T a b l e  2. The values of the C-X  distances (a) and of the X - X  distances (b) in the models considered 

c-c1  C-Br C-I  

Model 1' 1.76 /~ 1.91 A 2-10 A 
Model I "  1.69 1-85 2.05 

(b) C1-C1 Br -Br  I - I  
(i) (i.i) (iii) (i) (ii) (iii) (i) (ii) (iii) 

Model Ia 4-40 A 4.50 /~ 5.04 A 4-55 • 4.65 /~ 5.04 /~ 4.58 /~ 4.68 /~ 5.04 A 
Model Ib 3.60 5-16 5.04 3.90 5.11 5.04 4.30 4.77 5.04 
iVlodel Ic 3-60 4-84 5-04 3-90 4-85 5-04 4.30 4.93 5.04 

T a b l e  3. The values of laB, ZAZ~, T =  .~Y,!PAB, T *  = .~ Y~*B and A T =  } / s . _  }y = ~VAy~a B 
(AB) (AB) (AB) 

for the CI-, Br -  and I-derivatives 

Values of nAB = ~AB]ZAZB, nAB*= ~AB*/ZAZB and AnAB=A~AB/ZAZB in parentheses are twice as large as the number  of 
distances which belong to each group. (An interatomic distance between different repeating units is counted as a half) 

A-B lAB ZAZB ~AB (nAB) I])AB* (nAB*) Z~AB (AnAB) 
Cl-derivative 

C-C 4.00 A 36 6048 (168) 6577 (182-7) 529 (14-7) 
C-I-I 3.20 6 1080 (180) 964 (160.7) - 116 ( -  19.3) 
C-C1 3.80 102 1224 (12) 3919 (38.4) 2695 (26.4) 
H-CI 3.00 17 136 (8) 281 (16.5) 145 (8.5) 
C1-C1 6.00 289 3468 (12) 2731 (9.4) -- 737 ( -- 2.6) 

}/~---- 11956, ~ *  = 14472, A] }/s__ 2516 

Br-derivative 

C-C 4.00 A 36 6048 (168) 6345 (176.4) 297 (8.4) 
C--I{ 3.20 6 1080 (180) 948 (158-1) -- 132 ( -  21.9) 
C-Br 3.95 210 2520 (12) 8910 (42.4) 6390 (30.4) 
I{-Br 3.15 35 280 (8) 660 (18-9) 380 (10-9) 
Br -Br  6.00 1225 14700 (12) 11390 (9-3) --3310 (--2.7) 

}F= 24628, }/m = 28253, /1 }/~---- 3625 

I-derivative 

C-C 4.00 /i~ 36 6048 (168) 6051 (168.1) 3 (0.1) 
C-I{ 3.20 6 1080 (180) 905 (150.8) -- 175 ( -- 29.3) 
C-I  4.15 318 3816 (12) 14940 (47.0) 11124 (35.0) 
H - I  3.35 53 424 (8) 1145 (21.6) 721 (13-6) 
I - I  6.00 2809 33708 (12) 24900 (8-9) -- 8808 ( - 3.1) 

}/]-- 45076, }/~* ---- 47941, /1 ~---- 2865 
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1-39 J~ for aromatic  C-C, 1.54 A for a l iphat ic  C-C, 
120 ° for aromatic  carbon angle and 109.5 ° for aliphatic.  
Two values were, however, assumed for C-X bond 
distance. In  model I '  the C-X bond distance was set 
equal  to the sum of the covalent bond radi i  of carbon 
and  halogen atoms (Pauling, 1960) and in model  I "  
i t  was given the value found in halogen derivatives 
of benzene (Sutton, 1958). These values are listed 
in Table 2(a). The value of lAB, except for the X - X  
pair,  was assumed to be equal  to the van  der Waals  
distance of the A - B  pair,  as l isted in  Table 3 
(Pauling, 1960). The value of l xx  will be given below. 

The p lan  of two successive residues of model I with 
atoms shown as van  der Waals  spheres yields an area 
of 78.8 A~ for the Cl-derivative. But  the average area 
calculated from the value of the dens i ty  is 76.1 _~2 
pe r repeating unit ,  showing tha t  the molecules m a y  be 
closely packed. Similar results are obtained for 
polystyrene and  its other two halogen derivatives.  
Three models, I~, Ib and I~, for the la tera l  a r rangement  
of molecules were considered for each der ivat ive as 
shown in Fig. 3, where the neighboring molecules 
were packed unt i l  the  van  der Waals  spheres of the 

la I b Ic 

Fig. 3. Three  models  for the  relat ive configurat ion of neigh- 
boring molecules  for model  I of the  Cl-derivative.  Thick,  
m e d i u m  (-CHg-)  and  th in  curves  show the sections of van  
der  Waals  spheres cu t  b y  three  successive planes per- 
pendicular  to the  chain wi th  intervals  of 1.26 A. Broken  
lines show two  of the  three  kinds of C1-C1 dis tances  t aken  
into the  calculat ion of intensi ty.  

outer atoms came in contact with each other. Several 
distances for the X - X  pair  were calculated from these 
models,  and the value of l xx  was assumed to be 
6.0 /~ for all  derivatives.  The X - X  distances actual ly  
taken into the summat ion  te rm are t abu la ted  in 
Table 2(b), where (i) and  (ii) are the distances shown 
in :Fig. 3 and  (iii) is the distance between the two 
halogen atoms in a molecule which lie one above the 
other in the direction paral lel  to the chain. 

Thus, the summat ion  te rm in equation (4) is con- 
venien t ly  separated into two terms, Iz(s) and I2(s), 
where Ii(s) is the sum of the contributions from all 
distances shorter t han  lAB except X - X  distances and 
I2(s) the contr ibut ion from X - X  distances shorter 
t han  1xx. 

The values of N / V  es t imated from the observed 
values of the densities are 2.61 x 10 -3, 2.57 x 10 -3 and 

P O L Y M E R S  OF p - H A L O G E N O - S T Y R E N E  

2.45 x 10 -3 /~-a for Cl-, Br- and I-derivatives,  respec- 
t ively.  The integral  in equat ion (4) is t ransformed 
to (4~/3)l~Bqb(sl~B) where ~b(x)=3 (sin x - - x  cos x)/xS. 
Thus, the integral  term, Is(s), can be easily evaluated.  

There is another  point  to be considered here. 
The total  scat tering powcr, I/z, which is the sum of 
ZAZB for atomic pairs included in the summat ion  
te rm is given in Table 3 along with its component  y~AB. 
As seen from Table 3, y~AB deviates in general from 

('lAB 
~/)4B = ( 2 - -  ( ~ A B ) ( N / V ) n A n B Z A Z B  ~ 47o.2dr  

o 

- ( 2  OAB)(N/V)nAnBZAZB a a --  --  .~iTglAB , (7) 

and therefore the difference A~p~B= V2~B--Y~AB should 

x2 CI 

exp. 

20 ...= S 25 ' o 5 1o Is - - ( A - ~ )  
(o) 

Fig. 4. Comparison be tween  the  ca lcula ted  and  the  exper-  
imenta l  intensit ies for the  Cl-derivat ive (a), the  Br -der iva t ive  
(b) and the  I -der iva t ive  (c). The calcula ted  curves  1, 2, 3, 4, 5 
and 6 correspond to the  models  Ia' ,  Ia" ,  Ib', Ib",  Ic" and  Ic",  
respect ively.  Broken  and d o t t e d  lines in curves  6 show the  
s u m m a t i o n  te rms  I i (s  ) and  I2(s), respect ively.  The ord ina tes  
beyond  s = 4  A -1 are mul t ip l ied  b y  two,  four  and ten for 
(a), (b) and (c), respect ively.  
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be appropr ia te ly  t aken  into consideration. These 
values are also l isted in Table 3. The residual scattering 
power, d T =  T * -  T =  ~ AlV?AB, was s imply  assigned 

(AB) 
to a few distances larger t han  lAB as follows: 

C l - d e r i v a t i v e  

AT,  = lOOO 
/ I  tff2 = 600 

AT3= 300 
AT4= 300 
ATs= 300 

I - d e r i v a t i v e  

r 1 r 1 = 4 . 1 5  A zl~tfl = 1500 
r 2 r 2 = 4 . 3 3  gl ~r/2 = 900 
r3 = 4 .67  r a =  4 .85  zJ ~P3 = 450  

where rl = l cx ,  rg. and r8 are the C - X  distances sep- 
a ra ted  by  two and  three carbon atoms in a benzene 
ring, respectively, r4=/cc  and r5 is the C-C distance 

h = 3.80 A 
r 2 ---- 4 . 00  
r a - -  4 . 50  
r 4 - -  4 .00  
r 5 ---- 5 .04  

B r - d e r i v a t i v e  

=3.95 A ATl=1800 
= 4 . 1 5  A ~t~2-- 1200 

A Ta = 600  

between two benzene rings.* The correction te rm 

All(s) = _F /I ~ n  sin Srn/Srn ( 8 )  
~2 

was added to equat ion (4). 
Mean deviations,  (2gIi~) ½, were assumed to be 

0.05 J~ for the bond distances, 0.08 _~ for the distances 
separated by  one atom, 0.12 _~ for those separated 
by  two or more atoms and  0.23 A for those used in 
I2(s) and AII(s). But  in the actual  calculat ion the bond 
distances were not  mul t ip l ied  by  the damping  factor, 
and  the relat ive values of 0"03, 0.07 and  0.18 A were 
used as the mean  deviat ions for the other groups of 
the distances, respectively.  

The contr ibut ion of H - H  pairs to the in tens i ty  was 
ent i re ly  neglected. 

* T h e  v a l u e s  of  r 2 a n d  r 3 u s e d  h e r e  a r e  t h e  a v e r a g e s  of  t h e  
c o r r e s p o n d i n g  v a l u e s  i n  m o d e l s  I '  a n d  I " .  
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Fig. 5• Calculated in tens i ty  curves for the  I -der ivat ive  with  the  three  sets of I - I  distances (i), (ii) and  (iii) of 4-33, 4-85 and  5-04/~ 
(broken line), 4.33, 4.93 and  5 .04/k  (full line) and  4.36, 5.00 and  5.04 A (dot ted  line). Vert ical  lines show the  positions of t he  
observed in tens i ty  maxima .  

Comparison between the observed and the calculated 
intensities 
The intensities, Ii(s) + I2(s) --In(s) + AI(s), calculated 

above were compared with the experimental one. 
Fig. 4 shows the comparison for CI-, Br- and I- 
derivatives. I t  can be concluded that  model I~' is the 
best for all of the halogen derivatives. 

Model Ia for Br- and I-derivatives gives intensity 
curves which clearly do not coincide with the observed 
ones in the region of 4 < s  < 12 _~-1. Model Ib for the 
Br-derivative also fails to reproduce the observed 
intensity features in that  region. But model Ib for 
the I-derivative reproduces the observed features as 
well as model I~ does except for the intensity ratio 
between maxima C and D. Hence models Ia  and Ib 
are not acceptable, but the selection between models 
I~ and I~' is difficult in these cases, the latter being 
somewhat more probable. In the case of the C1- 
derivative the difference between the intensities given 
by the intramolecular models I '  and I"  is larger than 
that  among the intensities given by the intermolecular 
models Is, Ib and I~. I t  can be easily seen from Fig. 4 
that  model I~' is the best for the Cl-derivative, too. 

Some attempts were made to determine the spacing 
between neighboring molecules• For the I-derivative 
the I - I  distances considered were 

(i) (ii) (iii) 

4-30 A 4-70 A 5.04 A 
4.30 4.77 5.04 (model Ib) 

(i) (ii) (iii) 
4-33 4-85 5-04 
4.33 4-93 5-04 
4.36 5.00 5-04 
4.36 5.07 5"04 

(model Ic) 

Fig. 5 shows three of the intensity curves calculated 
from these sets. The fourth set corresponding to 
model Ic gives the best intensity ratio between maxima 
C and D, but the slight disagreement in the positions 
of these maxima between the observed and the 
calculated intensities could not be improved by the 
use of the above sets of distances. 

The values of the mean deviations were changed also, 
and the relative value of 0.18 _~ was found to be 
better than that  of 0-15 or 0.20/~ for Ie(s) and AI(s). 

The contributions from each term of the intensity 
calculated with the best model I'j are summarized 
here.* For all of the halogen derivatives, Ii(s), the 
intensity due to distances within a repeating unit, 
reproduces well the observed intensity features for 
s> 13 A -1 as seen in Fig. 4. The contribution from 
I2(s) is dominant for s < 12 /~-1 for the heavy halogen 

* Kakinoki  (1949) explained successfully the  observed 
in tens i ty  features  of po lys tyrene  by  the  contr ibut ions  f rom 
the  four  componen t  groups of Ii(s). The numbers  and  the  
positions of m a x i m a  and minima,  except  for the  first max-  
imum,  were main ly  given by  the  contr ibut ions  f rom the  nex t  
neares t  neighbor  distances,  and  their  relat ive intensit ies 
main ly  by  the  neares t  neighbor  distances. In  his paper ,  
however ,  noth ing  was described abou t  the  subgroups of Ii(s ). 
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der ivat ives  and is negligibly small  outside this region. 
The contr ibut ion from I~(s) to m a x i m u m  D decreases 
wi th  the increase in  the atomic number  of the halogen 
atom, and  in the case of the I-derivat ive i t  is over- 
come by  the contr ibut ion from 12(8), forming a 
doublet ,  C and  D. The weakness of the observed 
m a x i m u m  F is due to a deep m i n i m u m  in I~(8). 
Although m a x i m a  G and  H lie at  different  positions 
for the different  derivat ives and  polystyrene,  they  
are const i tuted by  the contributions from I~(s) and 
I~(8) in a s imilar  way  for all  derivatives.  

The integral  term, Ia(s), and the correction term, 
AI(s),  are not shown in Fig. 4 in order to avoid 
confusion. Ia(s), which does not  exist  in the case of 
gaseous molecules, is responsible for the appearance 
of the dis t inct  first  m a x i m u m  A and  the  deep m i n i m u m  
inside it, bu t  i t  does not  contr ibute appreciably  to 
the region of larger s. AI(s)  is impor tan t  only for 
ref inement  of the in tens i ty  features. 

Complex atomic scattering factor for electrons 
As was suggested by  Glauber & Schomaker (1953), 

i t  is necessary to use the  complex atomic scattering 
factor, F(O)=IF(O)[ exp(i~(0)) ,  instead of the real 
one when the substance contains both l ight  and  heavy  

0"6 

0"4 ~ 
0"2 - 

0 

- o . 2  "~ s (h-,) 
- 0 4  

I ] K L M 

I I~  

~ / "151 

i 

X~ ,  , .4' I , ~. I / , /  

I 
Model I' 

' t l  IMode 
I\A 

!~,/ ~'~" \ s (h-') 

Fig. 6. Curves of cos (U~(0)--U~(0)) for C-I and H-I pairs 
(upper) and calculated intensities with the complex atomic 
scattering factor for models I '  and I" of the I-derivative 
(lower, full curves). Broken curves show those with the real 
atomic scattering factor (Fig. 4(c)), and vertical lines show 
the positions of the observed intensity maxima. 

atoms. Thus, the contr ibut ion of an atomic pair  i - j  
to the in tens i ty  is proportional  to 

2[F~(O)][Fj(O)] exp ( - A ~ j s  ~-) 
× cos (U~(0)- ~(0)) sin sr~/sr~i. (9) 

The calculation of the in tens i ty  was carried out 
using Z~ instead of [Fi(0)l in the above formula.  
The numerical  values of Ui(0) for the present accelerat- 
ing voltage of 59 kV were calculated from the table  
given by  Ibers & Hoerni  (1954). The results for the 
I-der ivat ive are shown in Fig. 6, where only 12(8) 
is plot ted for s > 12 ~ - i  because of the large effect of 
cos (Ut(0)-~]j(0)) and of the negligible contr ibut ion 
from other terms in tha t  region. The agreement  of 
the positions of m a x i m a  on the calculated in tens i ty  
curve with those on the observed one is much  better  
with the complex scattering factors t han  with 
the real ones. I t  is more evident  in Fig. 6 t han  in 
Fig. 4(c) tha t  model I "  is more probable t han  model I' .  
A similar  improvement  was also obtained for the 
Br-derivative.  

5. Radial distribution analysis 
The radial  d is t r ibut ion analysis  was carried out only 
for the Cl-derivative for which the in tens i ty  was 
measured quant i ta t ive ly .  

The Fourier  inversion of the structure sensitive 
in tens i ty  equat ion (3) or equat ion (4) gives the proper 
nuclear  radial  d is t r ibut ion funct ion as follows- 

S 4~rDz(r)-4~rD~o= (2/~) 81(8) exp ( - a s  2) sin srds 
o 

un i t  eo 
= 2 Z '  ZiZ~ {4x(a + Ai~)}-½ 

i i rij 

x exp { - ( r - r i j ) 2 / 4 ( a + A t j ) } - l ~ r  nAZA , 

(10) 

where the 1st and  the 2nd terms come from the 1st 
and the 2nd ones in equat ion (4), respectively,  and  
the factor e x p ( - a 8 2 )  is mul t ip l ied  as usual  in order 
to d iminish  the  t e rmina t ion  effect. Due to the  failure 
of the approx imat ion  of equat ion (6) (Katada,  1958), 
the Fourier  inversion of the  exper imenta l  in tens i ty  
Iexp(S), equat ion (1), gives a d is t r ibut ion  funct ion 
other t han  the proper one. The d is t r ibut ion  4~rA (r) 
should be interpreted as 

4x~r A (r ) = 4grD(r ) - 47~rDo , 

= ½~ slexp(S) exp ( - a s  2) sin srd8 
o 

un i t  eo 

_ _  t i  

k=l i i 
× {4~(a,j,~+ Aij)}-~ 
× exp {--(r--  rij)e/4(a~j,k + Aij)) 

u n i t  

- 4 7 e r D ~ - 4 z r ( N / V ) . ~ . ~  Z iZ~ .~  Aij, g (11) 
i i k=l 



298 E L E C T R O N  D I F F R A C T I O N  S T U D Y  O N  P O L Y M E R S  O F  p - H A L O G E N O - S T Y R E N E  

× 10~ (A-~) 

1"5~- 4 z r A  (r) 

0"5 

o ~ 11 / 2 1  ~ / ' 4  S 

- " [ -  - l ~ D o r  ,. 
! 

- - J  [ L __  

7 ~  9 lO (A) 
\ r  

x Io 3 (A-~) 

Fig.  7. Curve  of 43trA (r) for  t he  Cl-der iva t ive .  
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Fig .  8. E x p e r i m e n t a l  curve  of 4 g r 2 D ( r )  (full line) a n d  cu rve  ca l cu l a t ed  f r o m  e q u a t i o n  (11) (broken line) for  t h e  Cl -der iva t ive .  
D o t t e d  curves  show the  i nd iv idua l  peaks  

where A~j,z and a~j,~ are determined in order to 
satisfy the relation 

.~ A,y,k exp ( --a~j.~s 2) =exp  (--as 2) 
k=l  

- -  unit 
(Z,- f i (s) ) (Zj- f i (s) )  Z (Z~ + Z,) 

x unit 
Z,Zj_Y, {(Z,-fl(s))2+s,} 

i 

- 1]. (12) 

4z~rA(r) was computed by the summation over 
integrands of equation (11) spaced at equal intervals 
of ~/20 A -1 with the value of a=0.01 J~. 4zerA(r) 
and 4zer~D(r) are shown in Figs. 7 and 8, respectively. 

The curve of 4zlr2D(r) in the region of r < 3  _~ was 
decomposed into individual peaks due to the inter- 
atomic distances by using the pummeter~ listed in 
Table 4 and using the following values of A~j, g and 

* I n  t he  p resen t  s t u d y ,  i t  was  a s sumed ,  for  s impl ic i ty ,  
t h a t  t he  r igh t  side of e q u a t i o n  (12) t e n d s  to zero as  s ap- 
p roaches  zero, n a m e l y ,  2: Aii '  ~----0. Hence ,  e q u a t i o n  (11) be- 
comes  k= l  

u n i t  oo 
4~rrA  (r) = • Z Z ' A i j  ' i c ( Z i Z j / r t j  ) {4~r (aiL k + A~j)}-½ 

k = o i  y 

× exp  { --  (r --  r i j )9 /4(a i j ,  Ic -4- Aij)} -- 4~rD~ 

where  A~L 0 ---- 1 a n d  a~j, o = a. 
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A i j  1 a i j ,  1 A i j ,  2 a i j ,  9. 

C - C  0.20 0.025 A 2 - 0 . 2 0  0 .60 /~"  
C - H  0.45 0.013 - - 0 . 4 5  0.35 
C-C1 - - 0 . 1 8  0.021 0.18 0.50 
t t - C l  0.17 0.011 - 0 . 1 7  0.20 

In Fig. 8 the individual peaks are illustrated only 
for the first maximum of 4xgr2D(r) along with the 
curve of the sum of all peaks listed in Table 4. 

Table 4. The values of parameters of the individual 
peaks in 4xgr2D(r) for the Cl-derivative 

( C " ' C  m e a n s  t h e  a r o m a t i c  c a r b o n - c a r b o n  b o n d . )  

r~j (2Ai j )  ~ S c a t t e r i n g  p o w e r  

C ' " C  1 .39 /~  0.05 ~ 24 x 36 = 864 
C - - C  1.54 0.06 1 2 x  3 6 = 4 3 2  
C - - I - I  1.09 0.07 28 x 6 =  168 
C - - C 1  1-69 0.06 4 x 102 = 408 
C ' " C " ' C  2.41 0.07 24 × 36 = 864 
C - - C - - C  2.51 0.08 1 6 x  3 6 = 5 7 6  
C . " C - - C  2.54 0.07 8 x 36 = 288 
C . . ' C - - H  2.15 0-09 32 × 6 =  192 
C - - C - - H  2.16 0.09 28 x 6 =  168 
C . . . C - - C 1  2.67 0.08 8 × 102 = 816 
C . . . . .  C 2.78 0.12 1 2 x  3 6 = 4 3 2  
C . . . . .  C 2.95 0.12 8 ×  3 6 = 2 8 8  
C . . . . .  C 3.06 0-12 8 ×  3 6 = 2 8 8  
C . . . . .  H 2.55 0.12 8 × 6 =  48 
C . . . . .  I-I 2.60 0.12 4 × 6 =  24 
C . . . . .  H 2.73 0.12 8 ×  6 =  48 
C . . . . .  H 2.74 0.12 32 × 6 = 192 
C . . . . .  H 2.75 0-12 8 ×  6 =  48 
C . . . . .  I-I 2.85 0.12 8 x 6 =  48 
C . . . . .  H 2.91 0.12 8 x  6 =  48 
C . . . . .  H 3.01 0.12 1 6 x  6 =  96 
H . . . . .  CI 2.83 0.12 8 x  1 7 = 1 3 6  

It  was found from the radial distribution analysis 
that  4~zrA (r) had no appreciable fluctuation beyond 
r = 4  ,--6 /~, and that  the values of bond distances, 
bond angles, and mean deviations assumed in the 
calculation of intensities were reasonable. 

6. Resul ts  and d iscuss ion  

Intramolecular structure 
The polymers used in this study were synthesized 

by a method of radical polymerization, and showed 
the halo patterns. Hence, these molecules have ir- 
regular structure, but there exist some orders within 
the nearest neighboring styrene residues, as shown 
by the analyses mentioned above. 

Since the interatomic distances and especially the 
X - X  distance of (iii), 5.04/~, calculated from model I"  
closely reproduced the intensity features of the ob- 
served patterns, and since a maximum appeared at 
5 A in the radial distribution curve, it is concluded 
that  the structures of molecules of the p-halogen 
derivatives are that  given by model I with ordinary 
values for bond distances and bond angles. The 
values of the C-X bond distances are found to be 1.69, 
1.85 and 2.05 ~ for Cl-, Br- and I-derivatives respec- 
tively, which are the values found in halogen deriva- 
tives of benzene. This arrangement of the residues is 

also found in syndiotactic polymers (Natta, 1955, 
1956). 

However, the remaining models or modifications 
such as a flexible chain structure or a spiral chain 
structure found in isotactic polymers have not yet 
been considered. In the case of polystyrene, Kakinoki 
(1949) concluded that, of the four models given in 
Fig. 2, models II  and IV were unsatisfactory, but 
model I I I  was not definitely ruled out. The substitu- 
tion of heavy halogen atoms into polystyrene would 
be expected to give information in order to choose 
between models I and III.  In the cases of p-deriva- 
tives, however, the intermolecular configuration must 
be considered together, for there are several inter- 
molecular X - X  distances smaller than the intra- 
molecular X - X  distances as given in Table 2(b). 
Some intensity curves were calculated for model I I I  
with a few intermolecular configurations, but they 
did not agree with the observed curves. 

Intermolecular configuration 
From comparison of the calculated intensities with 

the observed, model Ic was found to be better than 
models Ia and Ib for all halogen derivatives. The set 
of intermolecular X - X  distances in model Ic, (i) the 
value equal to the van der Waals distance and 
(ii) 4.84, 4.85 or 4.93 J~ for each derivative as shown 
in Table 2(b), are the most important parameters for 
giving the observed intensities. Since no other model 
having this set of X - X  distances could be found, 
model Ic is the preferred structure in the films. 
I t  is very significant that  the considerably different 
features of patterns for CI-, Br- and I-derivatives can 
be explained with a single model of configuration. 

Thus, it is concluded that  the molecules of the 
p-halogen derivatives and, perhaps, of polystyrene 
with the intramolecular structure of model I"  are 
closely packed around each other as in model Ic, 
the 'face to face' arrangement in a plane perpendicular 
to the chain. Since this configuration was determined 
by using the set of X - X  distances among the nearest 
neighbor molecules only, and since a large value of 
mean deviation, 0.23 )~, was found to be proper for 
these distances, the orientation of the next nearest 
and more distant molecules with respect to a given 
molecule must be nearly random. 

A regularity in the configuration of the nearest 
neighbor residues was found even in the non- 
stereoregular polymers used in this study. I t  would 
be interesting to compare the present results with 
those obtained from a study of the same substances 
synthesized by stereospecific polymerization. The 
reason is that  polymers of p-C1- and p-Br-styrene 
have been reported to be amorphous even when they 
have been polymerized under the same conditions 
as used in obtaining crystalline polymers of styrene 
and p-F-styrene, but to turn into crystalline polymers 
by the complete catalytic hydrogenation of the 
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benzene rings accompanied by dehalogenation (Natta, 
1960). 

Method of analysis 
The intensity formula of equation (4), on which 

the present analysis is based, represents the difference 
of the intensity diffracted by the actual distribution 
of atoms in a sample from that  by a hypothetical, 
continuous medium having the average scattering 
power of the sample. A formula of this type, however, 
gives the observed intensity to a very good approx- 
imation except in the region of quite small s. Kakinoki 
(1949) and some other authors used an intensity for- 
mula of the type of 

I(s) = (summation term) 

+ (as) "~ kaBf:B4zer2 sin sr/srdr. (13) 

This is formally the complete intensity, and is trans- 
formed into 

I(s) = (summation term) 

-- ~/CAB 4~r ~ sin sr/srdr 
(aB) ~0 

f : 4 ~ r  2 -b ~/CaB sin sr/srdr. (14) 
(AS) 

The first two terms are equal to equation (4), and 
the third represents the intensity from a continuous 
medium. Since Kakinoki omitted the third term in 
his calculation, his intensity curve inconsistently 
equals zero at s--O, while (13) has a positive, infinite 
value at s=O. In the present work, of course, the 
experimental intensity curves were extrapolated in 
order to tend to zero at s = 0, as shown in Fig. 1. This 
difference is significant in the radial distribution ana- 
lysis, since 4zerD(r) is obtained from the inversion of 
equation (13) and 4zlrA(r) from equation (3). 

The method of calculation of the intensity described 
in Sec. 4 is useful for the study of the structure of a 
substance with large, relatively rigid groups of atoms 
as in the present case. In the procedure, however, 
it is troublesome to estimate the value of laB. I t  
should be determined from the behavior of the radial 
distribution curve. Since it was found for the C1- 
derivative that  the fluctuation of the radial distribu- 
tion function is small beyond r = 4 to 6/~, the values 
of lab assumed here are reasonable, and only a rough 
correction for the deviation of WaB(r) from unity 
beyond r = las is necessary. The values of lxx assumed 
for Br- and I-derivatives are also reasonable, because 
the observed intensity features can be well reproduced 
using only the distances shorter than 6-0 J~. The 
method for the correction described in Sec. 4 is only 
a convenient one without use of the result of the radial 
distribution analysis. The residual scattering power, 
A k~, was distributed to a few distances which belonged 
to the types of atomic pairs with large values of A y~aB. 

The correction term could be more exactly calculated 
by considering the actual fluctuation of the radial 
distribution function in the region of r>  lAB. 

In the method of comparison of intensities, the 
experimental intensity, equation (1), is converted into 
equation (4) assuming that  both (Zi-f~(s))/Z~ and 
(Si(s)/Z0½ have a similar angular dependence ir- 
respective of the type of atom (equation (6)). This 
is satisfactory since the comparison was carried out 
mainly in the region of large s where the approxima- 
tion was very good. On the other hand, the difference 
of these angular dependences, which is small but 
certainly exists, is taken into consideration in the 
radial distribution analysis by the method reported 
by Katada (1958). The usual way to diminish this 
effect (Bartell, Brockway & Schwendeman, 1955) is 
not adaptable to the case of non-gaseous substances 
because it is very difficult to calculate the intensity 
in the region of small s. 

Outer halos 
It  is one of the characteristics in electron diffraction 

that  many halos are observable over a wide range of s. 
Some authors (Coumoulos, 1943; Pinsker, 1953), how- 
ever, have reported the appearance of only a small 
number of halos, usually not more than five, and 
attributed this to the nature of the aggregation of 
atoms in an amorphous state. This may be incorrect, 
and the reason for a small number of observable halos 
could be attributed to the fact that  the films used 
were so thick that  outer halos were masked by the 
intense background. The aggregation of atoms in 
amorphous substances is essentially similar to that  in 
gases or in liquids from the standpoint of diffraction 
phenomena. 

Many outer halos, in fact, have been obtained by 
the author in a reexamination of thin films of methyl 
methacrylate which was reported to give only four 
maxima by Coumoulos (1943). The electron diffraction 
pattern showed halos at s=12-81, 16.21, 17-87, 20.96 
and 24-60 A -1 and a few rings as well as halos in 
the region of s < 10 ~-1, some of which corresponded 
to those obtained by Coumoulos. 
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La Structure  des Colloides d'Associat ion.  VIII. Descr ipt ion  de la 
Structure  des Savons  de C a d m i u m  h T e m p e r a t u r e  Elev~e 

I:)AI~ 1 :). _/~k. SPEGT lET A.  E .  SKOU~IOS 

Centre de Recherches sur ies Macromoldcules, 6, rue Boussingault, Strasbourg, France 

(Refu 19 juillet 1962) 

An X-ray diffraction study of pure cadmium soaps has been carried out between 50 and 250 °C. The 
structure of the mesomorphic phase occurring between 100 and 200 °C. has been described as 
corresponding to the packing of cylindrical structural elements according to a two-dimensional 
hexagonal array. Parameters, such as number of polar groups per unit  length and radii of the polar 
regions within the structural elements, have been determined. 

I n t r o d u c t i o n  

On a r~cemment d~crit la structure des phases m~so- 
morphes que pr6senteat les savons de sodium pars 
temp6rature 61erie (Skoulios & Luzzati, 1961). En 
examinant le mode d'assemblage des extr~mit~s po- 
laires des mol6cules de savon dans ces phases on a 
pules classer en deux groupes bien distincts: Le 
premier groupe est caract6ris6 par la localisation des 
extrdmit6s polaires dans des rubans de largeur petite 
et de longueur ind6finie; l'~difice ainsi constitu6 est 
compact, analogue ~ celui existant dans les cristaux. 
Dans le deuxi~me troupe les parties polaires sont 
localis6es en double couche dans des feuillets ind~finis; 
leur assemblage y est d6sordonn~ et labile comme dans 
un liquide ~ deux dimensions. 

A la lumi~re de ces r6sultats, il 6fair important 
d'examiner er~ ddtail le rSle du cation dans l'~dification 
de ces structures. Deux voies compldmentaires pou- 
vaient ~tre tracdes: l'dtude des sels d'acides gras des 
m6taux du troupe du sodium (lithium, potassium, 
etc .... ) et celle des savons d'autres mdtaux, divalents 
ou trivalents. Alors que la premiere 6tude est poar- 
suivie actuellement par ailleurs (Gallot & Skoulios, 
1962), nous avons entrepris celle des savons de 
m6taux alcalinoterreux (Spegt & Skoulios, 1960, 1962). 
Dans ce m~moire nous d~crivons les r6sultats obtenus 
pour les savons de cadmium anhydres, qui par la 
simplicit6 de la structure de leurs phases mdsomorphes 

t emp6ra ture  61ev~e, en pe rme t t en t  une 6tude 
d6taill6e. 

Parmi  les nombreuses 6tudes dont  les savons mdtal-  
liques ont  6t6 l 'objet ,  m~me la plus complete, celle de 
Vold et al. (Vold & Hat t iangdi ,  1949; Ha t t i angd i  & 
Vold, 1949), n ' appor te  pas de renseignements sur la 
s t ruc ture  des phases m6sormorphes rencontrges 
temp6ra ture  61evde. Cela est dfi ~ l ' insuifisance de la 
technique exp6rimentale  de diffract ion des rayons X 
employee par  ces auteurs.  

T e c h n i q u e s  e x p e r i m e n t a l e s  

Les savons* que nous avons utilis6s ont  6td pr6pards 
de la mani~re d~crite par  Vold & Ha t t i angd i  (1949) 
par  act ion directe du chlorure de cadmium sur le 
savon de sodium correspondant ,  en solut ion alcoo- 
lique. La pur i f icat ion des savons obtenus a 6t~ op6rde 
de fa~on diffdrente; nous avons d 'abord  lav~ le produi t  

l 'eau bouil lante,  puis ~ l '6ther et enfin nous l 'avons 
s6ch~ ~ 90 °C. sous vide. l~ous avons contrS16 que les 

* La formule chimique g6n6rale des savons de cadmium est: 

[CH3-(CH ~) n-2-CO 0]2Cd 

n= 12 laurate de cadmium (C12Cd) 
n-----14 myristate de cadmium (C14Cd) 
n=  16 palmitate de cadmium (C~sCd) 
n= 18 st~arate de cadmium (ClsCd) 
n=  20 arachidate de cadmium (C~0Cd) 

k C 16--20 


