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The optical properties o f two polymorphic forms o f /?-dichlorobenzene have been determined, and a 
correlation between those properties and the known crystal structures established. From the valúes 
o f the principal polarizabilities for the p-dichlorobenzene molecule, and taking into account the orien- 
tation o f the molecule in the crystal cell, the refractive Índices a, fi, y, have been calculated for both 
crystal forms, and their valúes compared with those measured experimentally. A n interpretation o f the 
magnitude and sign o f the birefringence is offered. The calculated valúes o f the extinction angles and 
the orientation o f  the indicatrix agree with the experimental results.

To study the op tical p roperties o f  p-d ich lorobenzene, 
su itab le crystals w ere ob ta ined  from  technical grade 
British D rug  H ouses m ateria l by slow sublim ation  on 
glass surfaces kep t a t 24 °C. U n d er these cond itions 
tw o po lym orphic form s w ere ob ta in ed : a  m onoclin ic 
phase as th in  (100) plates, an d  a triclinic phase as pris- 
m atic  crystals e longated  along  c. B oth crystal form s 
have been stud ied  by several au th o rs  (F rasson , G ar- 
buglio & Bezzi, 1959; H endricks, 1933; Jeffrey & 
M cV eagh, 1955; K ita igorodsk ii, M nyukh  & A sadov, 
1963; M cC rone, 1957) an d  th e ir  crystal structures are 
well know n.

T he m onoclin ic p lates have rec tan g u la r ou tline and  
show  parallel ex tinction . T he triclinic crystals are  four- 
sided prism s show ing oblique ex tinction ; accord ing  to  
which face the prism  is lying on, the ex tinction  angle 
observed, referred  to  the c axis, is 14° o r  26°.

F o r  X -ray  d iffraction  study, W eissenberg and  pre- 
cession p a tte rn s  were taken . T he crystals had  to  be 
sealed in  glass capillaries filled witfi glycerol to  avoid 
evapo ra tion  du ring  exposure.

T he op tical constan ts w ere determ ined in a  L eitz - 
W etzlar petrog raph ic  m icroscope, fitted w ith  a  four- 
axis universal stage; a sod ium  lam p w as used as light 
source (X =  5-890 Á). R efractive Índices w ere m easured 
by the Becke line m ethod.

W hen d isso lu tion  o f  the  crystal in  the im m ersion 
m édium  was observed, care w as taken  to  sa tú ra te  the 
liqu id  w ith /j-d ich lorobenzene beforehand . T he refrac­
tive Índices o f  the  im m ersion m edia were m easured  in 
an  A bbe refractom eter. The liquids em ployed w ere:

S odium  iodide +  glycerol 1-532
M ethylene iod ide 1-740
M ethylene iodide sa tu ra ted  
w ith  p-d ich lorobenzene 1-674
M ethylene iod ide sa tu ra ted  
w ith  su lphu r 1-778
M ethylene iod ide sa tu ra ted  w ith 
su lphu r and  />-dichlorobenzene 1-72

F o r b e tte r accuracy in the m easurem ents on  the  un i­
versal stage, th e  segm ents w ith index /í =  1-516 were 
em ployed. T heir index being very sim ilar to  the Índices 
o f  the o ther glass surfaces (glass slides / i=  1-514, cover 
glass n = V 5 2 ) ,  refraction  in  the  cen tra l area  o f  the 
m oun ting  was avoided  (M unro , 1963).

M onoclinic crystals
W eissenberg an d  precession p a tte rn s  show ed th a t the 

p la tes belonged to  the  know n m onoclin ic fo rm  o f  p- 
d ichlorobenzene.
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T he cell dim ensions ob ta ined  agree w ith  those  given 
by C ro a tto , Bezzi & Búa (1952). T he best developed 
faces o f  th e  p lates are  {100} faces. M easurem ents ob ­
ta ined  w ith som e th icker p lates in an optical goniom eter 
show ed th a t the o ther faces belonging to  the [001] zone 
are {110} faces. (Fig. 1).
O p tical d a ta :

P\\b
a  =  1-52 ±0-01 , /?=  1-69 ±0-01, y (ca lc)=  1-75
2 V = 5 4 °  (corrected)
a A c = 1 9 -5 °  (c o rre c te d ) .

O ptical sign : negative (determ ined w ith the quartz  
wedge).

O ne op tic axis and  y were located  on the universal 
stage by the  conoscopic m ethod . In  th e  de term ination  
o f  refractive Índices, the o rthoscop ic  m ethod  was ap- 
plied to  lócate a and  /?.

T he 2 V  angle could  n o t be m easured directly. O n 
acco u n t o f  the crystal hab it, n o t changed afte r crystal- 
lization  from  alcohol o r benzene, it w as possible to  
observe the em ergence o f  only one op tic  axis. O n the 
o th e r h an d , it was n o t possible to  ob ta in  fragm ents 
w ith  th e  desired o rien ta tion  by g rind ing  an d  rolling, 
because the m ateria l is very p lástic and  tw ins easily 
un d er pressure.

T o determ ine the valúes o f  2V , the  valué o f  angle 
2 V y was considered  the m ost accurate, th e  o rien ta tion  
o f  y having been determ ined  from  interference figures.

Correction o f  the universal stage readings
F o r crystals w ith  a  refractive index very different 

from  th a t o f  the segm ents, a  co rrec tion  has to  be ap- 
p lied to  the  readings on  the ares o r d rum  o f the  un i­
versal stage. I t is usual to  consider /? as the m ean re­
fractive index in the calculation  o f  these corrections. 
W hen, as in the case o f  p-d ich lorobenzene, the crystal 
has a high birefringence, th is app rox im ation  is no t 
valid ; depending  on the o rien ta tion  o f  the section, the 
refractive index fo r th e  v ib ration  parallel to  th a t o f 
the  po larizer m ay d ep a rt considerably  from  /?, and 
reach a o r y.

F o r  sections having an optic axis parallel to  the 
m icroscope axis the refractive index is obviously /?. In 
negative crystals sections giving ob tuse  bisectrix in te r­
ference figures have y para llel to  the m icroscope axis; 
the refractive index fo r the v ib ration  d irec tion  parallel 
to  th a t o f  the po larizer m ay vary  from  a to  /?. A s in te r­
ference figures are observed a t 45° from  ex tinction , a 
valué // =  -j(a+y9) was adop ted  to  calcúlate the co rrec­
tions fo r those sections.

Triclinic crystals
W eissenberg and  precession p a tte rn s  show ed th a t the 

p rism atic  crystals belong to  the know n triclin ic poly- 
m orp h  o f  /?-dichlorobenzene. T he cell dim ensions o b ­
ta ined  agree w ith those  given by H ousty  & C lastre 
(1957).

F ro m  gon iom eter m easurem ents the observed faces, 
referred  to  the X -ray  cell a re : {100}, ex tinction  angle

2 6 °; {010}, extinction  angle 14°; and  {001} (Fig. 2). 
In  som e crystals the  {111} faces develop.
O ptical d a ta  

a =  1-45 ±0-01 
/?=  1-64 ±0-02  
■/(cale) =  1-9 
2 F ~ 9 0 °

F rom  the  interference figure the em ergence o f  only one 
optic axis was located.

T he op tical sign could  n o t be determ ined  w ith  cer- 
ta in ty , 2 V  being very near 90°. T he o rien ta tion  o f  a, 
P an d  y w as found  from  extinction  observations. The 
universal stage readings w ere corrected  as explained 
fo r the m onoclin ic form , tak ing  in to  accoun t the high 
birefringence o f  the crystals.

O w ing to  the erro rs involved in the orthoscopic 
m ethod  by w hich a, /? and  y w ere located , only an ap- 
p rox im ate valué can  be given fo r 2V.

Relation between the optical properties 
and the crystal structure of /»-dichlorobenzene

T he refractive index o f  a m édium  is closely related  to , 
an d  increases w ith, the po larizab ility  o f  its atom s. The 
op tical an iso tropy  o f  m olecular crystals depends bo th  
on  the  po larizab ility  o f  the constituen t m olecules and 
on  the sym m etry o f  the crystal structure.

T he po larizab ility  has the  properties o f  a  tensor, 
w hich, w hen diagonalized, presents th ree directions 
no rm al to  each o ther fo r w hich the  po larizab ility  takes 
the  p rincipal valúes ¿¡ (¡= 1 ,2 ,3 ).

F o r  p late-like m olecules (i.e. those having one d i­
m ensión m uch  sm aller th a n  the o th e r tw o) the p o la r­
izability  fo r the d irection  no rm al to  th e  p lañe o f  the 
m olecule is m uch  sm aller th a n  fo r the o ther tw o p rin ­
cipal directions, con tained  in th e  p lañe o f  the m olecule. 
T h a t m eans th a t the m olecule is m ost easily polarized 
by ligh t v ib rating  in the p lañe o f  the m olecule.
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Fig. 1. Crystal of the monoclinic form of />-dichlorobenzene 
grown by sublimation.
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Fig. 2. Crystal of the triclinic form of ̂ -dichlorobenzene grown 
by sublimation.
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F o r rod -shaped  m olecules (i.e. those  having one di­
m ensión m uch  la rger th a n  the  o ther tw o) the po lar- 
izability  is m uch  g rea ter in th e  d irection  parallel to  the 
leng th  o f  the m olecule.

In  T able 1, co lum n (a), the p rincipal polarizabilities 
fo r th e  m olecule o f  /;-d ichlorobenzene, taken  from  
L an d o lt-B ó rn s te in  (1951) are given.

T able 1. Principal polarizabilities 
o f  the p-dichlorobenzene molecule

i bi x 10 25 (cm3)*
(a)t m

1 (124-8) 151-2
2 (88-3) 93-6
3 212-9 180-2

* b\ ±  to 6263; 6 2~L to the benzene ring plañe; 63 parallel 
to the Cl-Cl direction.

f  Valúes taken from Landolt-Bórnstein. 
t Calculated from the tensor sum of the ellipsoids of the 

polarizabilities for the molecular bonds.

T he principal po larizab ilities Z>¿ can be calculated  
from  the  ten so r sum  o f the ellipsoids o f  the  p o la r­
izabilities fo r the m olecu lar bonds.

W e have
N  3

bxy — £  E  bnm(cos nm ,y)(cos n m ,x )
n = 1 m —1

w here
bnm — p rincipal po larizab ility  fo r  the n  bond , 
m = 1,2,3, m — 1 in the  d irection  parallel to  the b o n d  
») =  2,3 in  the  d irection  no rm al to  the  bond  
x y z  o rth o g o n al C artesian  axes.

T hese axes have been chosen as follow s: 
x  parallel to  the  C l-C l d irection  
z  n o rm al to  the  p lañe o f  the m olecule 
y  no rm al to  x  an d  z .
V alúes o f  bi fo r /j-d ichlorobenzene, calculated  by 

m eans o f  the  above fo rm ula, are given in co lum n {ti) 
o f  T able 1. T he po larizabilities o f  bonds w ere taken  
from  L an d o lt-B o rn s te in .

In  these ca lcu lations th e  benzene ring has been con- 
sidered a regu lar hexagon, th e  C1 atom s being placed 
along  one diagonal.

A s show n by o u r results the  re la tionsh ip  am ong the 
p rincipal po larizabilities co rresponds neither to  a plate- 
like m olecule ñ o r to  a linear m olecule elongated  along 
h -

T o  co rre la te  the  s truc tu re  w ith  the  op tical p roperties 
o f  p-d ich lorobenzene, we have regarded  th e  m u tua l 
effect o f  ne ighbouring  m olecules as negligible. This is 
equ ivalen t to  accepting  th a t, to  a  first app rox im ation , 
the valúes o f  bi given in T able 1 are valid  fo r /j-d ichloro- 
benzene in the  solid State.

Triclinic crystals

O rientation o f  the indicatrix
In  th e  triclin ic fo rm , the  m olecules lie approxim ately  

para lle l to  the  (457) p lañe (H ousty  & C lastre , 1957).

W e have calculated  the acu te angles w hich the  m ean 
planes o f  the m olecules m ake w ith  the th ree  basal crys- 
ta llog raph ic p la n e s :

(457) A(001) =  31°54' ]
(457) A (010) =  66 (1)
(457) A (001) =  86 11 J

T he m olecules being arranged  parallel to  one ano th - 
er, the principal refractive Índices fo r  th e  crystal m ust 
coincide w ith  the  directions o f  the  p rincipal m olecular 
polarizabilities. In  p articu la r the sm allest index a m ust 
be parallel to  b2, th a t is, no rm al to  the  p lañe (457).

T he poles o f  th e  crystal faces, an d  the ind icatrix  
ob ta ined  from  m easurem ents on the  universal stage, 
w ere located  on  a  ste reographic pro jection . T he th ree 
angles fo rm ed  by a w ith  the poles o f  the basal faces, 
as read  on the stereogram  are:

a  A (001) =  32° 
a  A(010) =  64 
a A (100) =  88

As show n, they agree w ith the calculated  valúes 
given in (1).

T he ex tinction  angles ob ta ined  from  the stereogram  
accord ing  to  th e  B io t-F resne l law  also agree w ith the 
experim ental valúes.

Valúes o f  a ,P ,y, calculated fro m  the molecular polar­
izabilities

T he valúes o f  th e  p rincipal refractive Índices were 
calculated  by applying the  L o ren tz -L o ren z  fo rm u la:

_  n f - 1 M
1 n j + 2 ‘ q

an d  the rela tion
. _  3 Ri 
' 4/T,V(, 

w here: M  =  m olecular w eight
R i =  m olecular refractivity  
q =  specific w eight 
N 0 — A vogad ro ’s num ber .

T he results ap p ear in  T able 2 ; co lum n (a) gives the 
valúes o f  m  ob ta ined  w ith  the b¿ taken  from  L a n d o lt-  
B ornstein , colum n (b) those  ob ta ined  w ith  the  calcu­
la ted  valúes o f  bi appearing  in  co lum n (b) o f  T ab le 1; 
the  experim ental valúes appear in  co lum n (c). A s can 
be seen, the re  is a b e tte r agreem ent betw een the  n¡ 
m easured  an d  those  calcu lated  w ith  ou r bi.

T able 2. Calculated and measured refractive Índices 
fo r  the triclinic crystals o f  p-dichlorobenzene

( « ) * (6)t (c)
bi m  calc. m  calc. m measured
62 a =  1-36 <x= 1-40 a =1-45
61 y?= 1-54 j8=  1-70 P =1-64
63 7 =  2-09 y = l-89 7calc= 1’9

* Calculated from bi Table 1 (a). 
f  Calculated from b¡ Table 1 (b).
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F o r  these calculations the an iso trop ic  charac ter o f  
the C -C l bond  has n o t been taken  in to  accoun t; the 
benzene ring has been considered a regular hexagon 
although  th is is n o t strictly valid  fo r th e  triclinic phase.

O ptical sign
A  high birefringence is to  be expected in crystals 

constitu ted  by non -eq u an t m olecules arranged  parallel 
to  each o th e r; the op tical sign will be negative when 
the m olecules are p la n a r , positive if they are rod- 
shaped.

T he m olecu lar po larizabilities o f  /7-dichlorobenzene 
being characteristic  o f  neither a plate-like ñ o r a  rod- 
shaped  m olecule, a valué o f  2 V  n ea r 90° is to  be ex­
pected. T he observed valué is actually  very near 90°.

M onoclinic crystals

In the  m onoclin ic  crystals, the m olecules lie w ith the 
p lañe o f  the benzene ring  nearly  parallel to  the  (001) 
plañe.

T here are tw o m olecules per un it cell, rela ted  by a 
2¡ ax is; i.e. one results from  the o ther by a 180° ro ta- 
tion  an d  a b¡2 transla tion .

W e ob ta ined  the o rien ta tions and  m agn itude o f  the 
principal po larizabilities fo r the m onoclin ic crystal, 
(Table 3) by ob ta in ing  the tenso r sum  o f the  ellipsoids 
o f  the m olecu lar polarizabilities (A ppendix).

T able 3. Principal polarizabilities Bi 
fo r  the monoclinic crystals

B i X  1025 (Cm3) 
(a)* (6)t
99-39 108-08

151-35 151-33
176-09 166-40

* Calculated from bi, Table 1, column (a), 
t  Calculated from bi, Table 1, column (¿>).

The principal refractive Índices m ust co rrespond  to  
d irections parallel to  the Bi ob ta ined . A ccordingly it 
is possible to  ca lcúlate a,/?, y, from  the Bi ob ta ined , by 
apply ing  the L o ren tz -L o ren z  rela tion . T he results thus 
ob ta ined  are show n in T ab le 4, co lum ns (a) and  
(b); in co lum n (c) th e  m easured refractive índices are 
given.

The differences betw een calcu lated  an d  m easured  m  
m ay be in p a r t explained by th e  erro rs involved in  the 
ca lcu lations o f  the Bi \ in p articu la r th e  angles form ed

by the bi w ith the C artesian  axis were read on a stereo- 
gram .

As pred ic ted  by theory , if  the constituen t m olecules 
o f  a  crystal are arranged  parallel to  a  p lañe, b u t no t 
parallel to  each o ther, the  op tical sign will be negative 
w hether the  m olecules are p late-like o r  rod-shaped . 
Such is precisely the case w ith  th e  m onoclin ic form  
o f p-d ich lorobenzene and , in  fact a negative sign has 
been observed.

A P P E N D IX

F o r the  calculation  o f  the  Bi in the m onoclin ic form  
o f  /7-dichlorobenzene we proceeded as follow s: In  a 
stereographic pro jec tion  a ,b ,c , a* ,b* ,c* , an d  the d i­
rections o f  the bi fo r each o f  the tw o m olecules o f  the 
crystal cell, were located.

A n o rthogonal coo rd ína te  system  w as chosen so th a t 
Z ||b , X\\& and  Y 1 X  an d  Z ; the angles form ed by the 
bi w ith the X , Y, Z , axis w ere read  an d  in troduced  in to  
th e  fo rm ula

3
bx y = E  bi co s(b i,x) c o s (b i,y ) , 

i= 1

w hich gives the com ponents o f  the  tensors o f  the p o la r­
izabilities ¿m i an d  Í m i co rrespond ing  to  each o f  the 
tw o m olecules in  the  crystal cell.

W e define

B = bMi +  b¿ií2

By d iagonaliza tion  o f  B the valúes an d  the  directions 
o f  the principa] polarizabilities fo r the m onoclin ic phase 
a re ob ta ined .

References

C r o a t to , U., Be z z i , S. & B ú a , E. (1952). Acta Cryst. 5, 
825.

F r a s s o n ,  E., G a r b u g l io ,  C . & B e z z i ,  S. (1959). Acta Cryst. 
12 , 126.

H en d r ic k s , S. B. (1933). Z . Kristallogr. 84, 85.
H o u sty , J . &  C lastre , J . (1957). Acta Cryst. 10, 695. 
J effrey , G. A. & M c Ve a g h , W. J. (1955). J. Chem. Phys. 

23, 1165.
K it a ig o r o d s k ii , A . I., M n y u k h , Y u. V. & A s a d o v , Yu. G.

(1963). Soviet Phys. Dokl. 8, no. 2, 127.
M cC rone, W. C. Jr. (1957). Fusión Methods in Chemical 

Microscopy, p. 76-102. New Y ork: Interscience Pub- 
lishers.

M u n r o , M . (1963). Amer. Min. 48, 308. 
L a n d o lt-B o rn stein  (1951). L  B an d , 3 T eil, M o lek eln  II, 

510.

T able 4. Calculated and m easured refractive Índices fo r  the monoclinic crystals o f  p-dichlorobenzene

(a)* (6 )t (c)
Orientation, m Orientation, m Orientation, rtí

Bi calculated calc. calculated calc. measured meas.
B •> B 2 || b jS= 1 -67 B 2 || b /?=  1-67 S  || b >9=1-64
s , B ! Ac =  20-5° a =  1-425 B , A c = l l ° a =  1-46 a A c =  19-5° a =  1-52
Bi B 31 B  i y =  l-86 B 3I B 1 y =  1-79 7 =  1-75 calc.

* Calculated from Bi in Table 3, column (a), 
t  Calculated from Bi in Table 3, column (b).
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