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The inf rared  d ichro ism of s~Jdium h v a l u n m a t e  isola ted f rom umbi l ica l  cords was in- 
ves t iga ted .  Fit.ms of h v a l u r o n a t e  swollen in 82 % e thano l  were e longa t ed  and  the  
in f ra red  a b s o r p t i o n  spec t r a  of the  dr ied  films were t a k e n  at  different  e longa t ions  wi th  
the  electr ical  vec tor  of polar ized in f ra red  rad ia t ion  paral le l  and  pe rpend i cu l a r  to the  
d i rec t ion  of e longat ion .  The  dichroic ra t ios  were ca lcu la ted  as a funct ion  of e longat ion .  
T h e  o r i en t a t i ons  of different  a tomic  g roups  in the  p o l y m e r  molecule  wi th  e longa t ion  
were i n t e r p r e t e d  as ind ica t ing  a r a t h e r  stiff molecu la r  conf igura t ion  of the  chains  
in the  gel form. I t  is p roposed  t h a t  the  e longa t ion  is ma in ly  due  to  the  t u r n i n g  a n d  
o r i en t a t i on  of the  m - l e c u l a r  aggrega te s  r a t h e r  t h a n  to  uncoi l ing  of a r a n d o m  isotropic 
cha in  conf igura t ion.  

I NTRODUCTION 

H v a l u r o n i c  acid exis ts  in m a n y  an ima l  t issues in the  form of a gel m~s t lv  associa ted  
wi th  p r o t o n s .  Many  of these  t issues:  skin,  umbi l ica l  cords,  v i t r eous  h u m o r ,  etc.,  
exh ib i t  a high degree  of e las t ic i ty  which is largely  or pa r t l y  due  tt~ tlte pre.~e~tc ,,f 
h v a l u r o n a t e  in the  t i ssuO -~. Physica l  chemica l  m e a s u r e m e n t s  on h v a l u r o n a t e s  in 
d i lu te  aqueous  solu t ions  were r epo r t ed  by  l ight scatteringZ, ° s t r e a m i n g  b i ref r ingence  
m e a s u r e m e n t s  7-9 a n d  by  v i s come t rv  ~-~2. The  overal l  ind ica t ion  is t h a t  hva lu ron ic  
acid  of h igh  molecu la r  weight  has  the  shape  of a stiff r a n d o m  coil in such solut ions.  
On  the  o the r  hand ,  BETTELItEI.M t3 r epor t ed  t h a t  sod ium h y a l u r o n a t e  of low molecu la r  
we igh t  (7o ooo) can form crys ta l l i tes  in the  solid s t a t e  a n d  t h e  chains  in the  c rys ta l l ine  
region are e x t r e m e l y  stiff. E lec t ron  microscopic  d a t a  on d e h y d r a t e d  sod ium hya lu -  
r o n a t e  gels ~ conf i rmed  the  r ig id i ty  a n d  a n i s o t r o p y  ot the  molecules  a , d  their  aggre-  
gates .  T h e  shape  of a single molecule  in an inf ini tely d i lu te  solut ion or, for t h a t  m a t t e r ,  
t h e  shape  of the  p o l y m e r  molecule  u n d e r  the  influence of c rys ta l l ine  aggrega t ion  m i g h t  
n o t  r ep resen t  the  physiological  shape  in the  gel s ta te ,  lr, an,,, case, if hya lu ron ic  acid 
c o n t r i b u t e s  to  t he  e las t ic i ty  of t h e  tissues, a quas i - rubber - l ike  b e h a v i o r  tr', ~o is expec t ed  
f rom the  molecules ,  t h a t  is, the  p o l y m e r  chains  should  or ien t  wi th  the i r  long geo- 
me t r i ca l  axis  in the  d i rec t ion  of stress.  A prev ious  r epor t  t7 f rom our  l a b o r a t o r y  us ing  
s t r a in -b i re f r ingence  m e a s u r e m e n t s  i nd ica t ed  t h a t  swollen h y a l u r o n a t e  films exh ib i t  
rubber - l ike  b e h a v i o r  up  to  3 ° °g ehmga t ion .  A b o v e  th is  e longa t ion  the  i n t e r m o l e c u l a r  
h y d r o g e n  b o n d i n g  g r e a t l y  h inders  a n y  f u r t h e r  o r ien ta t ion .  Since in b i re f r ingence  
m e a s u r e m e n t s  one deals  wi th  t h e  vec to r  s u m  of b o n d  polar izabi l i t ies  paral le l  a n d  
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perpendicu la r  to  the  direct ion of stress r a t h e r  t h a n  the  o r i en ta t ion  of the  indiv~.dual 
molecule,  it was  found necessary  to follow the  molecular  o r ien ta t ion  dur ing  elastic 
e longat ion  wi th  in f ra red-d ichro ism m e a s u r e m e n t .  The result  of this  inves t iga t ion  is 
r epor ted  here. 

MATERIALS AND METHODS 

Preparatior a~d analysis of sodium hyaluronate 

Sodium h y a l u r o n a t e  was isolated f rom umbil ica l  cords by  a combina t ion  of two 
methods .  In  the  first p a r t  JEANLOZ AND FORCHIELLI'S m e t h o d  m was  used in pur i fy ing  
the  h y a l u r o n a t e  f rom pro te ins  and  the  m e t h o d  of SCHILLER et al. t9 was appl ied to 
separa te  the  h y a l u r o n a t e  f rom sul fa ted  mucopolysacchar ides .  Acid hy:drolysis wi th  
4 N HC1 and  subsequen t  pape r  c h r o m a t o g r a p h y  showed only  n-glucuronic  acid and  
D-glucosamine spots. No amino  acids were p resen t  in the  hydro lysa te .  ANDERSON'S 
m i c r o - m e t h o d  for sulfur  d e t e r m i n a t i o n  a° gave  nega t ive  results.  Dtsc t tE ' s  m e t h o d  for 
the  d e t e r m i n a t i o n  of uronic  acid con ten t  9-1 gave  53 % uronic acid as  a n h y d r o - s o d i u m  
glucurona te .  A modif ica t ion of the  E l s o n - M o r g a n  m e t h o d  zz gave  4 t o,/o N-ace tv l -  
g lucosamine.  The  p r e p a r a t i o n  con t a ined  3.2 % n i t rogen  as d e t e r m i n e d  b y  micro-  
Kjeldahl .  The  we igh t -average  molecular  weight  was 1.2-IO 6 as d e t e r m i n e d  b y  l ight- 
sca t t e r ing  measurements~L The sod ium h y a l u r o n a t e  p r e p a r a t i o n  was  a m o r p h o u s  as 
viewed by  X-rays .  

Preparation of films 

Thin  films for i n f ra red-d ichro i sm s tudies  were p r e p a r e d  by  so lvent  cas t ing  on to  
a fe r ro type  p la te  and  dr ied in a v a c u u m  at  room t e m p e r a t u r e .  F i lm s t r ips  were 
p repa red  approx ,  i i~. 4 cm. These  s t r ips  were m a r k e d  a t  o .5-cm in te rva l s  wi th  inked  
lines a n d  were then  p laced in the  jaws of a l a the - type  s t r e tch ing  device. The  s t r e tch ing  
device and  film were p laced in a t r a y  con ta in ing  82 % e thano l  a n d  the  films were 
slowly e longated.  The a m o u n t  of e longa t ion  was d e t e r m i n e d  b y  m e a s u r i n g  ~4th a 
cal iper  the  average  d is tance  be tween  the  inked  lines upon  s t re tch ing .  

Af te r  s t re tching ,  the  films were c l amped  in a jig a n d  k e p t  u n d e r  abso lu te  alcohol 
pr ior  to  in f ra red  measu remen t s .  Samples  were e longa ted  to  5, IO, 2o, a n d  4 ° % of 
the  original  length.  To ob ta in  the  th ickness  of the  films, an  A m e r i c a n  Opt ica l  Spencer  
Meta l s t a r  c o m p o u n d  microscope wi th  a t u n g s t e n  l ight  source a n d  green  filter was used. 

Dichroism measurement 

The i n s t r u m e n t  used was a B e c k m a n  IR-7  doub le -beam inf ra red  spec t rophoto-  
meter .  Two ident ica l  silver chloride polar izers  were placed in the  p a t h  of the  sample  
and  reference beams.  The  e longa ted  film was m o u n t e d  in the  jig in the  p a t h  of the  
sample  b e a m  so t h a t  the  di rect ion of t he  e longa t ion  was vert ical .  A s p e c t r u m  was 
then  ob ta ined  wi th  the  electrical  vec to r  of the  polar ized inf rared  rad ia t ion  perpen-  
d izular  to  the  di rect ion of s t re tch .  The  polar izers  were  t h e n  r o t a t e d  9o ° a n d  a SlX-ctrum 
was ob ta ined  with the  electric vec to r  paral le l  to  t he  direct ion of s t retch.  

EXPERIMENTAL RESULTS 

\Vhen a subs tance  absorbs  one of the  c o m p o n e n t s  of polar ized rad ia t ion  more  s t rongly  
t h a n  the  o ther  the  subs tance  is said to  exhib i t  dichroism. Absorp t ion  by  molecules  
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of polarized radiat ion at characterist ic  wavelength  depends on changes in dipole 
moments  due to par t icular  in t ramolecular  vibrations.  The absorpt ion at a charac- 

teristic peak is proport ional  to the interact ion between the dipole change vector M 
. . _  

and the electric vector P of the vibration.  Fe r  those bands  which depend on the 
. . . . . . .  

direction of P, the absorpt ion is m a x i m u m  when P and M are parallel and zero when 

P and 3I are perpendicular.  Thus, with a knowledge of the groups which a polymer  
contains and of the characterist ic  wavelengths  of vibrat ion associated with those 
groups, impor t an t  deduct ions can be made  for those substances which exhibit  
dichroism under  infrared radiat ion.  For example,  when a group exhibits  dichroism 
with respect to one or ientat ion of the electric vector, one may  conclude tha t  there 
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Fig. la.  In f ra red  absorp t ion  spectra of sodium hya lu rona te  f i lms, 400.0 elongat ion,  f rom 600-- 
18oo cm - I .  E lec t r ica l  vector  of polar ized inf rared rad ia t ion  paral le l  ( . . . . . .  ) and perpendicu lar  

( . . . . . . . . .  ) to  the d i rec t ion of e longat ion.  
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]Fig. 1b. In frared  a b s o r p t i o n  s p e c t r a  of  s o d i u m  h y a l u r o n a t e  f i lms,  40 % e l o n g a t i o n ,  f rom 2 8 o o -  
4o0o  c m  -a. E lec tr i ca l  v e c t o r  of  po lar ized  infrared radia t ion  paralIel  ( ~ )  and  p e r p e n d i c u l a r  

( . . . .  ) to  t h e  d irec t ion  of  e l o n g a t i o n .  
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is o r i en t a t i on  in t h e  molecu la r  aggrega te .  F u r t h e r  ana lys i s  of the  d ich ro j sm t h u s  ex- 
h ib i t ed  wi th  respect  to  t he  m o d e  of v i b r a t i o n  assoc ia ted  wi th  the  p a r t i c u l a r  b a n d  
ass igned  to  a g r o u p  can fu rn i sh  i n f o r m a t i o n  a b o u t  t h e  pos i t ion  of t h a t  g r o u p  wi th  
respect  to  t h e  res t  of t h e  molecule.  

Dichroic  m e a s u r e m e n t s  h a v e  been  used wi th  cons iderab le  success in t he  eluci- 
da t i on  of p o l y m e r  s t ruc tu res ,  p a r t i c u l a r l y  in t he  case of s y n t h e t i c  po lymers ,  as  well 
as in the  case of po lysaccha r ides  za, ~L In  Fig. I the  in f r a red  a b s o r p t i o n  s p e c t r u m  of 
an or ien ted  s o d i u m  h y a l u r o n a t e  film is g iven  a t  40 % e longat ion .  Para l le l  po la r i za t ion  
m e a n s  t h a t  t he  electric vec to r  of the  i n f r a r ed  r ad i a t i on  is para l le l  to  t he  d i rec t ion  of 
the  e longa t ion  of the  film. 

T h e  a s s i g n m e n t s  of t h e  va r ious  b a n d s  were  m a d e  in c o m p a r i s o n  wi th  spec t r a  of 
s imi lar  c o m p o u n d s  r e p o r t e d  in t h e  l i t e ra tu re .  These  a s s i g n m e n t s  a n d  the  po la r i za t ion  
of t he  b a n d s  are  g iven  in Tab le  I. 

T A B L E  I 

ASSIGNMENT AND POLARIZATION OF INFRARED ABSORPTION BANDS 

T h e  p o l a r i z a t i o n s  g i v e n  in t h e  t a b l e  r e p r e s e n t  t h a t  o r i e n t a t i o n  of t h e  e l e c t r i c  v e c t o r  w h i c h  was  
a b s o r b e d  m o r e  s t r o n g l y  a t  t h e  h i g h e s t  e l o n g a t i o n .  

Frequency Polarization I nterprctat iot:, (cm-t) 

905 P e r p e n d i c u l a r  
960 P e r p e n d i c u l a r  

x 055 P e r p e n d i c u l a r  
1o9o P a r a l l e l  
x 155 P a r a l l e l  
1230 P a r a l l e l  
x 33 ° P e r p e n d i c u l a r  
J 395 P e r p e n d i c u l a r  
142o P a r a l l e l  
1560 P e r p e n d i c u l a r  
16-'5 P e r p e n d i c u l a r  
1655 P a r a l l e l  
29oo  P e r p e n d i c u l a r  
294 o P e r p e n d i c u l a r  
33oo  P e r p e n d i c u l a r  
348o P e r p e n d i c u l a r  

R i n g  s t r e t c h i n g  26 
C - O  s t r e t c h i n g  2~ 
C - O - H  s t r e t c h i n g  a n d  b e n d i n g  z5 
C - O  s t r e t c h i n g  za 
A s s y m m e t r i c  b r i d g e  o x y g o n  s t r e t c h i n g  *-a 
A c e t y l  group** 
A m i d e  I I I  ~6 
C H  b e n d i n g  a n d  s y m m e t r i c  C H  a d e f o r m a t i o n  "~ 
I o n i z e d  c a r b o x y l  2° 
A m i d e  I I  b a n d ,  i o n i z e d  carboxy126 
CO of  N - a c e t v l a m i n e  g r o u p  25 
A m i d e  I b a n d  ~4 
C H  s t r e t c h i n g  ~4 
C H  a s t r e t c h i n g  '* 
N H  s t r e t c h i n g  z4 
O H  s t r e t c h i n g  ~* 

T h e  a b s o r p t i o n  s p e c t r a  of t he  para l le l  a n d  p e r p e n d i c u l a r  po la r ized  r a d i a t i o n  of 
the  h y a l u r o n a t e  fi lms a t  d i f ferent  e longa t ion  were  r e p l o t t e d  as abso rbance .  

i 

A b s o r b a n c e  = log t r a n s m i t t a n c e  

T h e  ass igned  p e a k s  t h e n  were  reso lved  b y  a s s u m i n g  Gauss ian  d i s t r i b u t i o n  curves  
in each  case. T h e  reso lved  p e a k s  were t h e n  p l o t t e d  as a b s o r b a n c e  index  " a "  v e r s u s  

f r equency  in w a v e  n u m b e r s  where  t h e  a b s o r b a n c e  index  was def ined as a - -  2.3o3 d 
~.~ log ( x / t r a n s m i t t a n c e ) ,  d be ing  the  th i ckness  of the  film. Such  a p lo t  is g iven  in 

b~ig. 2. T h e  a r e a  u n d e r  t he  cu rves  was  d e t e r m i n e d  by  a po la r  p l a n i m e t e r  a n d  t h e  
p e r p e n d i c u l a r  d ichroic  ra t io  was  ca l cu l a t ed  ~rom t h e  re l a t ionsh ip  

D = a l [a~ , ,  
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P e r p e n d i c u l a r  dichroic  ra t ios  were ca'.,culated for five a b s o r p t i o n  b a n d s  (at  lO9O, 
I I 5 5 ,  I42o,  1055 a n d  2940 cm- t ) ,  t h e  resolu t ions  of which  could  be a c c o m p l i s h r d  
w i th  the  least  error.  

A l t h o u g h  for a r a n d o m  o r i e n t a t i o u  of p o l y m e r  cha ins  one  would  expec t  a dichroic  
ra t io  of one, no t  all of our  a b s o r p t i o n  b a n d s  yie lded th is  ra t io  a t  zero e longat ion .  
Sma l l  differences in the  t r a n s m i t t a n c e  of para l le l  a n d  p e r p e n d i c u l a r  po la r ized  in f ra red  
r ad i a t i on  were obse rved  in some of t he  b a n d s  ind ica t ing  a s l ight  degree  of p re fe ren t ia l  
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Fig. 2. Resolution of the band at 16z5 cm -1 at 4 ° °,/o elongation. Parallel and perpendicular polar- 
ized absorbance versus frequency of radiation. 

o r i e n t a t i o n  d u r i n g  t h e  f i lm-cas t ing  t echn ique .  Since t h e  pu rpose  of our  i nves t iga t ion  
was  to  re la te  t h e  a v e r a g e  degree  of o r i e n t a t i o n  of a specific g r o u p  of a t o m s  wi th in  
t h e  p o l y m e r  to  the  degree  of e longa t ion ,  t h e  dichroic  ra t ios  o b t a i n e d  a t  t he  different  
e longa t ions  were  n o r m a l i z e d  so t h a t  each  b a n d  was  ass igned  a dichroic  ra t io  of one  
a t  zero e longa t ion .  I n  Fig.  3 these  n o r m a l i z e d  p e r p e n d i c u l a r  d ichroic  ra t ios  are  p l o t t e d  
v e r s u s  e longa t ion .  T h e  d i a g r a m  indica tes ,  therefore ,  t he  di f ferent  degree  of o r i en ta t ion  
of t h e  di f ferent  a t o m i c  g r o u p s  u p o n  s t r e tch ing .  T h e  g rea t e s t  o r i en t a t i on  a n d  the  fas tes t  
is o b s e r v e d  w i t h  the  I I 5 5 - c m  - t  b a n d  which  was  ass igned  to  t h e  ant is~wnmetr ic  
s t r e t c h i n g  v i b r a t i o n  of t he  glycosidic oxygen  br idge.  Since the  p e r p e n d i c u l a r  d ichroic  
r a t io  is dec reas ing  wi th  e longa t ion ,  the  v i b r a t i o n s  of th i s  g r o u p  of a t o m s  or ien t  the i r  
d ipole  c h a n g e  v e c t o r  in t he  d i rec t ion  of s t re tch .  The  vec to r  s u m  of t he  a n t i s y m m e t r i c  
v i b r a t i o n  of t h e  C-O--C br idge  is a long  the  long geome t r i ca l  axis  of t h e  p o l y m e r  
molecule .  This ,  the re fore ,  s u b s t a n t i a t e s  p rev ious  o b s e r v a t i o n s  t h a t  long-cha in  poly-  
m e r s  u p o n  s t r e t c h i n g  or ien t  t hemse lve s  w i th  the i r  long axis  in t he  d i rec t ion  of s t re tch .  

T h e  s a m e  resu l t  can  be  obse rved  w~:th the  294o-cm -1 b a n d .  He re  t h e  p e r p e n d i c u l a r  
d ichro ic  r a t io  increased  wi th  e longa t ion .  Therefore ,  the  v i b r a t i o n s  of t h e  CH3 g r o u p s  
of t he  N - a c e t y l a r n i n e  s ide  cha in  become  more  a n d  more  p e r p e n d i c u l a r  t o  t h e  d i rec t ion  
of s t re tch .  

Biochim. Biophys .  ,4cta, 09 (x963) 544-55J 
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The other  three bands for which the dichroic ratios were measured,  namely  the  
vibrations of C-O, COO- and amide C = O  oriented a t  a lesser degree parallel to the  
direction of elongation. 
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Fig .  3- N o r m a l i z e d  p e r p e n d i c u l a r  d i c h r o i c  r a t i o  o f  s o d i u m  h y a l u r o n a t e  a s  a f u n c t i o n  o f  e I o n g a t i o n  
fo r  d i f f e r e n t  a b s o r p t i o n  b a n d s .  

D I S C U S S I O N  

The correct in te rpre ta t ion  of the results  of this  invest igat ion rests largely on the  
val idi ty of the  assignments  on the  one hand  and  on the  minimizat ion of errors in 
the resolution of the individual  bands  when calculat ing dichroic ratios. 

Wi th  respect to the  ass ignment  of the  bands an empirical approach  was followed 
here, t h a t  is, our absorpt ion spectra  were compared wi th  those of gimilar compounds  
reported in the l i terature.  For  these ass ignments  theoret ical  justif ications are also 
cited in the l i terature.  

A more detailed ass ignment  of the  infrared absorpt ion bands  of crystal l ine sodium 
hya lurona te  is in progress now in which the  molecular  configuration in the uni t  cell 
of crystall i tes is correlated with  the  infrared frequencies. However,  the  molecular 
configuration of an amorphous  chain is not  necessarily elucidated by the crystall ine 
s t ruc tu re  and, therefore, for our present  purpose the empirical ass ignments  are 
sufficient. 

A more difficult problem arises wi th  respect to the resolution of the individual  
bands.  Mathematical ly ,  even with the assumptions  of (a) Gaussian dis t r ibut ion of 
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each band  a round  its m a x i m u m  and  (b) add i t i v i t v  of a b s c w . ~  fm~g~. .  ~ e  spec t rum 
represents  the sum of t e rms  A e-- ~ ly - yj,:, where y ' s  are the  , ~ ~  ~ ~ absorbance  
curves.  In  the l i te ra ture  a simplification is often made  b y  a s ~ ~  ~h~It ~lk~ absorpt ion 
curve is the sum of A e'- ~ y: t e rms  ra ther  t han  the  prex~c,~ $ 0 ~ b  _ -M~o~h  this 
makes  the calculat ions  possible by  not  necessi ta t ing a s e ~ a ~  ~ ~ ~ o n  of Y0 
and  y in addi t ion to  the  A and r ,  such a simplification ~ c , , d l m ~  ~ , ) ~  which are 
comparab le  to those of a visual  resolution bx ~ tr ial  a~d ,e~o~ m~ttl~,~ ~ o - I 5  %). 
Therefore,  we decided to use the  visual  resolution ~ i t h  ~ ~ . : ~ a n ~ n g  of the  
l imi ta t ions  inheren t  in this procedure.  

For  this reason dichroic rat ios  were calculated only ~ r  ~ , ~ e  t ~ _ ~  whi~:h lent 
themselves  readi ly to  visual resolution. 

The most  i m p o r t a n t  a m o n g  these is the band  c o r r e s ~ m ~  ~0, yaks_-('-O-C bridge 
a n t i s y m m e t r i c  v ibra t ion.  Since this vector  is along the  long :a_~ ,0,ff ~t~ lpO[,}Tner this 
dichroic ra t io  also indicates tb~ or iontat ion of the polx-me~ , c ~  ii~ ~t~ ~ r e c t i o n  of 
s t re tch.  I t  is in teres t ing  to note  t ha t  this group orients ~e~-  ~ ~ -  ,0~ elongat ion 
and  upon  fur ther  s t re tch ing  it or ients  to  a lesser degree. ~ff ~ I h ~ ~ n a t e  chains 
have  a random-coi l  configurat ion in +_he gel one would ~ t ~ t  ~mtt ~g~),~ eIongation 
uncoil ing would occur which would result  a t  low elongaticms i~ a r~tll~r .~m~![ a m o u n t  
of or ien ta t ion  and  the s t ra in optical  coefficient shottld i~cr~.~e..~,~t ~ elongat ion 
when more  or less paral le l  a l ignment  of the chains occurs. This ~ ~ ~ o,f behav iour  
one observes in rubber- l ike  mater ia ls .  The indicat ion of t ~  , ~ k ~ 0 ~ - g - ~ ,  change of 
the  C - O - C  b a n d  wi th  e longat ion i~, therefore,  t h a t  we aw~ , d l ~  ~ ~ h  fairly 
stiff molecules or molecular  aggregates  which orient  ~ ~ s  tl~a - ~ g  in the 
direct ion of s t re tch  r a the r  t han  uncoil ing fi'om a r a n d o m ~ ~  , o 0 ~ l ~ t ~ o n .  The 
presence of anisotropic  molecular  aggregates  was prove~ ~ ,  ~ e  %~m~r-t~-pe curves 
of the  form birefr ingence ~7. The higher  e longat ion wo~zld t~e , c ~ d t  r~lflh~r by  chain 
sl ippage t h a n  or ienta t ion .  

The  dichroism of the  CH a v ibra t ion  at  -°94o cm -a is ~ ~ ~ this  con- 
clusion, a l t hough  the  p r i m a r y  da t a  indicates  the  C Hn ffvo~p , ~ ~  ~:er~- titt le at  
low elongat ion perpendicu la r  to  the  direct ion of s t re tch :am~ fl~e ~ 0 ~ ¢ ~ - s t r a i n  co- 
efficient increases on ly  at  high elongat ion.  If  the hx-alurona~e , ~  go¢~ sfi, ff aniso- 
t ropic  aggregates ,  and  if these aggregates  t u rn  upon s t r ~ ~ .  ~ ~ expect  
t h a t  the  side chains  en tang led  in i n te rmolec tdar  hydrogen  ~ ~ ~ somewha t  
slow to follow the  ma in  chain or ienta t ion.  This would  m e a ~  ~ ~ ~ ~ e ~ t i c i t y  
a t  low elongat ion is provided  by  the  dis tor t ion of the  s i ~ d ~ h ~  ~ ~  ~n~ on ly  
upon  chain s l ippage would a bela ted or ienta t ion  of t he  ~ ~ ~ s ~ r .  

The  dichroism of the  x09o cm-* b a n d  indicates  a ~ ~ ~ r  if 
somewha t  less t h a n  t h a t  of the  C - O - C  bridge. L x a . ~  ~,~,~ ] g _ ~ ~ , ~ , ~ - ~  ~ t t r ibu te  
this  b a n d  in polysacchar ides  to  the Va, a n t i s y m m e t r i c  a ~ l  ~ ~ ¢ ~ f ~ g  mode  
of t he  C--O in the  pyranose  ring. Paral le l  polar izat ion of  ~ ~ ~ ~ observed 
in cellulose and  chitin. The  dichroic rat io of this b ~  a s  a ~ ¢J~ ~ o ~ g a t i o n  
reinforces the  a r g u m e n t  t h a t  the  ma in  chain orients  f~rst fm ~ ~ o~ s t re tch.  

The  o ther  two bands  resolved, n a m e l y  the  amide  | ~ ~ t  ~¢~5~ ¢ ~ - *  ~ the  
s y m m e t r i c a l  s t re tch ing  mode  of the  ionized carboxyl  g ~  ~ t  _ ~  ¢ ~ - ~  ~ - ¢ e  only  
a sl ight paral le l  dichroism, the i r  dipole change vector  ~ ~ g  ~ ~ ~ t o  the  
direct ion of s t r e t ch  r a the r  t han  in the  direct ion of s ~  .-~ ~ ~ curve 
was  ob ta ined  for the  band  a t  ~6~5 cm -~. 
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The above in te rpre ta t ion  of the infrared dichroism of sodium hya lu rona te  chains 
in the gel form is in agreement  with the birefringence measurements  t7. One can con- 
clude, therefore, t ha t  sodium hya lurona te  in the gel form has a ra ther  stiff molecular  
configuration and its elast ici ty is provided more by  chain orientat ion,  bond distort ion 
and  intermolecular  hydrogen bonding resisting chain slippage than  by  the uncoiling 
of the molecule. 
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