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ABSTRACT 

Light  scat ter ing measu remen t s  on  2-outene- l ,4 -d io l  with succinic  acid have  been 
m a d e  in benzene in the  t empera tu re  range 283.15--333.15 K. T h e  second  virial 
coefficients a n d  excess t h e r m o d y n a m i c  func t ions  o f  the  samp!e  in benzene have been 
calculated f rom light scat ter ing results. 

I~-I'RODUCTION 

M e a s u r e m e n t s  o f  the  light scat ter ing o f  po lymer  so lu t ions  may  provide  i n fo rma t ion  
re oa rd ing  weigaht-average molecu la r  weight ,  second  virial coefficients, m e a n  square  r'o.- 
dius  o f  gyra t ion ,  f o rm fac tor  a n d  polydispersi ty ,  etc. In  recent  years,  m a n y  w o r k e ~  ~ - ~ 5 
have  deve loped  the  t h e r m o d y n a m i c  theory  o f  p o l y m e r  solut ions.  M o r e  recently i 6 - 2 c  
the  l ight scat ter ing results have  been cor re la ted  wi th  the  t h e r m o d y n a m i c  funct ions  o f  
the  solut ions.  We  t h o u g h t  it wor thwhi le  to  m a k e  l ight scat ter ing measu remen t s  on  
2-butene- l ,4-dio l  with  succinic acid in benzene,  and  to derive the  second  virial 
coefficients a n d  also the  t h e r m o d y n a m i c  func t ions  f rom the  l ight scat ter ing r~u l t s .  

~PERLM E~"FAL 

Benzene was pur i f ied as descr ibed eaxlier z l .  T h e  s ample  2-butene- l ,4 -d io l  with  
succinie ac id  was purif ied f rom benzene.  

Light  scattering measurement.  T h e  fight scat ter ing cells a n d  o the r  glass appa ra -  
tus  were  m a d e  d u s t  free by placing t h e m  on  an  ace tone  founta in .  F o u r  solut ions ,  o f  
concen t ra t ions  4.748, 7.122, 9.496 a n d  11.870 g1-1,  were  p repa red  in  benzene.  T h e  
solu t ions  were m a d e  dus t  free by cen t r i fuga t ion  at  a speed o f  20,000 r .p .m,  for  a b o u t  
sixty minutes .  T h e  so lvent  benzene was also m a d e  dus t  free by cent r i fugat ion  a t  a 
speed o f  15,000 r .p .m,  for  a b o u t  sixty minutes .  Equa l  vo lumes  o f  dust-free  so lu t ions  
a n d  so lvent  were t aken  in to  dust-free  l ight  scat ter ing cells. T h e  l ight scat ter ing 
measu remen t s  for  vert ical ly-polarized rad ia t ion  o f  436 miz were m~d~ us ing  a P h o t o -  
Gonio -Di f fus iomete r  ( M o d e l  No .  42.000) a t  283.15, 293.15, 303.15,-313.15, 323.15 
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and 333.15 K. The  tempera ture  in the light scattering bath was control led to within 
0.1 K. The  measurements  were made  at  regular angular  intervals o f  10 ~ in the range 
20-150 ° . Toluene  was used as the bath liquid for  light scattering measurements .  

Refractive index increments  were measured in benzene using a differential 

ref rac tometer  with radiat ion o f  436 m/z a t  303.15 K, and  the value was found  to be 
0.0866 ml g - ' _  This value was used at  all o ther  temperatures  for  calculating the fioJat 
scattering parameters.  

R E S U L T S  

The light scattering f rom a dilute polymer  solution may  be expressed ~s: 

Kc/Ra  = Ij_~I, ,P-I(O) + 2 A , - c  + 3A3" c" + ... (1) 

where .%-/,, is the weight average molecular  weight, and  A 2 and  A 3 axe the second and  
third ~irial coefficients. K is the optical constant  for  a part icular  scattering system, 
and,  for  vertical polarized light, is ~ v e n  by 

K = 4= z n o (dn/'dc)-" ~ "~ N -  ' (2) 

where no is the refractive index o f  the solvent, and  d n f d c  is the specific refractive 
index increment.  The  refractive index o f  the solvent was taken f rom the l i terature 2~-. 

Re in eqn. ( i )  is the measured excess scattering intensity o f  the solution over  
that  o f  the pure solvent. Re was determined by compar ison  with a s tandard  reference: 
the reference substance in the pr~,ent work  was benTene. The  value o f  absolute 
scattered intensity, o f  benzene, Rb, was taken f rom the li terature 23. The  values o f  Re 
qcxe then calculated in the following manner :  

RofR b = i o / i  b (3) 

where i, and  i b axe the measured vol tmeter  readings for  the solution a n d  benzene, 
respecti~,ely, a t  a pa~iculax angle 0. The  calculated light scattering results are  found  
to be correct  to within ! o/ / o "  

T h e  t e rm P(O) in eqn. ( ! )  describes the angular  variation o f  light scattered a t  
constant  concentration_ The  form o f P -  t(0) is dependent  on the size and  shape o f  the 
scattering particle. When the scattering particles are smaller  than  l]20th o f  the wave- 
length o f  the ligJR used, the contr ibut ions to P(O) caused by destructive interference 
o f  light becomes n e ~ i ~ b l e  and  P(O) reduced to uniLv. Consequently,  eqn. ( i )  becomes 

K c ] R e  = I [ . V i .  + Z A 2  " c + 3 A 3  " c a + . . .  

---- 11.~-1, + 2B  - c / R T  + 3 C - c Z I R T  + ... (4) 

All o ther  symbols in eqns. ( i ) ,  (2) and  (3) have the same significance as in ref. 24. 
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D~CUSSION 

KciRo is a function o f  concentration c and o f  angle 0. It is therefore neces .saFy 
to make a double  plot ofKc/Ro,  a~ainst concentration c and against angle 0. 7 i m m  z5 
has given a method for plotting Kc/Ro against concentration c and a~ainst angle 0 in 
the same plot for both. The  Z imm treatment affords the most  accurate _mraphical 
procedure for the derivation o f  light scattering parameters. A double  extrapolation 
procedure is employed,  plotting Kc/R~ against h 2 - -  kc  and extrapolating at constant 

o. 
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Fig. l. Plot o f  KcJRo against h = - i- k c  for 2-butene-l,4-diol with succinic  acid at 9_83.15 K. In Figs.  
1-6, experimental  points  axe denoted  by OOO, and extrapolat ions  to  z e r o  angle  by O O O .  
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Fig. Z Plot of Kc]Ro against  ~ - -  k c  for 2-butene-l,4-dioI with ~ acid at  293.15 K. 
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Fig. 4. ptoz o£ Kc/Ra -'*g3Jrtst h = -- kc for 2-butene-l,4-diol with succ/nic acid at 313.15 K. 

concentration and constant  angle to  ~ v e  a grid. In this method,  k is an adjustable 
constant  (in the present work,  k = 0.3 x 10=3). The  parameter h is given by 

h = [4=  n sin (0/2)]/;-o (5) 

The  Z i m m  plots  o f  Kc/Ro  a ~ n s t  h z - -  k c  a t  283.15,  293.15,  303.15, 313.15,  323.15 
and  333.15 K m e  s h o w n  in Figs. 1-6.  The  lines in the Figures  were extrapolated to  
zero concentrat ion and zero angle to  cut  the K c l l ~  axis at  the same  point.  

F r o m  the s lope  we obtain 

lira. d(l im. K c [ R o ) [ d c  = 2.42 = 2 B [ R T  (6)  
¢"-" 0 0-'-0 
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Fig. 5. Plot  o f  K c I R o  against  h • - -  k c  for 2 -butene- l ,4 -d io l  vdth succinic acid a t  323.15 K.  

T h e  s e c o n d  virial coeff ic ients  were de termined  f r o m  the s lopes  a n d  are recorded  in 
T a b l e  1. 

T A B L E  1 

~OD.%'D VIRIAL O3,r_.et-lCT~--~WS A.'~'D EXCESS TH3ERMODY~.~ [ IC  ~L..~C'130,'~5 OF 2-BUi,-'~,'E-1,4-DIOL "~TfH 
SUCO'NIC A C I D  ~ B~'~'~, '~ 

T e ~ .  ra ture  B = - -  A p z ~ l c  2 " v z B" A h x e / c  ~" " v l  T A S x ~ ] c  z " vx 
( K )  ( J  r.uP g-*-) ( J  cn-P g-*- ( J  c m  ~ ~- ' - )  (Jr crrP ~-*-) 

F~cp. F~ t rupo l .  z ~ -  I ) 

283.15 11.03 
288.15 13.68 0.530 139.0 152.7 
293.15 16.33 
298.15 18.88 0.509 132-8 15 ! .7 
303.15 21.42 
308.15 23.73 0.461 118.3 142.1 
313.15 26.03 
318.15 28.15 0.423 106.5 134.6 
323.15 30.23 
328~15 32.30 0.408 101.6 133.9 
333.15 34.34 
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Fig.  6. P lo t  o f g c / R o  against  k "  - -  k c  f o r  2 -bu te r te - l , 4 -d io l  g- i th succin ic  ac id  a t  333.15 K .  

THERMODYN.~flC FIJ.~CI'IO.'~S F R O M  LIGHT SCA I I L.K|NG 

The  osmot i c  pressure  n may  be related 26 to the  chemical  potent ia l  difference 
o f  the  so lu t ion  (p ,  -- pO) by the  equa t ion  

= - ( u ,  - = ( 7 )  

where  v I is the  mola r  vo lume  o f  the  solvent.  The  osmot i c  pressure  is re la ted to  the  
second  a n d  th i rd  coeffic/ents as follows: 

,-r/e = R T / M  - -  B . e  q- C . c "  - -  . . .  (8) 

where  e is the  concen t ra t ion  o f  the sample.  
F r o m  eqns.  (7) and  (8) we ob ta in  

z i g ,  = - -  [ ( R T / M ) . e  q- B . c  z ÷ C . c  3 -I- . . . ) v ,  (9) 

T h e  en tha lpy  difference d h ,  and  en t ropy  difference A S ,  are  ~ v e n  by the  equa t ions  

zih, = -- [ ~ ( z i p , I T ) / 6 T ] -  T z 

= ( B ' . T -  B + C ' . c . T -  C . c ) c ' - . v  I (10) 

a n d  

AS, = - -  g ' ( A p , ) I ~ T  

= ( R . c / ~ M  + B' .e ' -  + C ' . c 3 ) v ,  (11) 

w h e r e  B "  (---- d B / d T )  a n d  C"  (-.~ d C / d T )  a r e  t h e  t empe ra tu r e  coeEacients o f  the  
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second and  th i rd  virial coefficients, respectively. The  solut ion becomes ideal  when  the 
contr ibut ions  to  the  t he rmodynamic  functions f rom 2rid a n d  3rd virial coefficients, 
and  also f rom their tempera ture  coefficients, vanish. 

Ideal  free energy., Ap],  ideal enthalpy zlh~ and  ideal en t ropy  A S ~  a r e  given by 

ZllJ" l = -- R T . c . v = / M  

= o 

A S "  1 = R . c . v I [ M  

(12) 

(13) 

04) 
The  excess free energy ztp~, excess cnthalpy zlh~ and  excess en t ropy  ASEl  are  then 
given by 

A/tEl = AI.z t - -  A / t ;  = - -  B . c 2 . v l  - -  C . c 3 . ~ . t  (15) 

z l h ~  = z t h  t - -  l i b  t = ( B ' . T - -  B + C ' . c . T - -  C . c ) c 2 . o t  009 

• , ' lS~ = l i S  1 - -  / I S "  1 = ( B  j' ÷ C~ ' .C)C2 .V l  

F r o m  eqns. (15), (16) and  (17) we can write 

A/2EI/C2.p I = - -  B - -  C . c  

(17) 

(18) 

AhEl / cZ .v l  = B ' . T - -  B + C ' . c . T - -  C . c  (19) 

T A S ~ / c 2 . v l  = B ' . T  + C ' . c . T  (20) 

The  second virial coefficients were  calculated f rom the slope o f  Z imm plots. The  
excess functions A p p l e  2 - v l ,  A h E / c  z - v I a n d  T A S E I / c  2 - ;'1 were calculated f rom the 
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Fig. 7. Plot of -- ApxE/c=~,  - -  AhaZlc=vz and  TASxZ/e,%'~ against temperature 7". 
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second virial coefficients and their temperature coefficients. The influences o f  third 
virial coefficients were not  considered significant. The  thermodynamic excess functions 
axe recorded in Table 1 and are plotted in FI~  7. 

It is e~,-ident from Table I and Fig. ? that the second virial coefficients are 
positive at all temperatures in the range 283.15-333.15 K. The ~ o n d  ~irial coeffi- 
cients decre~-t~e with decreasing temperature but do  not  become zero. The  solution 
does not become ideal in this temperature range. The  excess free energies are ne~oative 
and increase with decreasing temperature. The enthalpy and excess entropy functions 
are positive and these decrease with increasing temperature. The excess enthalpy and 
excess entropy terms are competing with each other. The  excess entropy terms 
multiplied by temperature axe larger than the excess enthalpy terms at all stages. 
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