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Abstract-The objective of this study is to develop a systematic method to detei~nine molecula-weight and its dis- 
tribution of flexible chain polymer by birefringence expeaiments. Using the random walk model, birefiingence &l and 
orientation angle X have been optically obtained as functions of molecuIar weights. To confirm the theory, poly- 
styrene solutions with different molecular weights dissolved in polychiorinated biphenyl were experimented by the 
phase-modulated flow birefringence (PMFB) method. Birefiingence of polystyrene solutions is proportional to 
(2c~Ml ~)~, and cot(2Z) to (~c ,  Ml ~/B~c,M,7~ The expeaimental results agreed well with the theoretical predic- 
tions proposed in this study. 
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INTRODUCTION 

Ivlolecula weight (MW) and its distribution (IvlWD) of poly- 
mers have a considerable effect on macroscopic properties of poly- 
me1; such as to@mess, tensile strength, adberence and environ- 
meiltal resistance, etc. [Nunes et al., 1982]. There are vaious tech- 
niques for measuring IvlW, such as membrane osmometry, light scat- 
tering, ultra-centiLfaogation, etc., but the measurement of Ivl-WD is 
sornewhat restricted. One of the more popular measurement tech- 
niques for MWD is gel pezmeation ch-omatography (GPC) and other 
is the dynm'nic modulus measurement which was proposed by Wu 
in order to measure IVlWD of insoluble polymers pvVu, 1985; lVlc- 
Grory mad Tuminello, 1990]. To investigate the conformation of 
flexible pol3aner chain, seveaal pol3a'aer models can be considered 
For instance, if one considers the flexible polymer mcdel dissolved 
in @ solvent, the relationship be~veen the poI3aner size represented 
by end-to-end distance and molecular weight can be obtmned along 
with the ideal molecular models. For the exmnination of the poly- 
mer confom~ation in h-ansl:~-ent polymer solutioi~s, two optic/func- 
tions of birefrmgence and orientation angle are often used as effec- 
tive expe:snental n:eat~s [Fiattini and FulIei; 1984]. These two func- 
tioi:s could be also usefully applied for polymer characterization in 
polymer f~:: processes [Park et al., 2001]. In order to predict the 
birefiingence and oiieiltation angle of polymer solutions, theory 
relating refractive index, which is a macroscopic property, with mi- 
croscopic properties such as polarizability or molecular confoiTaa, 
tion s necessary. Park has obtained analytic expressions of rheo- 
optical properties given as fimction of shear rate in weak flow fields 
[Park, 1989], and Kwon showed that expei~nentaI results on the 
rheo-optical properties according to shear rate have agreed well with 
the previous analytic ones [Kwon et al., 1999]. A method deter- 
mining molecula- weight and its disNbution fion~ optical expezi- 
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merits has been already reported in the previous work [Oh et al., 
2000], where a rigid rod-like polyraer was studied 

The poI~"anelry tectmique is one of the typical theo-optical meas- 
urements which is popular for polymer solutions. This methcd is 
to measva-e the shape of polahzed light ~ o n g h  the sanple. In reality, 
the change in light intensity caused by the modulated polarized light 
is measured rather than the shape of polarized light itseIs In this 
study, as in previons works, birefiingence and oiientation angle were 
measured by the phase-modulated flow birefringence (PMFB) meth- 
od [Frattini and Fullei; 1984; Oh and Park, 1992]. PIvIFB method, 
which is one of polas-netry methods, has many merits compared 
with the com~entional ones. It is possible to obtain quite precise and 
accurate expeis-nental results within a relatively short expei%neiltal 
time. It is also possible to adopt this method in order to character- 
ize polymers with different chain strucazres. 

It is well knoml that IviW and M-WD of pol3anel~ have strong 
impact on physical or rheological properties of polymers. There- 
fore, prediction of molecular weight and its disuibution of pol3a-nea- 
is important in fields ofpol3aner processing We have successfially 
examined bimodally dispersed polymer solutions by the flow bire- 
fiingence and orientation a~gle measurements [Oh and Park, 15;92]. 
It was based on the fact fflat when the flow is removed fi-om the 
flowing solution its relaxation of the oiieiltation would mainly de- 
pend on the length of iigid pol3a'nei; i.e., the molecular weight. In 
order to analyze multi-modal or polydisperse distribution, a more 
generalized molecular model is necessary in the f~'st place. In this 
study we adopt an ideal molecular model for the flexible pol3anea 
chain and investigate the rheo-opticaI properties as fimctions of its 
molecular weight and distribution based on this model. 

THEORY 

For the prediction of optical properties of a polymer solutiorg 
microscopic properties such as molecula- polmzability and con- 
fom~ation should be consideaed Many pol3a-nei~ can be treated as 



332 Y. R. Oh et aI. 

Chaia Scgmem 

///..2>-... ...... ( 

/ 
~ _ 3  Polymer Chain 

/ �9 

Fig. 1. Kuhn-Grun model of a flexible polymer chain~ In a hbola-  
tory fl~rne, light is transmitted perpendicularly to tim shear 
flow field through a polymer solution. 

a flexible polymer chain but they exhibit more complex circum- 
stances than the rigid rod polymers do. Janescitz-KriegI [1969] pro- 
posed a model to examine the optical anisotropy of a flexible poly- 
mer chain, which is pictured in Fig. 1. A flexible polymer chain is 
modeled as a s~uence ofN s~ments that are attached ~-ough freely 
rotating joints. Each segment has a length a. When the incident light 
is ~zaversing along the z axis, each segment can be taken to have 
a uniaxial pola-izability, 0~, of the folIowing fom~ in a flame coaxial 
with its principal directions. 

I !] ~ =,0.0 % 0  0 1 
c~= 0 % +gAc~E,~ (1) 

L0 0 L0 0 c~l 

where %, A0~ and E,~ are as follows. 

%=(2%+%)/3, 
~=oq-%,  (2) 

l and E,~ = - I - 

0 

Polarizability, czs, obtained in the flame of a polymer segment 
should be expressed in the laboratory flame. When the t ~ t  vector 
u~ of the principal direction of a segment is oriented at the polar and 
az imt~al  angles (3, (~ in the laboratory flame, as follows, 

t~=(s&, so% %), (3) 

where the sholthand s0=sin9 and c0=cosl3 are used, 0: s can be trans- 
fon~aed into the pola-izability tensor 0~ in the laboratory fi-m~ae using 
a rotation tensor T,~. 

�9 oI ' ,.IF ] L -~ z % Cs% SsC 0 0 S~ - %  0 
c%=T~, c%Tt,=-% ce% % 0/.ico% tea, -as  

0 -s~ c~_[L 00c~ dLs~% s~s~ c~ 

,1 ~Icl ~Ic~s~ c~s~c 
=%8,~ +Ac~ s~c+s+ s~s~ %s~s+l =%8,~ +Ac~(u~u~) (4) 

,~s~c, c~s~% c~ / 

In the above, 8~ is Kronecker delta. Contribution of ~ to the labora- 
tory fi-ane may be divided into the pola'izabilities parallel, g~, and 
perpendicular, czr, to the z-axis of the light direction. 

~=%+Actc~, (5) 

m=o~+Ac~4. (67 

The polarizability of the entire chain is the stmarna~ion of this polar- 
izability over all the segments. 

<%>=N%I~ffNAc~<u~tT>, (7) 

where the angular brackets < > represent the average over an ori- 
entation dis~bufion function ~(0, ~; r), which describes the proba- 
bility of a particula- orientation of each segment We use the follow- 
ing dis~btaon function for the random walk model which Kuhn 
and @ran derived. 

/" h 3P~ 
~(9,  Ro) =aexp~aa cose ). (8) 

Here A ks a non~aalizafion constant and R~ is the end-to-end dis- 
t,mce of a polymer chain, given by 

~d(~ ~acos0sin0d0 
P.~ ~ .  (9) 

P,,/Na is simply obtained in the form of Langevin function L(k) de- 
fined as 

l~/Na=L(k)=coth(k)- I/k, k=3RJNa. (10) 

Use of the Kuhn and Crmn's distribution function gives averaged 
coi~ibutions ofpolm-izability, <0~p and <c&>, for the entire chron. 

<c~> =Nero +2NAo:(~- Lk--~) (II) 

<~> = N % - N A c ~ ( ~ - ~ ) .  

When 3RJNa<<I,  Langevin function can be approximated as a 
polynomial by Taylor series expansion. 

1 R~ ~ R~ ~ 

FinaUy, using the alz~ve approximation, polarizability of the en~e 
chain, A'~, is given as follows. 

3 R~ ~ 
A~/=<~>- <c~>= ~NAg(~al .  (I3) 

Optical prop~ties of a polymer solution can be examined through 
two optical funcfioris, birefi-ingence An and orientation angle Z. Re- 
fi-active index tensor n v in the frame of a polymer segment is ex- 
pressed in the similar way as follows, corresponding to Eq. (1). 

1 
n,~ =n~6,j + g(n,-  n~) g,~. (I4) 

Here n~ is (2n2+n0/3 and n~, n2 represent the refi-active indices with 
respect to polymer axes x~ and x2, respectively. A qualitative del-iva, 
t im of difference of refi-active inclices, r~-n2, was given in the pre- 
vious work, which was derived using the Lorentz-Lorenz formula 
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for the isotropic material. 

2=(n 5 +2) 5 
nl-n~ - ~ cAy. (I5) 

9n~ 

Refractive index ten,sot <n,s> of tile entire chain to the laboratory 
frame is given corresponding to Eq. (7). 

<r~j>=N%I~j+N(n~ - n2)<u~u~>. (I 6) 

Alcove refi-active index tensor can be decomposed into compo- 
nents iz~-allel and perpendicular to the plane nonnal to the Iight di- 
rection in a given system. When the Iight is travei~ing along z axis, 
the birefi-ingence An, the difference in the eigenvalues of the real 
part of refi-active index tensor and onentation angle Z, defined in 
tile laboratory frm-ne are given as follows: 

t ,~ , 2<u~u~> mlt, ZZ) =<uS > -<t~>' (I7) 

An =(n, - rQ [(<u~> - <u~>) 5 + 4<u~uy>S] 'n. (I8) 

Because average polarizabilities are detenmned fi-om the end-to- 
end distance of a flexible pol3a-ner chain, it is necessary to analyze 
molecular weight and its distnbvaon of a polymer. An and Z for 
tile polydisperse solution are written into 

tan(2z) E(c,A~,<u~ > _c,A~,<~>,), (I9) 

2g n 5+2 5 _ 5 
An-  7 -  [~c,Ay,(<u~>-<u~>) +4(~c,Ay,<u~u~> )] (20) 

Here i is a supra-nation index for different polymer chain sizes and 
c, the number of macromolecules per urnt volume of polymer solu- 
tion. By substituting tile result of Ay of Eq. (13) into alcove equa, 
tions, we finally obtain 

2g(c/N,)<a~Rp, 
tan(2z) (21) 

Z(c/N~)(<Rsp~-<P4>Y 
2~(n 5 +2) 5 5 

an- ~ .acqZ(c /N )(<a >-<~>)5 
15a no ' ' 

+ 4(E(c,/N,)<R~P,~>5)] m (22) 

R~=R~u, and Ry=Rou~ are used instead of u~ and u~. To obtain the 
expressions for <Rx2>-<Ry2> and <R~P,y>, we consider two typical 
models for a flexible polymer. First one is the Rouse model [Zimm, 
1956], in which N beads and N-1 spmlgs are freely jointed This 
model does not include either tile excluded volume interaction oi 
the hy&odynm'nic interactior~ 

<R~>- <P~>=0.as 2<P~P~>=e/g. (23) 

e=M[q ]%y/RT, ~t=(3/2)P~. (24) 

Here M is molecular weight of a segment, [1"1] and rl0 are the in- 
~msic viscosity and the solvent viscosity, and g is the shear rate. R 
is tile gas constant and T is tile absolute temperature. If  we adopt 
the Rouse-Zm-tm model in order to take into account the hydro@- 
nm-nic interactions between segments, the results are 

<p4>-<~>=0.2~/~, 2<~p,,>=e/~. (25) 

Detailed calculations for <R~>-<R~> and <R~y> are well explained 
in the paper of Peterlm [1963]. Eqs. (23) and (25) can be written 
into a general forln, 

<P~>- <P~>=ps 2<R~R,.>=e/E (26) 

where p has a value between 0 and 1. Use of Eg (26) gives tan(2)0 
and An expressed in tea'ns of lnoIecular weight and intrk~sic viscos- 
ity. 

RT xJ~(c,/N~)M,[1] ], 
tan(2z) p~0~(c/N~)M~[~]!y-', (27) 

An - ~ Ac~ {E(c/N~)M, [~ ], } 5 
45RTn~s 

i- 2 ~5~1,~ 

The number of segments N and intnnsic viscosity [1"1] are replaced 
by the following model equations, which are all the fianctiom of 
the average molecular weight 

i) Rouse modeI, 

[rl ]=NAI',Fs (29) 

ii) Rouse-Zimm model in the 0 soNent, 

['q ]= 0.425NAN'%VM. (30) 

iii) Rouse-Zimm model in the good solvent 

[rl ]= NAN l ~ 2/M. (3 I) 

By using the almv e equations of (29)-(31 ), tan(27, ) and An are finally 
expressed in the following fon-n. 

tan(2Z) =Bf~(c 'M:) -~  -', (32) 
LE(c,M:)_I" 

Art = Bs[(~c,M~) 5 +(B3~c,M~)53?]'/sy (33) 

Here t31, Be, B3, d, e, f, and g are adjustable parm'netei~ indepen- 
dent on molecular weight and are determined by the conespon&lg 
molecular model. These are given in Table 1. 

Table 1. Adjustable parameters on bh'efringence and orientation 
angle in Eqs. (32) and (33) 

Rouse-Zimm model Rouse-Zimm model 
Rouse model 

in the 0 soIvent in the good soIvent 

36RT RT RT 
Bl 2 . 3 5 - -  

pN~a ~ ~ pTloN~a 3 prloN~a 3 

5 + 5 5 +2)SAc~N~ 4rc(nso +2)SAc~N~ ~(I~ 2) AC~NA~ 0.119(I~ B2 
405RTnoa~r10 RTnoa 45RTl~a 

B3 pN~a~ 0 .283Pr10N~a5 0.283Pr10N~a3 
54RT RT RT 

d 0 -O.5 -O.2 

e 2 1 1.6 
f 0 -O.5 -O.2 
g 2 1 1.6 

Koz~an J. Chem. Eng.(Vo[ 19, No. 2) 
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Table 2. Code name  of  polystyrene solutions used in this study 

M.W. 
Weight concentration 

500 ppm 1,000 ppm 

(1) 20,000,000 PS 1L PS 1H 
(2) 7,600,000 PS2L PS2H 

(1)+(2) PSCL PSCH 

E X P E R I M E N T A L  

To measure birefiingence and orient;~tion angle of polymer solu- 
tions, phase-mockflated flow birefi-ingence (PIvIFB) experiments 
were performed The PIvIFB method has been proven to be a val- 
uable tool for evaluating molecular models of polymer solutions in 
well-defined flow fields. This technique is capable of measunng 
both the flow-reduced birefi-ingence and average orientation angle 
simultaneously, which has been reported in detail for the bimodaI 
polymer solutions m a previous paper by Oh and Park [2000]. A 
flow ceil of coaxiaI cylinders was used in the experhnents to make 
a stable shear flow. 

Polymer solutions used m PMFB experiments have some gen- 
eral res~ictions. To avoid Iigcht scattering, the polymer size should 
be smaller than the wavelength of the light source. Polymer solu- 
tions should be clear to neglect any dichroism and have Ii~e or no 
fonn birefiingence due to the difference in refiactive indices between 
polymer and soIvent Polystyrene (Polysciences, Inc.) is seIected as 
a model of the flexible polymer daain which can be dissolved in 
polychlorinated biphenyl (PCB). They possess very smalI polydis- 
persity radices less than about 1.1 that they could be considered as 
moncdispe~e ones. Since PCB has a high viscosity, a stable shear 
flow field is easily obtained in case of the dilute polymer solutions. 
All experiments were performed at room temperatLtre of aboLC 20 ~ 
Sample solufions ~tsed m this study are summarized in Table 2. Es- 
pecially, sample sokCions were carefully weighed in order to mini- 
mize any en-o~ in the analysis. 

R E S U L T S  A N D  D I S C U S S I O N  

In the theory, two optical ffmctions, birefiingence An and often- 
tation angle Xo have been expressed in terms of molecular weight 
and its distrib~Cion. Using these results, birefiingence and orienta- 
tion angle obtained fi-om PMFB experiments were examined on 
the shear flow field, with va'ious concentrations and polymer mol- 
ecular weights. 

Fig. 2 shows the shear rate dependence of birefi-ingence of poly- 
styrene soltCions. PIvIFB experiments are often experimented in di- 
lute solutions m order to exclude the hydrcdynarnic interactions m 
concentrated solutions. In the experiments of Fig. 2, polystyrenes 
were dissolved in PCB at concentrations of 500 and 1,000 ppm (Sam- 
ple Code Names, PS1L and PS1H). Birefi-ingence is proportional 
to square shear rare, "~ up to the strength of 200 sec -~ experimented 
Two series of birefiingence curves with different concentrations 
coincide with each other if An is nom~alized with its concen~ation. 
This proportSonality of birefiingence to the concentration mea~s 
that these concentrations are in the limit of hydrodynamically diltr 
regime. 

6 . 

b 

d 
O 

< 

5 

4,;- 

1 

0g- 
0 

PS1L 

L . . . . .  PSlHJ o ? 

0 + 
�9 

§ 
�9 

+ 

s + 

C + 
+ 

? 
g 

i . . . .  

1 0 0 0 0  2 0 0 0 0  3 0 0 0 0  4 0 0 0 0  

Fig. 2. Steady state flow bh.efringence plotted as a function of tim 
square of shear rate, ~ ,  for pob, st3a'ene solutions of differ- 
ent concentrations (MW--20xl06; �9 for PS1L and ( )  for 
PSIH).  
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Fig. 3. Molecular weight dependences of birefringence for poly- 
styrene solutions with different Molecular weights ( ( )  for 
PSIH of 1Vl~--20xl0 ~, i for PS2H of 1Vl~=7.6x106, and 

for PSCH ofequalweight  latio of PSIH and PS2H~ 

Effects of molecular weigcht on An are shown in Fig. 3. Solu- 

tions PS1H and PS2H, which have polydispersifies less than about 
1.1, can be assumed to be moncdispei~e. Solution PSCH stands 
for a sample mixed with PS1H and PS2H by the weight ratio of 
1 " 1. SolLfion PSCH was prepared to examine the bimodaI sys- 
tem. In all cases, bh-effmgence is in proportion to ?2. 

Theoretical expression on birefiingence obtained by using the 
Rouse-Zimm model m the good solvent is now considered From 
the expenmeTltal results of birefi-ingence proportional to 1 ~, it can 
be said that Zc~M~<<B32(c~MI 6)~3~ in Eq. (33). Thus itmay sim- 
plified as follows. 

/~ oc 16 n (Zo,M,)f  (34) 

In analyses of effects of molecular weight on An, it is convenient 
to replace the number concentration c, by the weight concenication 
Q. Eq. (34) can be rewritten by expressing ~C,MI 6 as M ~ 6. Then 
Eq. (33) becomes 

An =B~B~aM'6~ (35) 
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Fig. 6. Plot of eot(2X)/(ML~/M -~ normalized by a maximum 
value of experimented PSIH data. 
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Fig. 5. cot(2Z) versus shear rate 7for polystyrene solutions of MW 
--20x10 ~ at different concentrations ( S  for PSIL and ( )  
for PS1H). 

AIVM ~6 vs. 3 ? was plotted m Fig. 4 on PS solutions having differ- 
ent IvlW and MWD. Single master curve of birefiingence to ~ could 
be obtained as sho~x~ In the fig~-e, birefiingence results were nor- 
malized by maximum values of PS1H sokaioi1 It can be conclu- 
sively said that the Rouse-Zizm-n model in the good solvent represents 
well the birefringence of PS solutions. 

Fig. 5 shows expezimental results of oiientation angle % con-e- 
sponclmg to above birefiingence results, cot(2Z) is independent on 
the polymer solution's concenlration and is proportion to shear rate 
7, which is coincident with Eq. (32). The slope of cot(2%) to 7 in 
the Fig~-e is ~c,  MI6 /B~c ,M[  ~ according to Eq. (32). Here ]3 l 
is a constant independent on molecular weight and solution's con- 
centratioi1 

Effect of molecLflar weight on the orientation angle is seen in Fig. 
6. The oiientation angle % converges to the shear flow direction of 
0 ~ as the flow becomes strong. In experiments using different molec- 
ular weights, cot(2%) depends Iinearly on shear rate 7. In cases of 
monodisperse solutions of PS1H and PS2H, cot(2%) is proportional 
to M ~8, and in case of using the bimodaI solution of PSCH, pro- 
portional to ~ q M l  6/~c~M[ ~ Therefore, all the results seen in the 
figure are well agreed with a single master cum~e nonnalized by 
maximum values ofPS1 H solution. 

On the polymer solution with a flexible chain, effects of molec- 
ula- weight on two optical fianctioils, birefiingence and orientation 
angle, were investigated. Birefiingence and oz-ientation angle hav- 
ing the fonowmg dependence of molecular weight were derived 
for the Rouse-Zimm model in the good solvent 

An~ [(XqM?~ ~ +(B3XqMI a)~7~]'/27 (36) 

cot(2z) ~ [X(qMi 6),/X(c,M? ~ (37) 

In order to confmn the above theory obtained fiom the flexible chain 
model, dilute polystyrene solutions with ul~ahigh molecular weight 
were expenmented and the following results were obtained. Bire- 
fiingence showed Imear increment on the concentration and pro- 
portionality to the shear rate. Results of the birefiingence showed 
the molecular weight dependence according to the theory and were 
supeis-nposed on a master curve. Oiieiltation angle was indepen- 
dent on the concel~ation of solutiom, of which resLflts coincided 
with the theory. In conclusioi1, it can be said that the method ex- 
anining the molecular weight and its distribution of polymer soD- 
tions with flexible chain was established theoretically and expen- 
mentally, and polystyrenes used in fl~s experhnei~ obey well the 
Rouse-Zimm model in a good solvent. This paper was supported 
by WoosLk University. 

N O M E N C L A T U R E  

A : integration constant in orientation distribution function 

a : a segment length of Kutm and CJrun's flexible polsaner 
chain model 

B~, B2, B3: adjustable parameters in Table 1 
c ,C  

CO 

d, e, f, g 

L(k) 
M 
N 

: number and weight concentration of polbnner solution 
: C O S O  

: adjustabIe parameters m TabIe 1 
: unit te~lsor 
: Langevm fi_mction 
: molecular weight 
: nLrnber of segments of KWnn and Crrun's flexible poly- 
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~NT A 

n,, 
h i ,  I"i2 

R 
< 
R~,R, 

S0 

T 
T,j 
u, 

Xj 

mer chain model 
: Avoga&o number 
: refractive index tensor 
:refractive index of principal directions in polymer seg- 

ment frame 
: (2n2+nl)/3 
: gas constant 
: end-to-end distance of  flexible polymer chain 
: x- and y-component of end-to-end distance of flexible 

polymer chain 
: sin@ 
: temperature 
: rotation tensor 
: unit vector of  i-th segment of flexible polymer chain 
mo&l 

: polymer segment axes 

Greek Letters 
0~ 

0~,, 0~ 

? 

Acz 
An 

b] 

z 

< >  

:polarizability 
: poMizability tensom in lab. fi-mne and pol3aner segment 
: polarizabilities parallel and perpendicular to the light 

direction 
: shear rate 
: difference between principal polarizabilities cq and cz 2 
: birefi-ingence 
: Kronecker delta 
: solvent viscosity 
: intrinsic viscosity 
: friction factor of  a polymer 
: extinction angIe of polymer solution 
: orientation distribution function 
: average over orientation distribution function 
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