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Abstract—The objective of this study is to develop a systematic method to determine molecular weight and its dis-
tribution of flexible chain polymer by birefringence experiments. Using the random walk model, birefritagemck
orientation anglex have been optically obtained as functions of molecular weights. To confirm the theory, poly-
styrene solutions with different molecular weights dissolved in polychlorinated biphenyl were experimented by the
phase-modulated flow birefringence (PMFB) method. Birefringence of polystyrene solutions is proportional to
» cM{)W, and cot(x) to (ZC.M.“S/BlzC.MfO'Z)/- The experimental results agreed well with the theoretical predic-
tions proposed in this study.
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INTRODUCTION ments has been already reported in the previous work [Oh et al.,
2000], where a rigid rod-like polymer was studied.

Molecular weight (MW) and its distribution (MWD) of poly- The polarimetry technique is one of the typical rheo-optical meas-
mers have a considerable effect on macroscopic properties of polyprements which is popular for polymer solutions. This method is
mer, such as toughness, tensile strength, adherence and envirdo-measure the shape of polarized light through the sample. In reality,
mental resistance, etc. [Nunes et al., 1982]. There are various tecthe change in light intensity caused by the modulated polarized light
niques for measuring MW, such as membrane osmometry, light scais measured rather than the shape of polarized light itself. In this
tering, ultra-centrifugation, etc., but the measurement of MWD isstudy, as in previous works, birefringence and orientation angle were
somewhat restricted. One of the more popular measurement techeasured by the phase-modulated flow birefringence (PMFB) meth-
niques for MWD is gel permeation chromatography (GPC) and otheod [Frattini and Fuller, 1984; Oh and Park, 1992]. PMFB method,
is the dynamic modulus measurement which was proposed by Wwhich is one of polarimetry methods, has many merits compared
in order to measure MWD of insoluble polymers [Wu, 1985; Mc- with the conventional ones. It is possible to obtain quite precise and
Grory and Tuminello, 1990]. To investigate the conformation of accurate experimental results within a relatively short experimental
flexible polymer chain, several polymer models can be consideredime. It is also possible to adopt this method in order to character-
For instance, if one considers the flexible polymer model dissolvedze polymers with different chain structures.
in B solvent, the relationship between the polymer size represented It is well known that MW and MWD of polymers have strong
by end-to-end distance and molecular weight can be obtained alorimpact on physical or rheological properties of polymers. There-
with the ideal molecular models. For the examination of the poly-fore, prediction of molecular weight and its distribution of polymer
mer conformation in transparent polymer solutions, two optical func-is important in fields of polymer processing. We have successfully
tions of birefringence and orientation angle are often used as effe@xamined bimodally dispersed polymer solutions by the flow bire-
tive experimental means [Frattini and Fuller, 1984]. These two func{ringence and orientation angle measurements [Oh and Park, 1992].
tions could be also usefully applied for polymer characterization inlt was based on the fact that when the flow is removed from the
polymer film processes [Park et al., 2001]. In order to predict theflowing solution its relaxation of the orientation would mainly de-
birefringence and orientation angle of polymer solutions, theorypend on the length of rigid polymer, i.e., the molecular weight. In
relating refractive index, which is a macroscopic property, with mi-order to analyze multi-modal or polydisperse distribution, a more
croscopic properties such as polarizability or molecular conforma-generalized molecular model is hecessary in the first place. In this
tion is necessary. Park has obtained analytic expressions of rhestudy we adopt an ideal molecular model for the flexible polymer
optical properties given as function of shear rate in weak flow fieldschain and investigate the rheo-optical properties as functions of its
[Park, 1989], and Kwon showed that experimental results on thenolecular weight and distribution based on this model.
rheo-optical properties according to shear rate have agreed well with
the previous analytic ones [Kwon et al., 1999]. A method deter- THEORY
mining molecular weight and its distribution from optical experi-

For the prediction of optical properties of a polymer solution,
To whom correspondence should be addressed. microscopic properties such as molecular polarizability and con-
E-mail: oopark@sorak.kaist.ac.kr formation should be considered. Many polymers can be treated as
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Ar In the above, is Kronecker delta. Contribution af to the labora-
Light tory frame may be divided into the polarizabilities paraileland
Direction perpendiculam,, to the z-axis of the light direction.

Chain Segment

a,=0,+Aac, (%)

Polymer Chain 0, =0, +AASiC, (6)

The polarizability of the entire chain is the summation of this polar-
izability over all the segments.

\ 4

<0;>=No,l;+NAa<uu>, @)

where the angular brackets < > represent the average over an ori-
entation distribution functiok(6, @ r), which describes the proba-
bility of a particular orientation of each segment. We use the follow-
ing distribution function for the random walk model which Kuhn

Fig. 1. Kuhn-G del of a flexible pol hain. In a labora- .
ig uhn-Grun model of a flexible polymer chain. In a labora: and Grun derived.

tory frame, light is transmitted perpendicularly to the shear
flow field through a polymer solution.

w(o, ¢; R) :Aexp%coseg (8)
a flexible polymer chain but they exhibit more complex circum- ) o ) ]
stances than the rigid rod polymers do. Janescitz-Kriegl [1969] protiéré A is a normalization constant andiskthe end-to-end dis-
posed a model to examine the optical anisotropy of a flexible poly-fance of a polymer chain, given by

mer chain, which is pictured in Fig. 1. A flexible polymer chain is B .
modeled as a sequence of N segments that are attached through freely;_ =NIZ d(f 0 LPacosBsmede.
rotating joints. Each segment has a leagitvhen the incident light [ dgy Wsinbdd

is traversing along the z axis, each segment can be taken to have = . ) ) ) )
a uniaxial polarizabilityet$, of the following form in a frame coaxial R/Nais simply obtained in the form of Langevin function L(K) de-

©)

with its principal directions. fined as
R./Na=L(k)=coth(k)-1/k, k=3R/Na. (10)
a,0 0| (0,00
a$={0a,0[=0a,0 +3D0E;, @ Use Qf the Kuhn anql Grun's distribution function giyes avgraged
00al [00a contributions of polarizability, &> and <>, for the entire chain.
wherea,, Aa and E are as follows. <a>=Na, +2NAG% ‘L—l((@% (1)
0,=(20,+a,)/3, <a>=Na, -NAa 2 _LK)g
Aa=a,-a,, @ B k0O
-1 00 When 3R/Na<<1, Langevin function can be approximated as a
andE;=| 0-1 ol polynomial by Taylor series expansion.
0 0 2

Polarizability,a, obtained in the frame of a polymer segment 3 Sa &

should be expressed in the laboratory frame. When the unit vectdfinally, using the above approximation, polarizability of the entire
u of the principal direction of a segment is oriented at the polar ancthain Ay, is given as follows.
azimuthal angle8, @ in the laboratory frame, as follows,

Ay:<a,>—<ar>:§NAa@D2. (13)
U=(SCp S5 C). ) 5~ INad
where the shorthang=sin® and ¢=cod) are usedy} can be trans- Optical properties of a polymer solution can be examined through
formed. into the polarizability tensat in the laboratory frame using  two optical functions, birefringend and orientation angje Re-
a rotation tensor;T fractive index tensor;rin the frame of a polymer segment is ex-

pressed in the similar way as follows, corresponding to Eq. (1).
Sy CeCy SeCyl [0, 0 O||S, —¢C, O

al =T asT, = ~C, CoS, SeSy|1'0 O, O[HC,LC, CoS, ~Se n, =n.5, +1(n1—n2)E,J. (14)
0O -—sp Co||0 00y |SCyp S6Sy Co 3
, Here nis (2n+n)/3 and r, n, represent the refractive indices with
SiCo  SiCiSy CoSiCy respect to polymer axesand x, respectively. A qualitative deriva-
=020, *AAle,s, S, Cses,| 9205 FAA (L) @) tion of difference of refractive indicess,, was given in the pre-
CoS6Cp CoSeCp  Co vious work, which was derived using the Lorentz-Lorenz formula
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for the isotropic material. Detailed calculations for R-<R> and <RR > are well explained
on(re +2) +2) in the paper of Peterlin [1963]. Egs. (23) and (25) can be written
n,—n,= on. cAy. (15) into a general form,
—_ 2 — 2 —_
Refractive index tensor s of the entire chain to the laboratory <R>-<RP>=peil, 2<RR>=el, (@6)
frame is given corresponding to Eq. (7). where p has a value between 0 and 1. Use of Eqg. (26) giveg tan(2
andAn expressed in terms of molecular weight and intrinsic viscos-
<n,>=Na,l;+N(n,—ny)<uu>. (16) ity.
Above refractive index tensor can be decomposed into compo- RTS (@/NIM ],
nents parallel and perpendicular to the plane normal to the light di- tan(2() =——&—————y" (27)
rection in a given system. When the light is traversing along z axis, PMloy (e/NIMiTn]
the birefringencé\n, the difference in the eigenvalues of the real _am(n® +2)°
part of refractive index tensor and orientation aggldefined in An= 45RTn, A a{ 3 (c/NIM, [n1}*
the laboratory frame are given as follows: 2 2-1/2
2<uu> 3p|20Tyz(°/N IMi[n] D} (28)
tan( X) =———"=-, 7
<> <uy>

The number of segments N and intrinsic viscogiafe replaced
An=(n,—n,)[(<u’> —<uj>)2+4<uxuy>2]“. (18) by the following model equations, which are all the functions of

the average molecular weight.
Because average polarizabilities are determined from the end-to-

end distance of a flexible polymer chain, it is necessary to analyze i) Rouse model,
molecular. weight and !ts dlstnbut.lon qf a polymén andy for [N]=N,N2&L/36Mn.. (29)
the polydisperse solution are written into

i) Rouse-Zimm model in thé solvent,
25 cAy<uu,>,

tan( %) = (19) [N]=0.425N,N*2/M. (30)

Z(CIAVI<U§>I _CIAVI<U§>I ’
. iii) Rouse-Zimm model in the good solvent
_2m(n;+2)

2y — 2_\2 2\1Y2
An on, [> chyi(<u> —<u>)"+4(5 cAy<uu,>%)] " (20) [N]=N,N"&/M. 31)

Here i is a summation index for different polymer chain sizes andBY using the above equations of (29)-(31), trgdAn are finally
¢ the number of macromolecules per unit volume of polymer solu-€xpressed in the following form.
tion. By substituting the result dfy of Eqg. (13) into above equa-

: . . cM!
tions, we finally obtain tan(2) =B {%E T ;}y (32)
¢ 25 (6/N)<RR> o1
= 2 2 2.V2
ATy vsr——" G an=Bl(zaM) (B3 oMV Y (33)
(e +2)° Here B, B,, B, d, e, f, and g are adjustable parameters indepen-
An==——=-—Aa[¥ (c/N)(<R> ~<R’>)’ dent on molecular weight and are determined by the corresponding
154n, L
molecular model. These are given in Table 1.
+4(5 (6/N)<RR>)]" (22)
R=Ru, and R=R.u, are used instead of and y To obtain the  rpje 1. Adjustable parameters on birefringence and orientation
expressions for <R-—<R*> and <RR >, we consider two typical angle in Egs. (32) and (33)
models for a flexible polymer. First one is the Rouse model [Zimm, - -
. . . L . Rouse-Zimm modeRouse-Zimm model
1956], in which N beads andHil springs are freely jointed. This Rouse model . .
. . . . in the® solvent in the good solvent
model does not include either the excluded volume interaction or
the hydrodynamic interaction. B, 36RT 235 RT RT
N,a’C ' N,a N,a
<Rf>_<R5>=0-LE2/u, 2<R<Ry>:8/u- (23) p A pr]O A pr]O A
g TN *2)AANZ . fni+2)'AaN, 4m(n;*+2)'AaN,
e=M[n]ny/RT, p=(3/2)R. (24) ?  405RTnan, RTna 45RTnha
Here M is molecular weight of a segmenf, §¢ndn, are the in- pN,a’l Er]ONAa3 EY]ONAa3
trinsic viscosity and the solvent viscosity, arid the shear rate. R B, 54RT 0.28 0.28
is the gas constant and T is the absolute temperature. If we adogt 0 05 0.2
the Rouse-Zimm model in order to take into account the hydrody, 2 1 1.6
namic interactions between segments, the results are f 0 -05 -0.2
<R2>-<R2>=0.Z%|, 2<RR>=¢/. (25) g 2 1 16
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Table 2. Code name of polystyrene solutions used in this study

Weight concentration

M.W.
500 ppm 1,000 ppm
(1) 20,000,000 PS1L PS1H
(2) 7,600,000 PS2L PS2H
@+ PSCL PSCH

EXPERIMENTAL

To measure birefringence and orientation angle of polymer solu:
tions, phase-modulated flow birefringence (PMFB) experiments
were performed. The PMFB method has been proven to be a va.

An /Conc. (x 107)

uable tool for evaluating molecular models of polymer solutions in Fig.

well-defined flow fields. This technique is capable of measuring

both the flow-induced birefringence and average orientation angle
simultaneously, which has been reported in detail for the bimodal
polymer solutions in a previous paper by Oh and Park [2000]. A
flow cell of coaxial cylinders was used in the experiments to make
a stable shear flow.

Polymer solutions used in PMFB experiments have some gen
eral restrictions. To avoid light 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 little or nc
form birefringence due to the difference in refractive indices betweer
polymer and solvent. Polystyrene (Polysciences, Inc.) is selected ¢
a model of the flexible polymer chain which can be dissolved in
polychlorinated biphenyl (PCB). They possess very small polydis-
persity indices less than about 1.1 that they could be considered
monodisperse ones. Since PCB has a high viscosity, a stable she
flow field is easily obtained in case of the dilute polymer solutions.
All experiments were performed at room temperature of abéat 20

An (x107)
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2. Steady state flow birefringence plotted as a function of the
square of shear ratey’, for polystyrene solutions of differ-
ent concentrations (MW=20x16, @ for PS1L and O for

PS1H).
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Sample solutions used in this study are summarized in Table 2. Esig. 3. Molecular weight dependences of birefringence for poly-
styrene solutions with different Molecular weights (O for
PS1H of MW=20%16, A for PS2H of MW=7.6x16, and
<> for PSCH of equal weight ratio of PS1H and PS2H).

pecially, sample solutions were carefully weighed in order to mini-
mize any errors in the analysis.

RESULTS AND DISCUSSION

In the theory, two optical functions, birefringerie and orien-

Effects of molecular weight aAn are shown in Fig. 3. Solu-

tions PS1H and PS2H, which have polydispersities less than about

tation anglex, have been expressed in terms of molecular weightl.1, can be assumed to be monodisperse. Solution PSCH stands
and its distribution. Using these results, birefringence and orientafor a sample mixed with PS1H and PS2H by the weight ratio of
tion angle obtained from PMFB experiments were examined orl : 1. Solution PSCH was prepared to examine the bimodal sys-

the shear flow field, with various concentrations and polymer mol-tem. In all cases, birefringence is in proportiogtto

ecular weights.

were dissolved in PCB at concentrations of 500 and 1,000 ppm (Sam

Theoretical expression on birefringence obtained by using the
Fig. 2 shows the shear rate dependence of birefringence of polyRouse-Zimm model in the good solvent is now considered. From

styrene solutions. PMFB experiments are often experimented in dithe experimental results of birefringence proportionat,ti can

lute solutions in order to exclude the hydrodynamic interactions inbe said thaf ¢ M *<<B,Y (cM;9)*’ in Eq. (33). Thus it may sim-

concentrated solutions. In the experiments of Fig. 2, polystyreneglified as follows.

ple Code Names, PS1L and PS1H). Birefringence is proportional AnD (3 eM)y*

to square shear ragéup to the strength of 200 Seexperimented.

34)

In analyses of effects of molecular weight/om it is convenient

Two series of hirefringence curves with different concentrations;, replace the number concentratiphycthe weight concentration

coincide with each other#n is normalized with its concentration.

C. Eq. (34) can be rewritten by expressiig M

This proportionality of birefringence to the concentration Meansgq (33) becomes

that these concentrations are in the limit of hydrodynamically dilute
regime.

March, 2002
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Fig. 4. Plot of An/M™° normalized by a maximum value of exper-  Fig. 6. Plot of cot(2X)/(M M ™) normalized by a maximum
imented PS1H data. value of experimented PS1H data.
30 — CONCLUSION
o
25 + : o+ On the polymer solution with a flexible chain, effects of molec-
. e’ 5 ular weight on two optical functions, birefringence and orientation
20 + angle, were investigated. Birefringence and orientation angle hav-
~ 59 °, ing the following dependence of molecular weight were derived
S 15t Q for the Rouse-Zimm model in the good solvent.
8 . ANO[(T 6M, % +(B,Y cM*) " (36)
10 - R e} + PSIL Zq i SZ (R y
o o cot(2) O[Y (€MIY3 (M )]y (37)
5r @
s @ In order to confirm the above theory obtained from the flexible chain
0b o ; s . s ; ‘ n model, dilute polystyrene solutions with ultrahigh molecular weight
0 50 100 150 200 were experimented and the following results were obtained. Bire-
Fig. 5. cot(%) versus shear ratey for polystyrene solutions of MW fringence showed linear increment on the concentration and pro-

AVM™ vs.y was plotted in Fig. 4 on PS solutions having differ-

=20x10 at different concentrations @ for PS1L and O
for PS1H).

ent MW and MWD. Single master curve of birefringencg tould
be obtained as shown. In the figure, birefringence results were noamining the molecular weight and its distribution of polymer solu-
malized by maximum values of PS1H solution. It can be conclu-tions with flexible chain was established theoretically and experi-
sively said that the Rouse-Zimm model in the good solvent representmentally, and polystyrenes used in this experiments obey well the

well th
Fig.

e birefringence of PS solutions.
5 shows experimental results of orientation aggberre-

portionality to the shear rate. Results of the birefringence showed
the molecular weight dependence according to the theory and were
superimposed on a master curve. Orientation angle was indepen-
dent on the concentration of solutions, of which results coincided
with the theory. In conclusion, it can be said that the method ex-

Rouse-Zimm model in a good solvent. This paper was supported
by Woosuk University.

sponding to above birefringence results. got{® independent on

the polymer solution’s concentration and is proportion to shear rate

y, which is coincident with Eq. (32). The slope of coi® y in

the Figure isy cM;/B,5> cM,** according to Eq. (32). Here B A

is a constant independent on molecular weight and solution’s con-

centration. a
Effect of molecular weight on the orientation angle is seen in Fig.

6. The orientation angle converges to the shear flow direction of B,, B,, Bs:

O as the flow becomes strong. In experiments using different molece, C

ular weights, cot(® depends linearly on shear rgtdn cases of ¢,
monodisperse solutions of PS1H and PS2H, joig2roportional
to M™%, and in case of using the bimodal solution of PSCH, pro-I;

portional toy ¢ M7y cM;** . Therefore, all the results seen in the L(k)

figure are well agreed with a single master curve normalized byM
maximum values of PS1H solution. N

d,efg

NOMENCLATURE

: integration constant in orientation distribution function

paCACRY

: a segment length of Kuhn and Grun'’s flexible polymer

chain model
adjustable parameters in Table 1

: number and weight concentration of polymer solution
:cod
: adjustable parameters in Table 1
> unit tensor
: Langevin function
: molecular weight
: number of segments of Kuhn and Grun'’s flexible poly-
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mer chain model Birefringence; A Promising Rheo-Optical Methadl; Rheology
N4 : Avogadro number 28,61 (1984).
n : refractive index tensor Janeschitz-Kriegl, H., “Flow Birefringence of Elastico-Viscous Poly-
n, n, : refractive index of principal directions in polymer seg- mer SystemsAdv. Polymer Sci6, 178 (1969).

ment frame Kwon, M. M., Lee, Y. S. and Park, O. O., “Experimental Electrohydro-
n, : (2n+n)/3 dynamics of Poly¢benzyl-L-glutamate) in M-cresol Solution Sub-
R : gas constant jected to Shear Flow and Electric Fieldsitean J. Chem. End.6,
R, . end-to-end distance of flexible polymer chain 265 (1999).
R R :x-andy-component of end-to-end distance of flexible McGrory, W. J. and Tuminello, W. H., “Determining the Molecular

polymer chain Weight Distribution from the Stress Relaxation Properties of a Melt;
S . sird J. Rheology34, 867 (1990).
T : temperature Nunes, R. W., Martin, J. R. and Johnsons, J. F., “Influence of Molecular
T; : rotation tensor Weight Distributions on Mechanical Properties of Polymersy-
U : unit vector ofi-th segment of flexible polymer chain mer Eng. Sci22(4), 193 (1982).

model Oh, Y. R. and Park, O. O., “Transient Flow Birefringence of Calf Skin
X : polymer segment axes Collagen Solutiony). Chem. Eng. of JapaR5(3), 243 (1992).

Oh, Y.R, Leg, Y. S., Kwon, M. H. and Park, O. O., “Determination of

Greek Letters Molecular Weight and Its Distribution of Rigid-Rod Polymers Deter-
a : polarizability mined by Phase-Modulated Flow Birefringence Techniguply-
af,af : polarizability tensors in lab. frame and polymer segment  mer Science38(4), 509 (2000).
0,0, :polarizabilities parallel and perpendicular to the light Park, O.O., Kim, S.W,, Park, C.I. and Yang, S. M., “Analysis of the

direction Bowing Phenomenon in the Tenter Process of Biaxially Oriented
% : shear rate Polypropylene FilmKorean J. Chem. Endl8, 317 (2001).
Aa . difference between principal polarizabilitesanda, Park, O. O., “Flexible and Rigid Macromolecules in Shear and Electric
An : birefringence Fields;Korean J. Chem. Engb, 282 (1989).
o : Kronecker delta Peterlin, A., “Mean Dimensions of Macromolecular Coil in Laminar
Ns : solvent viscosity Flow; J. Chemical Physi¢c89, 224 (1963).
[n] : intrinsic viscosity Wu, S., “Polymer Molecular-Weight Distribution from Dynamic Melt
C : friction factor of a polymer Viscosity, Polymer Eng. Sci252), 122 (1985).
X . extinction angle of polymer solution Zimm, B. H., “Dynamics of Polymer Molecules in Dilute Solution: Vis-
v : orientation distribution function coelasticity, Flow Birefringence and Dielectric Logs;Chemical
<> : average over orientation distribution functién Physics24, 269 (1956).
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