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Abstract—The objective of this study 1s to develop a systematic method to determine molecular weight and its dis-
tribution of flexible chain polymer by birefringence expeniments. Using the random walk model, birefringence An and
orientation angle ¥ have been optically obtained as functions of molecular weights. Te 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
(S e MY, and cot(2) to (¥ e MYB, > oM, *?)y. The experimental results agreed well with the theoretical predic-

tions proposed in this study.
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INTRODUCTION

Molecular weight (MW) and its distribution (MWD) of poly-
mers have a considerable effect on macroscopic properties of poly-
mer, such as toughness, tensile strength, adherence and environ-
mental resistance, etc. [Nunes et al, 1982)]. There are various tech-
niques for measuring MW, such as membrane osmometry, light scat-
termg, ultra-centrifugation, etc., but the measurement of MWD is
somewhat restricted. One of the more popular measurement tech-
nuques for MWD 15 gel permeation chromatography (GPC) and other
15 the dynamic modulus measurement which was proposed by Wu
m order to measure MWD of msoluble polymers [Wu, 1985; Mc-
Grory and Tuminello, 1990]. To mvestigate the conformation of
flexible polymer chain, several polymer models can be considered.
For mstance, if one considers the flexible polymer model dissolved
m O solvent, the relationship between the polymer size represented
by end-to-end distance and molecular weight can be obtained along
with the 1deal molecular models. For the exammation of the poly-
mer conformation m transparent polymer solutions, two optical func-
tions of birefringence and onentation angle are often used as effec-
tive experimental means [Frattmi and Fuller, 1984]. These two func-
tions could be also usefully applied for polymer characterization mn
polymer film processes [Park et al, 2001]. In order to predict the
brrefringence and orientation angle of polymer solutions, theory
relating refractive mdex, which 1s a macroscopic property, with mi-
croscopic properties such as polarizability or molecular conforma-
tion 18 necessary. Park has obtamed analytic expressions of rheo-
optical properties given as function of sheer rate m weak flow fields
[Park, 1989], and Kwon showed that expermmental results on the
theo-optical properties according to shear rate have agreed well with
the previous analytic ones [Kwon et al, 1999]. A method deter-
mumimg molecular weight and 1ts distribution from optical experi-
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ments has been already reported mn the previous work [Oh et al,
2000], where a rigid rod-like polymer was studied.

The polarmetry techmique 1s one of the typical theo-optical meas-
urements which is popular for polymer solutions. This method 1s
to measure the shape of polarized Light through the sample. In reality,
the change m hght mntensity caused by the modulated polarized Lght
1s measured rather than the shape of polanized light itself. In this
study, as m previous works, birefrmgence and orentation angle were
measured by the phase-modulated flow brefringence (PMFB) meth-
od [Frattmi and Fuller, 1984; Oh and Park, 1992]. PMFB method,
which 1s one of polarimetry methods, has many merits compared
with the conventional ones. It 1s possible to obtain quite precise and
accurate experimental results withm a relatively short expermmental
time. It 15 also possible to adopt this method m order to character-
1ze polymers with different chain structures.

It 15 well known that MW and MWD of polymers have strong
mmpact on physical or theological properties of polymers. There-
fore, prediction of molecular weight and its distribution of polymer
1s mmportant n fields of polymer processmg. We have successfully
examined bimodally dispersed polymer solutions by the flow bire-
frimgence and orientation angle measurements [Oh and Park, 1992].
It was based on the fact that when the flow 1s removed from the
flowing solution 1ts relaxation of the orientation would mamly de-
pend on the length of rigid polymer; 1.e., the molecular weight. In
order to analyze multi-modal or polydisperse distribution, a more
generalized molecular model 1s necessary m the first place. In ths
study we adopt an 1deal molecular model for the flexible polymer
cham and mvestigate the theo-optical properties as functions of its
molecular weight and distribution based on this model.

THEORY

For the prediction of optical properties of a polymer solution,
microscopic properties such as molecular polarizability and con-
formation should be considered Many polymers can be treated as
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Fig. 1. Kuhn-Grun model of a flexible polymer chain. In a labora-
tory frame, light is transmitted perpendicularly to the shear
flow field through a polymer solution.

a flexible polymer cham but they exhibit more complex circum-
stances than the rigid rod polymers do. Janescitz-Krnieg] [1969] pro-
posed a model to examme the optical amsotropy of a flexible poly-
mer chair, which 1s pictured i1 Fig. 1. A flexible polymer chain is
modeled as a sequence of N segments that are attached through freely
rotating jonts. Each segment has a length a. When the mcident light
1s traversing along the z axis, each segment can be taken to have
a uniaxial polarizability, of, of the following form ina frame coaxial
with its principal directions.

o 0 0| |, 00
=0 o, 0|=|0c, 0 *3A0E,, M
00| [0 0

where ¢, Ad and E, are as follows.

0,=(206+04)/3,

Ao=04— o1, @
-1 00

and Ey=| 0-1 0}
002

Polarizability, o, obtained in the frame of a polymer segment
should be expressed in the laboratory frame. When the urut vector
u, of the prmeipal direction of a segment 1s oriented at the polar and
azimuthal angles 8, ¢ in the laboratory frame, as follows,

U=(544, S5y, Co), ©)

where the shorthand s,~sin® and c,=cos6 are used, ¢ can be trans-
formed into the polarizability tensor o, in the laboratory frame using
a rotation tensor T
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In the above, 5,j 1s Kronecker delta. Contribution of OCfJ, to the labora-
tory frame may be divided mto the polarizabilities parallel, o, and
perpendicular, ¢, to the z-axis of the light direction.
04=04+A0IC, ©)]
o4 =0, +Aotsicl. ©
The polanizability of the entire chain is the summation of this polar-
1zability over all the segments.

<o, >=Nog,] +NAc<uy>, M

where the angular brackets < > represent the average over an ori-
entation distribution function (8, ¢; r), which describes the proba-
bility of a particular orientation of each segment. We use the follow-
g distribution function for the random walk model which Kuhn
and Grun derived.

W(8, ¢, R,) =Aexp(%cos@). ®)

Here A 13 a nommalization constant and R, 1s the end-to-end dis-
tance of a polymer chairy, given by

J;nd(bj: WacosOsinbdod
[I" do[[ WsinBde

R,=N ®

R./Na 1s simply obtained m the form of Lengevin function L(k) de-
fined as

R./Na=L(k)=coth(k)— I/k, k=3R_/Na. (10)

Use of the Kuln end Grun’s distribution function gives averaged
contributions of polarizability, <¢4> and <¢,>, for the entire cham.

<o> =Na, +2NAO¢@ _gkk))’ (1D
<o,>=Nc, —NAOLG —%k))

When 3R,/Na<<1, Langevin function can be approximated as a
polynomial by Taylor series expansion.
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Fially, using the above approxmmation, polarizability of the entire
cham, Ay, 1s given as follows.

2
Ay=<ct>— <o >= %NAOL(I%J . (13)

Optical properties of a polymer solution can be exemmed through
two optical functions, birefringence An and orientation angle 7, Re-
fractive index tensor n, in the frame of a polymer segment 15 ex-
pressed 1 the similar way as follows, corresponding to Eq. (1).

1
nij :1'1“6,']‘ + 3(1’11 _HZ)EFJ" (14)

Here n, 1s (2n,+1y,)/3 and n,, 0, represent the refractive mdices with
respect to polymer axes x, and x,, respectively. A qualitative deriva-
tion of difference of refractive mdices, n,—1,, was given m the pre-
vious work, which was denived using the Lorentz-Lorenz formula
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for the 1sotropic material.

2 2
_2n(n, +2) cAY.

m-n on

(15)
Refractive mdex tensor <n,> of the entire chamn to the laboratory
frame 1s given corresponding to Eq. (7).

<n,>=No,[ +N(n,—n,)<uu>. (16)

Above refractive mdex tensor can be decomposed mto compo-
nents paralle]l and perpendicular to the plane normal to the Iight di-
rection n a given system. When the light 1s traversing along z axis,
the brefringence An, the difference in the eigenvalues of the real
part of refractive mdex tensor and orentation angle %, defmed m
the laboratory frame are given as follows:

2<u,u,>
tan(2y) =————, an
<u,> —<u,>
An=(n, ) [(<wl> —<wf>)’ +d<uu, > oty

Because average polarizabilities are determined from the end-to-
end distance of a flexible polymer chain, it 15 necessary to analyze
molecular weight and its distribution of a polymer. An and ¥y for
the polydisperse solution are written mto

2¥ e Ay<uu>,
z(C,AYKUZ > —c,.Ay,-<u;>,.)°

tan(2y) = 19

_2m(m+2)° . 22 i
An="20 = [ Fe A< —<u>) + 4 e Ay <uu, )] (20)

Here 1 1s a summation index for different polymer cham sizes and
¢, the mumber of macromolecules per urit volume of polymer solu-
tion. By substituting the result of Ay of Eq. (13) mto above equa-
tions, we finally obtain

tan(2x) — ZZ(CI‘/NI')2<RXRJ'>; , (21)
E(CE/NE)(<RX>E _<Ry>i)
An =2t s (0 N (<RE —<REY
15a'n,
+4(T(e/N)<RR,>)]” 22)

R,=R.u, and R,=R,u, are used mstead of u, and u, To obtain the
expressions for <R,>—<R > and <R R >, we consider two typical
models for a flexible polymer. Fist one is the Rouse model [Zimm,
1956], m which N beads and N—1 springs are freely jomted Thus
mode] does not mclhude either the excluded volume mteraction or
the hydrodynamic nteraction

<RI>—<RI>=04¢/u, 2<R R >=¢/u. (23)
e=M[nIney/RT, u=(3/2)R;. 24

Here M 1s molecular weight of a segment, [n] and 1, are the m-
tninsic viscosity and the solvent viscosity, and ¥ is the shear rate. R
1s the gas constant and T 1s the absolute temperature. If we adopt
the Rouse-Zimm model m order to take mto account the hydrody-
namic mteractions between segments, the results are

<RE>-<R2>=02¢"y, 2<R R >=¢/jL. (25

Detailed calculations for <RZ>—<R>> and <R,R,> are well explained
1 the paper of Peterhin [1963]. Egs. (23) and (25) can be written
mto a general form,

<RZ>—<RZ>=pe/y, 2<R,R >=e/l, (26)

where p has a value between 0 and 1. Use of Eq. (26) gives tan(Z))
and An expressed in terms of molecular weight and intrnsic viscos-
iy

RT 2(c/N)OM[M], _,
P (e MM

tan(2y) = 27

_4n(n; +2)

A /NOM ]V
45RTr" o ¥ (c/NOM,[];}

An

172

+{%@2(e¢N?)M?me y (8)

The number of segments N and mtrinsic viscosity [1] are replaced
by the followmg model equations, which are all the functions of
the average molecular weight.

1) Rouse model,

[n]=N,N’a’(/36Mn,. 29
11} Rouse-Zimm model in the 8 solvent,

[M]=0.425N N>2a*/M. (30)
11) Rouse-Zimm model m the good solvent

M]=N, N 22’ B

By using the above equations of (29)-(31), tan(2y) and An are finally
expressed m the following form.

M)
tan<2x>—Bl[E(QMf)}y : 32)
An=B,[(Te M) +(B, Y e MO'¥] "y (33

Here B, B, B, d, e, f, and g are adjustable parameters mdepen-
dent on molecular weight and are determmed by the correspondmg
molecular model. These are given in Table 1.

Table 1. Adjustable parameters on birefringence and orientation
angle in Eqgs. 32) and (33)

Rouse-Zimm model Rouse-Zimm model

R del . :
cusemode inthe 6 solvent  in the good solvent
36RT 235 RT RT
1 pN,a'C T pMoNLa’ pMoN,a’
ol +2) AaN,{ 0 119(nf, +2YAaN, 4n(nl+2)°AaN,
*  405RTn,a™M, ' RTn.a 45RTn.a
2 3 3
B, pN.ag 0.2830e N2 0.28307eNs2
S54RT RT RT
d 0 -0.5 -0.2
e 2 1 1.6
f 0 -0.5 -0.2
g 2 1 1.6
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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 PSIL PSIH
(2) 7,600,000 PS2L PS2H
M+ PSCL PSCH
EXPERTMENTAL

To measure birefringence and crientation angle of polymer solu-
tions, phase-modulated flow brefringence (PMFB) experments
were performed. The PMFB method has been proven to be a val-
uable tool for evaluating molecular models of polymer solutions m
well-defmed flow fields. This techmque is capable of measuring
both the flow-induced birefringence and average orientation angle
simultaneously, which has been reported m detaul for the binodal
polymer solutions 1n a previous paper by Oh and Park [2000]. A
flow cell of coaxial cylinders was used m the experments to make
a stable shear flow.

Polymer solutions used in PMFB experiments have some gen-
eral restrictions. To avoid light scattermg, 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 no
form birefringence due to the difference m refractive mdices between
polymer and solvent. Polystyrene (Polysciences, Inc.) is selected as
a model of the flexible polymer cham which can be dissolved mn
polychlorinated biphenyl (PCB). They possess very small polydis-
persity indices less than about 1.1 that they could be considered as
monodisperse ones. Since PCB has a high viscosity, a stable shear
flow field 1s easily obtained m case of the dilute polymer solutions.
All experiments were performed at room temperature of about 20 °C.
Sample solutions used in this study are summarized m Table 2. Es-
pecially, sample solutions were carefully weighed m order to mirni-
mize any errors in the analysis.

RESULTS AND DISCUSSION

In the theory, two optical functions, birefringence An and orien-
tation angle 7, have been expressed m terms of molecular weight
and its distribution. Usmg these results, birefringence and orienta-
tionn angle obtained from PMFB experiments were examined on
the shear flow field, with various concentrations and polymer mol-
eculer weights.

Fig. 2 shows the shear rate dependence of birefringence of poly-
styrene solutions. PMFB experimerts are often experimented m di-
lute solutions mn order to exclude the hydrodynamic mteractions in
concentrated solutions. In the experiments of Fig. 2, polystyrenes
were dissolved n PCB at concentrations of 500 and 1,000 ppm (Sam-
ple Code Names, PS1L and PS1H). Birefrmgence 1 proportional
to square shear rare, ¥ up to the strength of 200 sec™ experimented.
Two series of brefringence curves with different concentrations
comcide with each other if An 15 normalized with its concentration.
This proportionality of brefringence to the concentration means
that these concentrations are 1 the himit of hydrodynamically dilute
regime.

March, 2002
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Fig. 2. Steady state flow birefringence plotted as a function of the
square of shear rate, ¥, for polystyrene solutions of differ-
ent concentrations (MW=20x10%; @ for PS1L and () for

PS1H).
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Fig. 3. Molecular weight dependences of birefringence for poly-
styrene solutions with different Molecular weights (() for
PS1H of MW =20x1(’, /\ for PS2H of MW=7.6x10’, and
< for PSCH of equal weight ratio of PS1H and PS2H).

Effects of molecular weight on An are shown m Fig. 3. Solu-
tions PS1H and PS2H, which have polydispersities less than about
1.1, can be assumed to be monodisperse. Solution PSCH stands
for a sample mixed with PS1H and PS2H by the weight ratio of
1:1. Solution PSCH was prepared to examine the bimodal sys-
tem. In all cases, birefringence is i proportion to Y.

Theoretical expression on birefringence obtained by using the
Rouse-Zimm model in the good solvent 1s now considered. From
the experimental results of birefringence proportional to 9, it can
be said that > ¢ M *<<B, > (¢ M, *)’Y in Bq. (33). Thus it may sim-
plfied as follows.

Ance (S oMW (34)

In analyses of effects of molecular weight on A, 1t 1s convernent
to replace the number concentration ¢, by the weight concentration
C, Bq (34) can be rewritten by expressing > C.M,* as M'®. Then
Eq. (33) becomes

An=B,BY’M"“y 35
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Fig. 4. Plot of An/M'® normalized by a maximum value of exper-
imented PS1H data.
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Fig. 5. cot(2)) versus shear rate 7y for polystyrene solutions of MW
=20x10° at different concentrations (@ for PS1L and ()
for PS1H).

AnvM' vs. ¥ was plotted in Fig, 4 on PS solutions having differ-
ent MW and MWD. Single master curve of birefringence to  could
be obtamed as shown In the figure, brrefringence results were nor-
malized by mexmmum values of PS1H solution It can be conclu-
sively said that the Rouse-Zimm model m the good solvent represents
well the birefrmgence of PS solutions.

Fig. 5 shows expenimental results of orentation angle % corre-
sponding to above brrefringence results. cot(2)) 1s ndependent on
the polymer solution’s concentration and 1s proportion to shear rate
v, which 15 comeident with Eq. (32). The slope of cot(2y) to yn
the Figure is Y.cM;*/B,Y.cM,”? according to Eq. (32). Here B,
1s a constant mdependent on molecular weight and solution’s con-
centration

Effect of molecular weight on the orientation angle is seen m Fig,
6. The orientation angle y converges to the shear flow direction of
0" as the flow becomes strong. In experiments using different molec-
ular weights, cot(2y) depends linearly on shear rate . In cases of
monodisperse solutions of PS1H and PS2H, cot(2) 1s proportional
to M"%, and in case of using the bimodal solution of PSCH, pro-
portional to >.¢,M,;*/Y ¢ M, " Therefore, all the results seen in the
figure are well agreed with a single master curve normalized by
maximum values of PSIH solution.
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Fig. 6. Plot of cot(2x)/(W/M_M) normalized by a maximum
value of experimented PS1H data.

CONCLUSION

On the polymer solution with a flexible chain, effects of molec-
ular weight on two optical functions, birefrmgence and orientation
angle, were mvestigated. Brefrmgence and onentation angle hav-
g the followmg dependence of molecular weight were derived
for the Rouse-Zimm model m the good solvent.

Anes [(Te M) +(B, T M)y 1 %y (36)
cot(2y) o< [T(eM YT (e M ")y 37

In order to confirm the above theory obtamed from the flexible chain
model, dilute polystyrene solutions with ultrahigh molecular weight
were experimented and the followmg results were obtained. Bire-
frimgence showed linear mecrement on the concentration and pro-
portionality to the shear rate. Results of the birefringence showed
the molecular weight dependence according to the theory and were
supermmposed on a master curve. Orientation angle was mdepen-
dent on the concentration of solutions, of which results comcided
with the theory. In conclusion, it can be said that the method ex-
amining the molecular weight and its distribution of polymer solu-
tions with flexible chain was established theoretically and experi-
mentally, and polystyrenes used m this expermments obey well the
Rouse-Zimm model m a good solvent This paper was supported
by Woosuk University.

NOMENCLATURE

A : mtegration constant i orientation distribution function
WO, ¢; 1)

a s asegment length of Kuhn and Grun’s flexible polymer
chain model

B,, B,, B;: adjustable parameters m Table 1

c,C : number and weight concentration of polymer solution

Co : cosB

d, e, f, g : adjustable parameters i Table 1

L : unit tensor

L) : Langevin function

M : molecular weight

N : number of segments of Kuln and Grun’s flexible poly-

Korean J. Chem. Eng.(Vol. 19, No. 2)
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mer chain model

N, . Avogadro number

I, : refractive mdex tensor

n, : refractive mdex of principal directions mn polymer seg-
ment frame

1, - (2ny+my)/3

R : gas constant

R, : end-to-end distance of flexible polymer chain

R..R, :x-andy-component of end-to-end distance of flexible
polymer chain

Sg : sinB

T : temperature

T, : rotation tensor

U : unit vector of i-th segment of flexible polymer chain
model

X, : polymer segment axes

Greek Letters
o : polarizability

ok, 0 polarizability tensors m lab. frame and polymer segment

Oy, o,  : polarizabilities parallel and perpendicular to the light
direction

¥ : shear rate

Ao : difference between principal polarizabilities o, and ¢,

An - birefringence

3, : Kronecker delta

. : solvent viscosity

Ml © INtrinsic viscosity

£ : friction factor of a polymer

X : extinction angle of polymer solution

¥ - orlentation distribution function

< > : average over orientation distribution function ¥
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