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Abstract

The orientation and deformation of polymer chains, in dilute solutions undergoing circular Couette flow, were measured by flow light
scattering (FLS) techniques. Analysis of the angular dissymmetry of the scattered light intensity allowed the determination of polymer chain
alignment in the flow direction, as well as a direct measurement of chain dimensions. The polymers were dissolved in several different
solvents to determine the effect of solvent quality on polymer coil conformation under shear. The polymer solutions all consisted of a nearly
monodisperse polystyrene sample ak3L0° g/mol molecular weight dissolved in various viscous solvents, including tricresyl phosphate,
dioctyl phthalate, and a mixed solvent of low molecular weight polystyréig £ 5780 g/mol) and dioctyl phthalate. There was a
pronounced dependence of chain conformation on the quality of the solvent, with poorer solvents allowing more orientation of the polymers
with the flow direction, as well as larger relative deformatio@sl999 Elsevier Science Ltd. All rights reserved.
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1. Introduction sing operations also include the use of mixed solvents,
which are then volatilized from the product in the final
The understanding of chain dynamics in polymeric fluids processing stages. Differences in solvent qualities of the
undergoing flow has long been an aim of non-Newtonian solvent components, as well as their volatilities, can affect
fluid mechanics and polymer science research. It is impor- the properties of the finished product.
tant to understand the dynamics of isolated polymer chains, Wide angle laser light scattering offers a direct method
since they dictate the bulk fluid behaviour in many proces- for the measurement of polymer chain dynamics. In quies-
sing applications and are related to the mechanisms bycent solutions, the technique has long been used for the
which flow instabilities occur. Several theories are available characterization of polymer molecular weight, second virial
for the predictions of such dynamics, but few experimental coefficient, and radius of gyration. The size and shape of an
measures are available for comparison. While the majority isolated polymer molecule can be determined by studying
of investigations have focussed on the rheological measure-the angular dissymmetry of scattered light, described by the
ments of bulk fluid behaviour and simulations of isolated molecule’s form factor or particle scattering factor. The
polymer chain dynamics, there have been few studies thattechnique can also be used for the characterization of poly-
detail the direct, experimental measurement of chain mer chain dynamics in flowing solutions, as first suggested
dynamics in real polymeric solutions. Once an understand- by Peterlin [1,2]. A few experimental results of this type are
ing of isolated chain dynamics is obtained, this knowledge available, including orientation of rigid rod-like particles in
can also be applied to theories for concentrated solutionsshear flow [3,4], dynamics of polymer chains in solution
and melts. under shear flow [5—-10], and polymer solutions in exten-
The dynamics of polymer molecules in solution as a func- sional flows [11,12]. In steady shearing flow of polymer
tion of the solvent quality also play an important role in solutions in nea® solvents, polymer chains were found
determining the behaviour of solutions in the complex to orient with the direction of flow according to the kinetic
flows of processing applications. In addition, many proces- theory model of Zimm [5-7,10]. In addition, the Zimm
model was found to correctly describe the molecular weight
* Corresponding author. scaling and polydispersity dependence of the orientation
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[10]. The amount of deformation measured by all research-

ers, however, was much less than predicted by any of the
linear bead-spring models examined. Even in the stronger

extensional flow field studied by Menasveta and Hoagland
[11,12], the polymer chains showed little stretching from

their equilibrium dimensions. Furthermore, Lee et al. [10]

found the molecular weight scaling and polydispersity

dependence of polymer chain deformation in shear flow in
near® solvents to be at odds with those predicted by linear
bead-spring kinetic theory models.

Here, we extend the flow light scattering studies of pre-
vious work [10] to include the effects of solvent quality on
the conformation of polymer chains, in steady shearing flow
between concentric cylinders. The fluids studied are dilute
solutions of a nominally monodisperse high molecular
weight polystyrene (HMPS) in a range of viscous solvents,
including dioctyl phthalate (DOP), tricresyl phosphate
(TCP), and a mixture of low molecular weight polystyrene
(LMPS) and dioctyl phthalate, denoted as LMPS/DOP. Both
orientation and deformation of the polymer chains in this
range of solvents will be discussed. It is worth noting that
there are a number of system constraints that make it diffi-
cult to find suitable polymer—solvent systems for this study.

These constraints include: (1) the need for a reasonably high
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Fig. 1. lllustration of the shape of a polymer coil in shear flow. The orienta-
tion angleyx and the flow plane angl¢’ are shown, for the specific (arbi-
trary) scattering anglé and shear cell position.

and the direction of increasing velocity gradient (see Fig. 1).
mis the orientation resistance of the polymer chains. Bossart
and Qtinger [13] have shown that for light scatteringhas
values of 1.0, 1.75 and 2.554 for the elastic dumbbell, Rouse
and Zimm models, respectivelg.in Eq. (1) is the dimen-
sionless shear rate given by:

N — [n]onsM

rRT T 2)

scattering contrast between the polymer and the solvent; (2)where ], is the zero shear rate intrinsic viscosity,is the
a close refractive index match between the solvent and thesolvent viscosityM is the molecular weighty is the dimen-

glass shearing cell; (3) high solvent viscosity to allow
experiments at high dimensionless shear rates at accessibl
rotation rates of the Couette cell; (4) a known or measurable
solvent quality that spans a range from poo&tdo good;

sional shear ratdR is the universal gas constant, ahd the
€emperature. None of these models takes into account
excluded volume interactions (i.e. solvent quality effects)
and, as such, are appropriate to describing@hmondition.

and (5) the absence of shear-induced scattering enhance- The deformation of the polymer molecules is character-

ment at low values of dimensionless shear rates. These con
siderations motivated our selection of the mixed solvent
system, LMPS/DOP.

2. Theory
2.1. Flow light scattering

Under shearing conditions that are strong enough to over-
come rotational diffusion, an isolated polymer chain in
solution will undergo a change from its equilibrium confor-
mation in quiescent solution. The polymer molecule will
orient to some degree with the direction of flow, and deform

in size and shape. The conformation changes can be chare=
acterized by measurements of the orientation angle or orien-

ized by three independent coil dimensions: the major axis
extension ratiog,, the minor axis extension rati@,, and

the neutral axis extension ratie,. These are defined as
follows:

_ s
e = (riz)o,l_a,b,c.

(riz)l’2 is the major, minor or neutral axis dimension, sub-
script@ denotes dimensions measured during shearing flow,
and subscript 0 denotes quiescent conditions. The overall
expansion ratio of the polymer can then be calculated from
the dimensions by the following equation:

|@+e+e (o)
3 RGN

©)

(4)

tation resistance, and chain extension and expansion ratioSyhere (ré)UZ is the radius of gyration of the polymer

The elastic dumbbell, Rouse, and Zimm kinetic theory
models give predictions of the orientation angle in the fol-
lowing form:

—_ ]_ /
tan 2(6 m)' )

where the orientation anglg is defined as the angle
between the major axis of the deformed polymer molecule

x =45+

molecule. The linear bead-spring models give predictions
of polymer chain deformation of the form;

()

with the same values of the orientation resistance as given
for the orientation angle predictions. Again, these predic-
tions do not include excluded volume effects.
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2.2. Mixed solvents 3. Experimental

For the case of the mixed solvent system, the light scat- 3.1. Materials
tering data is more difficult to analyse than for single solvent
systems. Typically, the solvent quality of each of the single  The solutions for the flow light scattering study were
solvents alone is different for the polymer in question. This composed of nearly monodisperse, high molecular weight
may result in preferential absorption of the better solvent polystyrene (HMPS) of 3 10° g/mol, dissolved in one of
into the polymer chain domain, and exclusion of the second three viscous solvents: dioctyl phthalate, tricresyl phosphate
solvent. In this situation, since the local solvent mixture in (both from Aldrich), or a mixed solvent of DOP and low
the sheath surrounding the polymer chain segments is of amolecular weight polystyrene (LMP$/},, = 5780 g/mol),
different composition from the solvent in the surrounding denoted as LMPS/DOP. Intrinsic viscosity measurements
area, the excess polarizability of the polymer coil (including for the HMPS/TCP system were performed on solutions
the absorbed solvent sheath) is not generally equal to theof nearly monodisperse polystyrenes of the following
difference in polarizabilities between the polymer and molecular weights (in g/mol): 6.7 10°, 9.0 X 10°,
the solvent [14]. They are only equal in the case where 1.5 x 10°, 2.0 X 10° and 2.0x 107; for the HMPS/DOP
the solvents are isorefractive. In this case, the light scatter-system afl = 13’C, nearly monodisperse polystyrenes of
ing data can be analysed in the same way as for singlethe following molecular weights were used (in g/mol):
solvent systems. In the system we studied, the two solvents1.29 X 10°, 4.0 X 10°, 7.0 X 10°, 1.5 x 10° and 3x 10°.
(DOP and LMPS) are not isorefractive. Furthermore, in our All polymer samples had polydispersity indices\df/M, =
system, the low molecular weight polymer species appears1.30 and were obtained from Pressure Chemical. Spectro-
in appreciable concentrations, so there is concern aboutphotometric grade toluene was purchased from Fisher
intermolecular interference between LMPS molecules and Chemical, and decahydronaphthalene (decalin) for the
other LMPS or HMPS molecules, as well as the typical refractive index matching bath for the light scattering
intramolecular interference of the HMPS molecules that is experiments was obtained from Aldrich.
present in the single solvent systems. In Appendix A we
show that, for our mixed solvent system, the light scattering 3.2. Sample preparation
can be described by the following equation:
For intrinsic viscosity measurements, the samples were

’ 2.2
lim K C2_ = 1+ 16w 2n (ré)apsirF(B/Z) , (6) used with no further preparation of either polymer or sol-
%0 ARy Mz qp 3\ vent. Samples for light scattering were prepared by the fol-
whereg; is the concentration of specigsAR, is the excess ~ lowing procedure. The polymer was first dissolved in
Rayleigh ration is the refractive index of the solutioh is spectrophotometric grade toluene filtered through @2

the wavelength of the incident laser light, ahi the scat-  Pore size PTFE syringe filters (Gelman Sciences). The
tering angle K’ is the optical constant defined by the fol- resulting solutions were then filtered a second time through

lowing equation: 1.0 um filters (Whatman). The toluene was volatilized from
- 5 the solutions in a vacuum oven at’@to obtain a clean, dry
" 27r_n(ﬂ> 7) polymer. The viscous solvent was then filtered through
NaXg \ dcz/ 0.2um pore size filters and added to the dry polymer. For

the mixed solvent system, the mixed solvent was prepared in
the manner as described above, and then added to the clean,
dry polymer without further filtration. The mixed solvent

(rf,)ap is the apparent radius of gyration of the HMPS
species, defined as:

- (r3) ®) consisted of 13 wt% LMPS and 87 wt% DOP. This is the
glap™ 2M2A, (cy)c? ’ same solvent used by Solomon and Muller, who reported
1- M2[1—4M1A2 2(C1, Co)Ci] intrinsic viscometry and quiescent static and dynamic light

scattering results [15].
andM, 5, is the apparent molecular weight of the HMPS,
defined as: 3.3. Intrinsic viscometry

_ 201 — 1A (D) 2

Ma,ap=Ma[1 = 4M1A; 150, — 2MiMy “Az p(e)erl- (9) The solvent qualities of the various solutions were eval-
In the above, the subscript 1 refers to the LMPS and 2 refersuated by intrinsic viscosity measurements and characterized
to the HMPS. The second virial coefficients that appear in by an excluded volume exponemt,defined by the scaling
Egs. (8) and (9) are defined in the appendix. Since the multi- relationship(rg)”2~M". Thus, » = 0.5 indicates® con-
component light scattering equations have the same form adlitions, » > 0.5 for good solvents and < 0.5 for poor
the binary system equations, the flow light scattering in the solvents. The intrinsic viscosity measurements were deter-
mixed solvent system can, therefore, be analysed in themined from fall times measured in a Schott Automatic
same way as the single solvent light scattering data. Viscometer (AVS 350), using an Ubbelohde viscometer
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and LED photo-diode detectors. The viscometer was 2
immersed in a recirculating water bath that regulated the
temperature to within 0°C. For the more viscous mixed
solvent, independent viscosity measurements on a torsional

viscometer (Rheometrics RFS with a Couette cell fixture) “
verified that the intrinsic viscosity was independent of the l | I
shear rate, over the range of shear rates produced in the
capillary [15]. In the less viscous single solvents, for all
but the highest molecular weight sample in TCP, an esti- shear cell
mate of the dimensionless shear rdia the capillary of the ]
viscometer suggest that the measured intrinsic viscosities
correspond to zero-shear-rate values. For the 20" g/

mol polystyrene in TCP, an estimate @fin the capillary

is approximately 20, suggesting that the zero-shear-rate index matching vat
intrinsic viscosity may be somewhat higher than the
measured value. This point was omitted in the determination
of the excluded volume exponent q

motor

| - translation
= — stages

Argon-ion Laser

b) detector

index matching vat

3.4. Light scattering

Static light scattering experiments were performed on a
Brookhaven Instruments system equipped with an Innova
70-2 argon ion laser, with wavelength, = 488 nm.
Quiescent solution samples were held in Pyrex sample
cells of 13 mm nominal diameter. Sample cells were
immersed in decalin for refractive index matching. The
temperature was regulated by a recirculating water bath to
within 0.1°C. The refractive index increment for the HMPS/
TCP system required for light scattering measurements was
determined to be midc = 0.0417 ml/g using a Brice—
Phoenix differential refractometer equipped with a mercury
arc lamp (and interpolating to the wavelength of the light Fig. 2. Flow light scattering apparatus: (a) side view, and (b) top viei;
scattering experiments). For the HMPS/DOP systamh d the shear cell position.
dc = 0.1095 ml/g, and for the HMPS/LMPS/DOP system
dn/dc, = 0.0980 ml/g. Zimm plots were constructed from constructed from a piece of glass tubing, closed on top by a
the quiescent solution light scattering measurements for stainless steel shaft and on the bottom by an anodized
each of the polymer—solvent systems. The concentrationaluminium cap. The cylinder was then filled with TCP to
range used for the quiescent solution light scattering experi- improve the refractive index match at the glass—liquid inter-
ments was between 0.0#5 = ¢ = 0.384*. Scattering face. The outer diameter of the inner cylinder was

shear cell

A

LASER

angles were varied between®48 6§ < 14(C, giving scatter- 28.575 mm. The outer cylinder had an inner diameter of
ing vectors between 1.3k 1072 nm™ = |g| = 3.60 X 31.75 mm and was closed on the bottom by an anodized
1072nm™ for DOP and LMPS/DOP solutions, and 1.37 aluminium cap. The shear cell was also immersed in TCP
X 10?2nm ' =|q| = 3.76 X 1072 nm™* for TCP solutions. in the light scattering vat to serve both index matching and
temperature control purposes. The geometry of the set-up
3.5. Flow light scattering and a schematic of the apparatus are shown in Fig. 2a and b.

For both HMPS/DOP rppop = 1.486) and HMPS/

A detailed description of the apparatus and techniques for LMPS/DOP (p wmpsipop = 1.498) systems, the original
the flow light scattering experiments are available in a pre- Couette shear cell constructed of Corning 7740 glass was
vious publication [10]. In addition to the shear cell used for used (pgass = 1.474). The outer cylinder had an inner
the FLS experiments in the previous publication, an diameter of 33 mm, while the inner cylinder was a solid
additional concentric cylinder Couette cell was fashioned glass rod with a diameter of 30 mm. The shear cell for
for the light scattering studies in TCP, for refractive index these experiments was immersed in decalin in the light
matching considerations. Both inner and outer cylinders scattering vat, for index matching and temperature control.
were constructed of G12 glass with a refractive index of  The orientation angle experiments were performed in a
Npgass= 1.55, purchased from Wilmad Glass. The refrac- similar fashion as described in Ref. [10]. The intensity of the
tive index of TCP isp rcp = 1.555. The inner cylinder was  light scattered by the sheared solutions was taken as a
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Fig. 3. Intensity ratio versus flow plane angle for various shear rates ¥or8° g/mol HMPS/DOP afl = 25°C andd = 8C".

function of the flow plane angley’ (see Fig. 1), the angle  scattering. All solutions examined here were kept below
described by the gradient direction and the scattering vector.0.2c* (see Table 1 for details), such that concentration
The sheared solution light intensity measurements were effects remained negligible.

then normalized by those of the quiescent solution. The The deformation experiments were analysed using a
orientation angley, of the polymer coils in dilute solution  Zimm-plot-type analysis. In a quiescent solution Zimm
was then determined from the intensity data by the maxi- plot experiment, intensity data are collected at several
mum of the intensity ratio curve (see Fig. 3). As shown by detection angles}, for several concentrations of polymer
Link and Springer [6,7], orientation angle measurements in solution. Weight average molecular weight, radius of
were sensitive to concentration effects abovec).&here gyration, and second virial coefficient information are
c* is the overlap concentration determined byy]{[ In then obtained by performing a double extrapolatiom te
1997, Lee et al. [10] also found that in all solutions of 0andf = 0°. For the shear experiments, the Zimm-plot-type
HMPS/DOP studied — all below 0.165— concentration analysis requires data to be taken in the same manner, while
effects were negligible. In the present studies, the concen-keepinge’ = x for major axis deformation, at’ = x + 9C°
trations of the solutions examined were dictated by the size for minor axis deformation. Fig. 4 shows a quiescent solu-
of the refractive index increment of the given system. For tion Zimm plot for the 3x 10° g/mol HMPS/DOP solution
solutions with smaller a/dc, higher concentrations were atT = 25°C, with shear data for the major axisfat 3.17
necessary to provide the contrast in polymer versus solventoverlaid. The major axis extension ratio is determined from
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Fig. 4. Quiescent solution Zimm plot (open markers) with shear data for the major @s at17 (filled markers), overlaid for & 10° g/mol HMPS/DOP at
T=25C.
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Table 1
Refractive index increments for various systems and concentrations used
for orientation angle experiments

System Temperature Concentration dn/dc (ml/g)
(°C) (clcr)

HMPS/TCP 25 0.199 0.0417

HMPS/DOP 25 0.069 0.1095

HMPS/DOP 13 0.062 0.1095

HMPS/LMPS/DOP 25 0.173 0.0980

the ratio of the slope of the infinite dilution lines in shear to
zero shear, with a similar procedure for the minor axis
extension ratio. Although a strict analysis requires
extrapolation to infinite dilution, as seen here, previous
experiments in HMPS/DOP solutions showed that extra-
polations toc = 0 were unnecessary when concentrations
were kept below 0.4 [10].

4. Results
4.1. Solvent quality

The solvent qualities of all the HMPS solutions were first
characterized by intrinsic viscometry experiments. Shown

in Fig. 5 are the molecular weight scalings of intrinsic vis-
cosity for the HMPS/TCP and HMPS/DOP (&t= 13°C)

E.C. Lee, S.J. Muller/Polymer 40 (1999) 2501-2510

The solvent qualities of poor and ne@r-systems were
further characterized by observations of the onset of
shear-induced scattering enhancement seen by the present
authors. Critical shear rate8;, were assigned for solu-
tions of 3 x 10° g/mol HMPS in the flow light scattering
apparatus, by the appearance of a sudden increase in the
scattering intensity as the shear rate was increased beyond
the critical. The earlier onset of scattering enhancement,
whether due to shear-induced concentration fluctuations
[16—20] or a coil-globule transition, is related to the
decreasing solvent quality of the system. It is noted here
that the good solvent system HMPS/TCP showed no
shear-induced scattering enhancement. Both excluded
volume exponents and critical shear rates for the various
systems are listed in Table 2. Also included in Table 2 is
the excluded volume exponent for the HMPS/DOPT(at

25°C) system taken from Link and Springer [7].

4.2. Orientation

The orientation angle as a function of solvent quality was
determined by the location of the maximum in an intensity
ratio curve, as seen in Fig. 3 and described more fully in Lee
et al. [10]. By the geometry of the set-up, the orientation
angley is given byx = 90° — ¢’ nax Whereg' a«is the value
of ¢’ at which the intensity ratio is at a maximum. As shown
in Fig. 6a, the orientation of the polymer molecules with the

systems. Also reproduced here are the data from Solomonflow direction becomes more complete as the solvent quality

and Muller [15] for the scaling of the HMPS/LMPS/DOP
system. From the Mark—Houwink exponents, we see that
TCP is a good solvent for HMPS, and that DOP Tat&
13°C) and the mixed solvent LMPS/DOP are poor solvents.
In addition to intrinsic viscometry, Solomon and Muller
show that the mixed solvent is poor in quality through
dynamic light scattering and rheometry experiments [15].

is decreased. The polymer shows slightly less orientation in
the good solvent TCP than in the nedrsolvent DOP.
Similarly, as we further decrease the solvent quality to
DOP atT = 13°C and then to the mixed solvent case, we
obtain larger orientation angles. The orientation angle is
shown as a function of dimensionless shear Gtand is
also compared with kinetic theory predictions. While these

10 — g
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Fig. 5. Molecular weight scalings of intrinsic viscosity for HMPS/TCP (X), HMPS/LMPS/DOP[IEnd HMPS/DOP af = 13°C (<). The parameters for
the Mark—Houwink equations] o = KM?, are obtained from the linear fits. The regressions give the following parameflers: B.0 X 10~* dl/g M%*for
HMPS/TCP, fj]o = 7.0 X 1073 dlig M®3* for HMPS/LMPS/DOP, and] o = 3.0 X 102 dl/g M®*® for HMPS/DOP (afT = 13°C).
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Table 2
Measures of solvent quality for HMPS in various solvents. Excluded volume expandetsrmined by intrinsic viscometry. Critical shear ratgg for the
onset of shear-induced scattering enhancement for1®° g/mol HMPS solutions determined by light scattering in a Couette shear cell

Solvent Temperaturé) 1s (MPa/s) Excluded volume Berit

exponenty
TCP 25 62.5 0.54 Not applicable
DOP 25 61 0.51 8.7
DOP 13 137 0.46 6.9
LMPS/DOP 25 139 0.45 4.7
%From Ref. [7].

bFrom Ref. [15].

models do not give predictions for solvent quality effects, resistance parametan, of these samples is also shown as
they do show the qualitative behaviour of the shear rate a function of the shear rate (Fig. 6b). The orientation resis-
dependence of the polymer chain orientation. Further, thetance increases as the shear rate is increased, as seen by
Zimm model predictions agree almost quantitatively with other researchers [6,8,9,21]. That is, the polymer chains
measurements at ne@x- conditions. The orientation become increasingly difficult to orient as the shear rate is

o
~"

orientation angle, y (degrees)

1 n L L 1 ' L L | s L L 1

0 2 4 6 8 10
dimensionless shear rate, 3

=5
~

T T T T T

orientation resistance, m

0: I I I 1 I I L 1 ' L ' 1 1 L L |
0 2 4 6 8 10

dimensionless shear rate, 3

Fig. 6. Polymer chain orientation angiga) and polymer chain orientation resistameéb), versus shear ragefor HMPS/TCP (X), HMPS/DOP af = 25°C
(O), HMPS/DOP afl = 13°C (<) and HMPS/LMPS/DOPL). Kinetic theory models included for comparison. Elastic dumbbell model (-), Rouse modé) (—
and Zimm model (---).
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increased. Additionally, the values forare systematically 1.25 ——
lower for the solvents of poorer quality. [

4.3. Deformation 1.2 I

The effect of solvent quality on deformation of the chains
was assessed by comparing the overall expansion eatid,
the polymers in each solution. The overall expansion ratios
were determined from the major and minor axis extension
ratios by a Zimm-plot-type analysis, as described previously
[10], with the neutral axis extension rati assumed to be
unity. This assumption of constancy of chain dimensions in
the neutral direction has been confirmed experimentally by
Link and Springer [6,7]. A sample plot showing the major
axis extension ratio (as a ratio of the slopes of the shear to
quiescent solution data extrapolated to zero concentration)
is shown in Fig. 4. Fig. 7 shows the polymer chain deforma-
tion as a function of solvent quality and shear rate. The 1¢
polymer chains in the poor, mixed solvent case undergo
the most deformation, and those in the good solvent TCP I
case undergo the least deformation. Also shown in the plot 005 b v 1w v
are predictions from kinetic theory models. As seen in
the previous work, as well as by other researchers [5-9,22],
the measured deformation is much less than predicted by dimensionless shear rate, B
the linear bead-spring models for all polymer—solvent sys-
tems. In both orientation and deformation experiments, the Fig- 7. Polymer chain expansion rateoversus shear ratg for various
upper limit of the dimensionless shear rate for the r@ar- solvent systems. Symbols are for the same samples as in Fig. 6.

gr:jd p(zjor solt\t/er?ts ° dhetermmedt bthhe on;et of .Shelar'Springer [6,8,9,21] concerning the effect of solvent quality
Shear rates, however, were achievable for the good solven?! POY™Me! chain orientation in shear flow, who found that
' ' as they improved the quality of the solvent, the orientation
system of HMPS/TCP, as a result of the absence of shear- ymp quaiity

induced scattering enhancement.

1.1

105 F [ o< © .

Polymer Chain Expansion Ratio, e

0 2 4 6 8 10

resistancem decreased, and the polymer chains aligned
more completely with the direction of flow. The trend, how-
ever, was not strictly monotonic with the solvent power.
While this is in contrast to the results we present here, the
5. Discussion origin of the discrepancy remains unclear. It is worth noting
that our results for DOP at = 25°C, overlay well with the

In the present study, we have examined the effect of results Zisenis and Springer obtained for the same system.
solvent quality on the conformation of polymer chains in The solutions studied by Zisenis and Springer are mixed
dilute solution. For the four solvents studied, the orientation solvent systems of good solvent quality and n@aer
of the polymer molecules with the flow direction increases good single solvents. In addition to the fact that we are
monotonically with decreasing solvent quality. The good looking mostly at nea® and poorer-tha® solvents,
solvent TCP allowed the polystyrene molecules to align while Zisenis and Springer are examining néarand
less at a given shear rate than the n@aselvent DOP at  good solvents, our solvents are, in general, much more vis-
T = 25°C. When we consider DOP at a lower temperature, cous than theirs (by a factor of over 30 in some cases).
where it acts as a poor solvent, the shift towards more com-Hence, a detailed comparison of the two data sets might
plete orientation with the flow direction (less orientation provide insights into the differing effects of thermody-
resistancem) is unambiguous (see Fig. 6b). Consistent namics and hydrodynamic interactions on the orientation
with the trend, the mixed solvent, which is a slightly poorer of polymer chains in shear flow.
solvent than DOP af = 13°C, shows even less orientation When the orientation resistance trends in our work are
resistance. The ordering of the orientability of the polymers compared with birefringence experiments carried out by
in solution is consistent with our ranking of the solvent Bossart and @inger [23], the trend with solvent quality
qualities, as examined both by observations of shear-agrees with their findings. In these experiments, however,
induced scattering enhancemenB.{) and intrinsic they stayed at extremely low shear rates (their apparatus
viscometry (excluded volume exponents). allowed orientation angle determination at very low shear

Previous work has been carried out by Zisenis and rates with good accuracy), such that the differences between
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the orientation resistance for their good solvent @d  solvent quality is quite significant and should not be
solvent were very slight. neglected in the prediction of polymer chain dynamics in

In terms of polymer chain deformation, the polymers solution. A change in the solvent quality results in changing
dissolved in the poor solvents show more deformation both thermodynamic and hydrodynamic interactions.
from the equilibrium conformation than polymers in better Although the physical origin of the effects of solvent quality
solvents. While Zisenis and Springer do not show data for remain unclear, the results do show that they must be
deformation measurements for a range of solvent qualities,accounted for in the kinetic theory models, in order to
our results for polystyrene in the ne@rsolvent DOP (at describe accurately polymer chain orientation and
T =25°C) are consistent with their deformation measure- deformation.
ments in that system; a detailed comparison is presented in
Fig. 8 of Ref. [10]. The present results are in contrast to the
calculations of Bruns and Carl [24], who solve the Langevin Acknowledgements
equations for the Rouse and Zimm models with and without
excluded volume, subject to a linearization approximation  This work was supported in part by the Director, Office of
that allows pre-averaging of hydrodynamic interactions. Energy Research, Office of Basic Energy Sciences,
Their calculations predict larger deformations in good sol- Materials Sciences Division of the US Department of
vents than in® solvents. We note, however, that substan- Energy, under contract no. DE-AC03-76SF00098. The
tially more deformation is predicted even@nsolvents than authors also wish to acknowledge gifts to support polymer
is consistent with either our results or those of Springer and research from Raychem.
coworkers.

One possibility is that the effect of solvent quality on the
deformation of the polymer chains is due to the shear rate Appendix A Mixed solvent systems
dependence of the intrinsic viscosity at the high shear rates
of the Couette cell experiments. As shown by Noda et al.  Light scattering data in polymer—mixed solvent systems
[25], the shear-thinning behaviour of dilute polymer solu- are more complicated to analyse than for single solvent
tions depends on both excluded volume effects and chainsystems. Theories for light scattering in multicomponent
flexibility. Excluded volume effects are increased for better systems have been derived independently by Kirkwood
solvents, increasing the shear-thinning nature of the intrinsicand Goldberg [26] and by Stockmayer [27], who were
viscosity. In other words, for the better solvents, we antici- mainly concerned with the effect on the thermodynamics.
pate the shear-thinning im], and hence\, to be more Yamakawa [28,29] extended these theories to include the
profound than for the poorer solvent systems. In presenting effects of multiple components on the light scattering inter-
our data, we have used a scaling consistent with the linearference functions. Owing to the difference in solvent quali-
bead-spring models, where the relaxation time (afjili§ ties and polarizabilities of the various components in
independent of the shear rate. Perhaps a more appropriatsolution, the excess polarizability of the main polymer
scaling is one based on a shear-rate-dependent relaxatiospecies is no longer, in general, equal to the difference in
time or []. If all the data were replotted as a function of polarizabilities between that polymer species and the
A(¥)7 rather than\yy, the better solvent results would be remaining components. Further, one must consider both
shifted to a greater degree to smaller values, and wouldinter- and intramolecular interference between all
perhaps overlay the poorer solvent results. components.

A second possibility is that the extended conformation of  Following the construction of Yamakawa [28,29], the
the polymer chains is less sensitive to solvent quality than light scattering equation in ternary systems of a high poly-
the equilibrium conformation. Then the highasymptotic mer in a mixed solvent of low molecular weights is then of
value of the expansion ratiefor a poor solvent would be  the following form:
higher, as a result of the lower value of the equilibrium

(quiescent) radius of gyration. This is consistent, at least =P1,2(0, €1, C2) — 2MaAg 22(C1, C2)P2,22(6, €1, C2)C2

with our deformation data for the good solvent TCP. For K'M;c,
TCP, the expansion ratmappears to reach a constant value — 4yM;1 A, 15(C1, C3)P2, 12(0, €1, Co)C1 — 2y°MEM5 1
of ~1.08 at@ = 5. For the polystyrene sample considered,
for which the equilibrium radius of gyration in TCP is X [A2,11(C1, €2)P2,11(0, 1, €5) — Ao 11(C1)
63 nm, this corresponds to a radius of gyration under -
P 9y X Py, 11(0, ¢1)]cics (Al)

shear of approximately 68 nm. In the poor solvent DOP at
T = 13C, where the same polymer has an equilibrium where the subscript 1 refers to the second solvent (LMPS),
radius of gyration of 50 nm, we would anticipate a high  and the subscript 2 the polymer (HMP3R, is the excess
deformation ratio of 1.36 if the extended conformation is Rayleigh ratio of the polymer over that of the mixed solvent,
independent of solvent quality. M; is the molecular weight of speciesPy; is the intra-

In summary, the present results show that the effect of molecular interference function for specigsP,; is the
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intermolecular interference function between specasl],
A,j is the second virial coefficient between spediandj,
c; is the concentration of speciésand§ is the scattering
angle.K’ is an optical constant given by:

, 27r2n2< dn)2
K'=""pl-—).
NaAg \ dc;
wheren is the refractive index of the solution aig is the
wavelength of incident laser light is defined by the fol-
lowing equation:

(dn

dCl) T.P.c,

7=(dn

dCz) T.P,c,

The numerator refers to the change in refractive index of the
solvent mixture as a function of concentration of species 1
(here, LMPS). The denominator is the change in refractive
index of the solution as a function of concentration of spe-
cies 2 (here, HMPS) [15]. When the solvents are isorefrac-

(A2)

(A3)

tive, vy = 0 and the system can be analysed in the usual way.

In our system, since the LMPS and HMPS are chemically
identical,y = 1. In the limit of # = O, the interference
functions approach unity, such that Eq. (Al) yields the
following:

K'e, 1
ARy Mg qp
M. 5pis the apparent molecular weight of the HMPS species

andA, ,,is the apparent second virial coefficient, defined as
follows:

My, ap=Ma(L — 4M3 Ay 15¢, — 2M2M5 AP 1 (cp)c)

lim

6—0 (A4)

+ 2R 4o+ -

(A5)

Az ap= A2 22(C1)(1+4M1A; 15C1 + ...)

In the limit of infinite dilution for HMPS ¢, = 0) and
isotropic scattering for the mixed solvent, Eq. (A1) can be
rearranged to give:

lim e 1
c,—0 AR@ szap

16x°n?

1
+ 3\3

(r3apsin?(9/2) |, (AB)

(r3sp is the apparent radius of gyration of the HMPS
species, defined as:
(rd
L MY (et
M2[1— 4M1A 15(C1, )]

(rgzg)ap = (A7)
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Egs. (A4) and (A6) imply that we can now use the usual
light scattering analysis to extract measurements of the
apparent values for the molecular weight, second virial
coefficient, and radius of gyration of the HMPS in the
mixed solvent. By knowledge of the second virial coeffi-
cient for the LMPS in DOP, as well as the cross coefficient
for LMPS and HMPS in the mixed solvent (constants in
the flow light scattering experiments), we can determine
the actual values foM,, A,, and(rg)"?. However, for the
flow light scattering experiments, since we are only looking
at relative changes in the radius of gyration as a function of
the shear rate, the absolute values of the virial coefficients
are not necessary.
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