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This work describes a rheooptical experiment with the ability to distinguish between orientation and deformation
of polymers while quantifying the degree of deformation in shear using a polymeric chromophore. The
chromophore used is poly(4-butoxycarbonylmethylurethane)diacetylene, referred to as 4BCMU, which is known
to display varying optical properties that are attributed to conformational changes in the polymer backbone.
The orientation may be measured by changes in the extinction coefficient both perpendicular and parallel to
the shear field. The results obtained for dilute solutions of 4BCMU under shear are explained by an ellipsoidal
random coil polymer in the quiescent state orientating in the shear field. In apparent contradiction to earlier
theoretical models, no deformation of the polymer is observed within the range of shear fields used in this
work. Extant theories have attributed the rheological behavior of polymer solutions to deformation of the
spherical random polymer coils under shear.

Introduction wherey is the shear rate arigk is the rotary Brownian diffusion

. . . . N . coefficient
Polymers in solution give rise to a fascinating and diverse

range of rheological properties that vary depending upon the
intrinsic nature of the solution. Properties such as shear
thinning, shear thickening, and normal stress differences can ) ) ) ) ) )
all be observed in polymeric systems and are understood to arisé/s IS the solvent viscosityp the axial ratioL the major axis of
from changes in the microstructure of the solutiorit is of the ellipsoid k the Boltzmann constant, afidthe temperature.
interest to study the microstructural changes of polymer solutions ~ Predictions of the behavior of polymers under shear have been
as knowledge of the response of the individual polymer mMade by Kuh#i(elastic dumbbell), Roud¢spring-bead model),
molecules to the applied force will lead to further insights into and Zimnt (spring and bead model with hydrodynamic interac-

the polymer physics governing the aforementioned properties. ions of the beads). These theories, along with those of de
Utilization of this information will result in more effective ~ Genne$and Bueché,rely on the assumption that the polymer

control of polymer behavior in many applications. The response ¢hain is spherical in the unsheared state and under shear it is
of the polymer molecules to the shear fields is postulated to deformed and then oriented to give rise to the observed shear-

include deformatio-4 While a considerable body of theoreti-  induced anisotropy seen through scattering or birefringence. The
cal work exists, well-defined experiments in this area are few, "€duced shear rai, as defined in eq 3, predicts shear rates
The experiments described herein are an attempt to quantify@P0ve which the shear forces on the polymer molecules can be

separately the changes induced in the conformation and orienta-€xPected to dominate their behavior. Sprifgargues that
tion of the polymer molecules under shear. deformation may occur when the reduced shear faie greater

In the quiescent state a polymer molecule is free to rotate than 1.
and translate due to Brownian motion. Upon the application
of a shear field, hydrodynamic forces are superimposed on the
rotational and translational diffusion forces on the polymer.
When the hydrodynamic forces begin to dominate the Brownian
forces, both spatial organization and deformation oécur.
Brownian motion tends to randomize the orientation of the

. . = M/KT 4
molecules, thereby opposing the alignment. The balance v = [l “)
between the opposing effects of hydrodynamic and Brownian . . . S . .
forces is characterized by the Paatember Pe), which is the in which [y] is the intrinsic viscosity of the polymer and is

ratio of the viscous to the Brownian forces acting on the thepmolecular_wmgthtl 0‘; tg? p0|¥Tr?r.d ; i f ool
molecule€ We define the Pettenumber as follows: rior expenimental studies of the detormation of polymer

molecules under shear have focused on birefringence and
scattering methods, such as light and neutron scattefing.
The orientation of the deformed radius of gyration may also be
inferred from scattering techniques in addition to flow birefrin-
*To whom correspondence should be addressed. e-mail: d.dunstan@gence methods. Interpretation of the results obtained from these
chemeng.unimelb.edu.au. o experiments enables the extent of deformation of the spherical
; Department of Chemical Engineering. radius of gyration of the enveloping volume to be calculated,
Department of Chemistry. . -
from which the extent of deformation of the actual polymer

§ Department of Mathematics and Statistics. Mk b
€ Abstract published ilAdvance ACS Abstract§eptember 1, 1997. molecules is inferred. These results show that large discrep-

D, = 3KT(In 2p — 0.5)kn L2 2)

p=1y @)

where the characteristic relaxation time of the polymer molecule,
7, IS given by

Pe= /D, 1)
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Figure 2. Poly((4-butoxycarbonyl)methylurethane)diacetylene.
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Figure 1. Spectra of 4BCMU (0.03 g/L) in increasing concentration ™
of toluene characterized by the peak at 540 nm.
ancies exist between theoretical predictions and experimental L/E S\
data for polymer solution behavior. Scattering techniques rely — R,

on deconvolution of changes in the radius of gyration from the
random ensemble in the quiescent state to the orientated casgigure 3. Couette geometry showing the path of the light beam and
under shear. No information concerning any deformation of a the axis of polarization.
single polymer molecule can be determined using birefringence.
Interpretation of the data has assumed deformation of theto create a shear flow field that also allows spectroscopic
spherical random coil to give rise to the observed anisotropy in measurements to be taken. The ratio of the radii of the two
the shear field. glass cylinders is greater than 0.95, and this ensures that a nearly
The characteristic optical properties of soluble polydiacety- constant shear rate is maintained across the gap. The outside
lenes, in particular those with side groups such as nBCMU cylinder is fixed, and the inside cylinder rotates at controlled
((butoxycarbonyl)methylurethane) and nBMWUutoxymethy- speeds. The Couette cell is placed in the Cary 3E spectropho-
lurethane), offer a unique experimental system in which both tometer and manually adjusted so as the flow field is perpen-
deformations may be quantified. The soluble polydiacetylenes dicular to the incident beam. Spectra were then collected with
are understood to undergo conformational changes at differentshear rates varying from 150 to 2000's An important
temperatures and in different solvents. The observed color extension of the above experiments involves using polarized
change has been attributed to a transition from a random coil light whereby the anisotropy of the flow system can be observed.
chain to a semirod-like/lamellar polymer structure. The polymer The incident beam is polarized by using a Melles Griot polarizer
is both solvatochromi€¢-23 and thermochrom#é as character-  orientated either parallel or perpendicular to the flow field,
ized by a shift inimax Which is observed as a color change allowing absorbance changes in either direction to be recorded
between red and yellow as seen in Figure 1. It has been showras shown in Figure 3. The 4BCMU, as shown in Figure 2,
by light scattering and UV/vis spectroscopic measurement used in this study was synthesized and polymerized following
techniques that the spectral shift is accompanied by a changditerature proceduré3 and is of average molecular weight
in the effective conjugation length of the polymer backb&he. 800 000 with a polydispersity of 1.8 as measured by GPC light
Both the above techniques show the polymer to be in the randomscattering using a Dawn Wyatt system. The intrinsic viscosity
coil configuration in the good solvent chloroform and a rigid at 25°C in chloroform is 1.05x 1072M%8318 The rheooptical
rod configuration in the poor solvent toluene at Z519-23 measurements were performed using three different solvents.
Given the difficulties in interpreting the scattering and Chloroform (CHC}) was used as a good solvent for 4ABCMU.
birefringence techniques discussed above, combined with theDioctyl phthalate (DOP) was added to the Cki§}stem in order
limited number of experimental studies that have attempted to to increase the solvent viscosity and attain higher reduced shear
verify extant theories, we have designed experiments that utilizerates. Toluene was added to the Cki€ystem to induce the
the spectral properties of poly((4-butoxycarbonyl)methylure- transition to the rigid rod form of 4BCMU.
thane)diacetylene, 4BCMU (Figure 2), in an attempt quantify
the changes in the polymer under shear. Deformation of the Results and Discussion
polymer coil induced by the shear field would be expected 0 ghactra were collected using unpolarized light for solutions
result in ghanges in the effective conjugation length and hence ¢ sgcMmU in CHCE and 30% DOP/CHG] and the absorbance
changes in the measured spectra. Thus, the extent of deformag ;  \vas seen to increase with shear, as shown in Figure 4.
tion of the polymer molecules in the shear field may be apy gistortion in the polymer, such as that seen with the
quantified. solvatochromic and thermochromic changes which are attributed
to conformational changes, would be expected to give rise to
significant peaks after normalization and subtraction of the
The spectroscopic technique employed uses a quartz parallespectra obtained under shear and with no shear applied. No
cylinder, as shown in Figure 3. The Couette geometry is used shift in 1naxWas observed when the 4BCMU was placed in the

Experimental Section
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Figure 4. Absorption spectra of 4BCMU (1.5 g/l), under shear rates e DOP/CHCI, (para)
s I X .
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Figure 6. Change in extinction coefficient for 4BCMU in CHECANd
" 30% DOP/CH{{ versus concentration, using polarized light, at a shear
e rate of 2000 st
‘E 1e+5 . . .
= ‘ species relative to the light beam. The observed changes were
f oy . . . . . .
2 ° completely reversible and time independent, indicating that
g ' '.. concentration and temperature effects were not responsible for
[=3
8 g® Se the changes seen.
S o 3o h f th bles both parallel and
S tora | E. ® The symmetry of the system enables both parallel and
£ = perpendicular absorbances to be measured. The change in
w ' extinction coefficient may be interpreted from the change in
E absorbance using the Bedrambert law, and it is positive
a8 parallel and negative perpendicular to the shear field. The
changes in the extinction coefficient shown in Figure 6 are
1e+3 , , independent of concentration at a shear rate of 2000xhere
.01 A 1 10 negative and positive absorbances are observed perpendicular

and parallel to the shear direction. This observation is consistent

B, Reduced shear rate. i . . ..
with the changes observed using the unpolarized incident beam.

® 30% DOP/CHCI, The rigid-rod red form of 4BCMU was induced by adding
CHCl, toluene to a chloroform solution (3:8 (v/v)CH@bluene)”
¢ Toluene Flow spectra using the same protocol as described above were

Figure 5. Change in extinction coefficient for 8BCMU (0.753.00 collected and show a large increase in the extinction coefficient
g/L) in CHCl and 30% DOP/CHGland 4BCMU (0.50 g/L) in toluene  and no change irmax While the extinction coefficients,
versus reduced shear rate using unpolarized light. increases linearly with shear rate for the 4BCMU/Ckigistem,
the change in the extinction coefficief¢, is observed to be

shear field up to the highest shear rates attainable with thisindependent of shear rate over the range that the spectra were
apparatus (Figure 4). Given the nature of the spectral changegaken for the 4BCMU/toluene solutions (Figure 5). Importantly,
observed with differing solvent quality and temperature, it is the extinction coefficient for the 4BCMU/toluene solutions
concluded that the shear field induces no observable distortionincreases for light polarized parallel to the shear flow and
of the polymer molecules. As will be discussed later, any decreases for light perpendicular to the flow, as observed for
change in conjugation length should be observed spectrally. the 4BCMU/CHC} and 4BCMU/CHCYDOP systems. For

The BeerLambert law is employed to interpret changes in shear rates above 150%susing the 4BCMU/toluene solution,
the absorbance to changes in the extinction coefficienof no changes in the absorbance withwere observed, which
the molecules. Given the constant concentration and path lengthsuggests that the polymer in this form has reached maximum
used in the experiments, the change in absorbance may bedlignment (see Table 1). These results show the effect the aspect
interpreted as a change in the extinction coefficient, as shown ratio of the polymer has on the degree of orientation for a given
in Figure 5. The change in extinction coefficient yields a change reduced shear rate.
in the surface area/molecule at any given shear rate. While The experimental data obtained for 4BCMU in the three
deformation of the molecule could be expected to yield changesdifferent solvents may be summarized as follows: no spectral
in Amax NO such deformation was evident as discussed above.shift with shear rate occurs, while increases parallel and
This effect may be attributed to orienting of the absorbing decreases perpendicular to the shear field. Patel and Miller
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TABLE 1: 4BCMU in CHCI 3/Toluene under Shear TABLE 2: Orientation Factor of 4BCMU as a Function of
. — — Reduced Shear Rate
shear, s A(extinction coefficient) ifmol
150-2000 7.76x 10° 4BCMU solution f
2000 (parallel) 9.90« 10° CHCl; 0.090B
2000 (perpendicular) —-1.76x 10° 30% DOP/CHd 0.0221B

have used guantum mechanical calculations to predict the Conclusions
effective average conjugation lengthy in the red and yellow
form. The values obtained akg > 6 repeat units for the yellow
form and 20> l¢c > 10 repeat units for the red form. Simple

The results presented above are consistent with the picture
that the polymer coil in the quiescent state is nonspherical, with
L . . the ellipsoidal polymer coil simply aligning in the shear field
division of the wavelengths associated with each form of the without further distortions. In contrast, previous models assume

polymer y_ield; ar n'.mhiﬂ in the'absorp_tion v_vavelength for_ a  thatthe polymer coil is spherically symmetric, but under a shear
repeat unit change in the effective conjugation length. Given g4 -t first distorts and is then orientated along the flow

the sensitivity of the spectra to changes in the conjugation 1ength e tion to give rise to the observed birefringence effects. The

and that no spectral shift is observed up to the highest shear,,ngequence of this work in our understanding of polymer flow
rates attainable, no change in the average conjugation lengthyepayior is immense. As suggested by Solc and Stockniayer,
of the polymer is induced by thg shear field. From this angly5|s “Appreciable corrections may be required to approximate
we conclude that no deformation of the polymer occurs in the {hegries based on an invariant spherical cloud as the molecular
shear field, up to the shear rates of 2000 ased in these  model”. Extension of this work to higher concentrations of
experiments. 4BCMU and other polymers is being pursued.
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