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A novel rheofluorescence technique has been developed that permits the study of fluorescent polymers
in a near-uniform shear field. The system has been used to examine the effects of shear flow on
dilute solutions of two commercially available samples of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) in toluene and xylene. A detailed description of the instrument
is provided, along with data that confirm a small probe molecule, Rhodamine 6G, is not affected
by simple shear flow. MEH-PPV solutions were examined over two decades of concentration for
rheochromism indicative of changes in segment length, and shear-induced orientation revealed by
measurements of the steady state emission anisotropy. It is demonstrated that these dilute samples
were not influenced by shear rates in the range 100-1000s~". In contrast, MEH-PPV dispersed in a
concentrated polystyrene solution showed evidence of shear-induced orientation and rheochromism.
This new technique shows promise for investigating the impact of shear flow on the conformation of
conjugated polymers employed in organic optoelectronic devices.
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INTRODUCTION

The fortuitous discovery of electroluminescence
from conjugated polymers [1] precipitated explosive in-
terest in the development of polymer light emitting diodes
and other optoelectronic devices. [2] Today many groups
worldwide are working to understand and optimize de-
vice performance, spurred on by numerous applications
in display technology. [3] Microstructural control of poly-
mer chain conformation and packing in luminescent ac-
tive layers has emerged as a critical requirement for high
performance displays. [4,5] Debate continues regarding
the exact nature of the photophysical processes involved,
but it is already clear that polymer-processing conditions
play a large part in determining device characteristics.
Two popular methods for film deposition, namely spin
coating and ink-jet printing, expose the polymer to high
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shear rate regimes, [6] however little is known about the
effects of shear on chain conformation and association in
these complex systems.

Polymer conformation and orientation in flow has
been widely studied using rheological and rheo-optic tech-
niques, and the reader is referred to the literature for re-
views of this field. [7-9] Our own work has included stud-
ies of conducting polymers and polyelectrolytes in simple
shear flow using UV-visible absorption spectroscopy. [ 10—
12] In the quiescent state, fluorescence techniques have
proven a valuable tool to elucidate the conformation and
dynamics of polymer systems, by means of judiciously
chosen fluorescent tags or labels. [13—15] Fluorescence
measurements of polymers in shear flow therefore seem
a natural, and pertinent, extension to existing rheo-optic
techniques, [16] and particularly well-suited to studies
of luminescent conjugated polymers. Yet reports of such
rheofluorescence experiments—i.e., the determination of
fluorescence emission characteristics in shear flow—have
been confined to a handful of groups and systems.

Bur and co-workers described an optically transpar-
ent cone and plate geometry employed for fluorescence
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anisotropy measurements of anthracene-labeled polybu-
tadiene doped in a polybutadiene melt. [17] Mani et al.
investigated the effects of shear flow on the phase be-
havior of a two-species polymer blend using fluorescence
quenching of anthracene-labeled polystyrene as an indi-
cator of miscibility. [18] More recently, single-molecule
visualization techniques have permitted the observation
of large, fluorescently labeled, DNA molecules in steady
shear [19] and extensional flow, [20] and a synthetic poly-
mer, dansyl-labeled polyacrylamide, in a parallel plate
geometry. [21]

Rotating parallel plate configurations generate a
shear field that varies with radial displacement from the
axis of rotation; therefore spatially resolved fluorescence
measurements are required in order to correlate observed
deformations with applied shear. In contrast, a Couette
cell, comprising two concentric cylinders, can generate a
uniform shear field. This is achieved in the narrow gap
limit, when rotation of one cylinder relative to the other
generates a linear velocity gradient, and constant shear
rate, across the gap. [22] Material introduced to the gap
between the cylinders consequently experiences a near-
uniform shear rate independent of position. A judicious
choice of optical elements also permits interrogation along
several axes relative to the flow direction. We therefore se-
lected the Couette format for our rheofluorescence mea-
surements because of the spatially uniform shear field and
the ability to examine distinct observation axes defined by
the flow geometry.

Fluorescence spectroscopy [23] has the potential to
report on a diverse range of polymer characteristics in
shear, depending on the selection of chromophore and en-
vironment. The sensitivity of this technique means that
low concentrations of fluorescent polymer may be used in
dilute solution or as a non-perturbing probe in more con-
centrated systems. Simple changes in emission intensity
may reveal a change in absorption cross-section result-
ing from shear-induced orientation, providing the fluores-
cence quantum efficiency is unaltered. Rheochromism,
a shear-induced shift in emission wavelength, can be
caused by a shear-induced change in the distribution of
segment lengths in a conjugated polymer. Polarized flu-
orescence studies offer further insight into orientational
aspects of polymer behavior; these measurements exploit
the fact that absorption and emission transition moments
have a defined orientation with respect to the molecular
axis, and can therefore reveal shear-induced align-
ment. Second order measurements, for example, fluo-
rescent resonance energy transfer (FRET) between donor-
acceptor pairs, quenching, and fluorescence recovery after
photobleaching (FRAP), also have their place in the
armory.
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Poly[p-phenylenevinylene] derivatives are an im-
portant class of solution processable conjugated poly-
mers that show promise for polymer optoelectronic
displays. Of these, poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) has emerged as a
useful archetype, and has been extensively studied. [4,24]
It is a highly fluorescent polymer comprising conjugated
p-phenylenevinylene units with sidechains that render it
soluble in common aprotic solvents. The chromophores
consist of conjugated segments of the polymer backbone
acting as a single optical unit, thereby offering a direct cor-
relation between observed emission and polymer confor-
mation and environment. The conformation of the conju-
gated polymer chain has been shown to affect morphology
and interchain interactions in thin films; [4] of particular
note is the study by Nguyen et al. that revealed the impor-
tance of MEH-PPV solution conformation in “memory
effects” in films. [25]

Accordingly, this work develops a method to study
the effects of simple shear flow on luminescent conju-
gated polymers, employing MEH-PPV as an exemplar.
Fluorescence techniques are ideally suited to this prob-
lem. A novel, optically accessible Couette cell has been
developed and characterized with a small molecule probe
known to be unaffected by simple shear flow. The present
study is primarily restricted to dilute solutions, i.e., those
in which the polymer chains do not interact, and aggrega-
tion is minimal. This constraint enables us to focus exclu-
sively on the shear-induced response of discrete macro-
molecular chains.

EXPERIMENTAL DETAILS

Materials and Methods

Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylen-
evinylene] (MEH-PPV) was obtained from two
commercial sources: American Dye Source Inc.,
Quebec, Canada, (weight average molecular weight,
M, ~ 9.8 x 10° g-mol !, polydispersity index
~8.8, hereafter referred to as 980k MEH-PPV)
and Sigma-Aldrich Pty. Ltd., Castle Hill, Australia
(M, ~ 1.33 x 10° g-mol ™', polydispersity index ~1.06,
denoted as 133 k MEH-PPV). Both polymers were stored
in the dark at 4°C and used as received. MEH-PPV
stock solutions were prepared in toluene or xylene at
typically 0.1-0.2mg-ml~!. Dissolution was completed
by warming to 60°C for several hours, until no more
polymer flecks were visible and the reddish-orange
solution appeared homogenous. Solutions were sealed
and stored in the dark until required. Working solutions
were prepared by volumetric dilution from the stock
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and used promptly. Solution stability was checked
using UV-vis absorption spectroscopy. Absorption and
emission spectra for solutions of both polymers were
comparable in form and intensity. Any alteration in the
molar absorption coefficient or the form of the spectrum
indicated deterioration of the sample, which was not used
for further study.

A dispersion of MEH-PPV in concentrated
polystyrene solution was prepared by dissolving
polystyrene granules (M,, ~ 3.5 x 10° g-mol~!, polydis-
persity index ~2.1, Sigma-Aldrich) in a solution of 133k
MEH-PPV in toluene to yield a final composition of
1 x 1073 wt.-% MEH-PPV and 16.2 wt.-% polystyrene
in toluene. This solution was agitated gently on a roller
mixer for 48 hr to achieve homogeneity.

Rhodamine 6G was from Sigma-Aldrich (Fluka
Standard) and used as received. All solvents were ana-
Iytical or spectroscopic grade, checked for absorption or
fluorescence in the region of interest, and used without
further purification. Xylene was a mixture of the 1,2- 1,3-
and 1,4-isomers. Solvent refractive indices were deter-
mined using a Bellingham and Stanley refractometer.

Fluorescence measurements were performed with
a steady state fluorescence spectrophotometer (Cary
Eclipse; Varian Inc., Melbourne, Australia) calibrated in
accordance with the manufacturer’s guidelines. It was
equipped with a manual thin film polarizer accessory for
depolarization studies. A Cary 3E UV-vis spectropho-
tometer (Varian Inc.) was used for absorption analyses.
Bulk solutions were examined in 2mm or 10 mm path
length quartz cuvettes (Starna Pty. Ltd., Thornleigh, Aus-
tralia). Fluorescence emission anisotropy, as defined in
Equation (1) for the isotropic case in a right-angled ge-
ometry, was determined from polarized fluorescence mea-
surements in order to investigate reductions in rotational
freedom.
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Rheofluorescence Cell

Shear cell experiments were undertaken in an op-
tically accessible Couette cell comprising two concen-
tric cylinders. A schematic diagram of the specially-
developed rheo-optical apparatus is given in Fig. 1. The
Couette geometry is generated in a polished quartz block
with a 10.00 mm hole bored vertically through the cen-
ter. A Teflon® inner cylinder (diameter 9.65 mm) passes
through the center of the hole. This through-cell arrange-
ment minimizes end effects present in the conventional
cup-and-bob design, and reduces the risk of trapping air
bubbles in the system. Sample solutions are carefully in-

troduced to the gap between the cylinders, and tight-fitting
seals prevent leakage. Less than 0.25 cm? polymer solu-
tion is required to completely fill the cell. Concentricity
is ensured in a self-centering device that locks the cell in
place, and controlled rotation of the inner cylinder gener-
ates a well-behaved shear field.

An external toothed belt mechanism is employed to
drive the rotating cylinder. Use of this belt isolates the
shear cell from small off-axis perturbations of the motor
shaft and improves alignment consistency. The rotational
speed of the drive motor (RS Components, Northamp-
ton, UK) is continuously adjustable, and a reciprocal
counter (Thurlby Thandar Instruments PFM 1300, Cam-
bridgeshire, UK) is connected to the motor to report in-
stantaneous rotational frequency. A series of calibrations
were completed to relate the rate displayed by the counter
to the true rotational frequency of the inner cylinder inside
the Couette cell.

In the narrow gap limit, the shear rate experienced
by the sample between the cylinders may be determined
according to the standard simplified expression given in
Equation (2):

B 2Q
1= (R/R2)?

where y is the shear rate, Q2 the angular velocity of the
inner cylinder in rad-s~', and R;, R are the radii of the
inner and outer cylinders respectively. [22] In our config-
uration, the radius ratio of the two cylinders (0.965) gen-
erates less than 8% variation in y across the gap, [26,27]
and the maximum accessible shear rate is approximately
1200 s~!. Earlier work undertaken with 0.3 m tracer par-
ticles on a comparable system in this laboratory indicated
that laminar flow is maintained well above the shear rate
ranges employed in this study, in accord with theoretical
predictions. [27,28]

The entire optical assembly is designed to fit in
the sample compartment of the fluorescence spectrom-
eter. XY translation stages permit precise alignment of
the cell with respect to the excitation and detection
axes, as illustrated in Fig. 1. (inset). The classical right-
angled excitation/detection geometry is retained in order
to minimize stray scattered light and simplify depolar-
ization experiments. (Alternative optical configurations,
e.g., front face illumination, require the inclusion of a
dichroic beam splitter to discriminate between excita-
tion and emission wavelengths. These interference fil-
ters introduce an additional polarization-dependent re-
sponse that compromises anisotropy measurements, and
are best avoided.) The excitation region is approximately
halfway along the cell’s vertical axis, to avoid any distor-
tions in the shear field due to end effects. Two principal
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Fig. 1. Schematic diagram showing the Couette cell and apparatus used for fluorescence measurements
in shear. The inset illustrates the relative location of the two observation positions in the cell: excitation
across flow (A), and excitation along the flow direction (B).

observation positions are accessible when the solvent re-
fractive index matches, or is greater than, the refractive
index of fused silica (n = 1.46). In Position A, an ex-
citation beam passes across the flow direction, whilst in
Position B illumination is tangential to the flow. Total in-
ternal reflection renders Position B optically inaccessible
when ngolvent < Tsilica-

The excitation beam is focused by the spectrometer
to a 1 mm round spot in the flow cell. Two principal modes
of fluorescence measurement are available; conventional
excitation and emission scans, and continuous monitoring
of emission intensity observed from a given combination
of excitation and emission wavelengths.

RESULTS AND DISCUSSION

Characterization with Rhodamine 6G

The rheofluorescence instrument was first assessed
using a series of dilute solutions of Rhodamine 6G in wa-
ter, ethanol and glycerol/water mixtures of varying com-
position and viscosity. This small dye molecule has very
well-characterized photophysics, [29-32] and was not an-
ticipated to show any orientation effects in steady shear

flow. It provided an effective probe to confirm instrumen-
tal performance, and establish sensitivity limits.
Solutions were all prepared by serial dilution from
an ethanolic stock into the solvent system of choice. Ho-
mogeneity in the more viscous systems was assured by
ultrasonication or roller mixing. All working solutions
had an optical density of less than 0.1 cm™! in a quartz
cuvette and quiescent absorption and emission spectra
were in accord with established data. Studies of the effect
of shear rate on emission intensity showed no dependence
although they highlighted the impact of instrumental drift
during measurement series lasting in excess of one hour.
(Intensity changes of up to 5%-h~! “were observed.”).
Measurements with polarized light demonstrated no
change in steady state emission anisotropy with shear, as
illustrated in Fig. 2, for 0.5 M Rhodamine 6G in 80 wt.%
glycerol/water. This behavior is as expected for a small
dye molecule, for which rotational diffusion is the pre-
dominant depolarization mechanism. The invariance of
the measured anisotropy value with shear rate also in-
directly confirms the absence of thermal effects in the
Couette cell. Heat transfer to the solution resulting from
rotation of the inner cylinder is negligible. If this were
not the case, the anisotropy values would show a variation
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Fig. 2. Invariance of steady state fluorescence anisotropy with shear. 0.5 ©M Rhodamine 6G
in 80 wt.-% glycerol/water. Aex = 530nm, Aem = 555 nm. The gray line indicates the mean
anisotropy value; excitation was across the flow axis (Position A). Error bar magnitudes were
determined by compounding percentage errors (one standard deviation) for each individual
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polarized intensity measurement.

with shear rate that correlates with the temperature de-
pendence of rotational diffusion described by the Perrin
equation. [23]

The error margins for anisotropy presented in Fig. 2
are larger than those typically reported for static measure-
ments. (£0.005 or better.) This is because rotation of the
inner cylinder introduces additional uncertainty in the in-
tensity values for each polarization combination, which
is compounded in the anisotropy calculation (Equation
(1)). It was further observed that values for  and G deter-
mined in the rheofluorescence cell were not identical to
values determined in a conventional quartz cuvette. The
reasons for this discrepancy are described in more detail
below, but were traced to a combination of lensing ef-
fects in the cylindrical cell, and scatter from the surface of
the Teflon” inner cylinder. Wavelength resolution in the
emission spectra was also slightly reduced for the same
reasons.

We therefore conclude that the rheofluorescence in-
strument is sufficiently sensitive to detect fluorescent
emission from dilute (sub-micromolar) solutions of in-
terest. Measurements are not distorted by shear-induced
heating of the sample solution, but are limited by the
intrinsic thermal stability of the spectrometer, and op-
tical characteristics of the Couette cell. These con-
straints are not critical; they should merely inform ex-

perimental design and data interpretation in the polymer
investigations.

Dilute MEH-PPYV Solutions in Shear Flow

MEH-PPV is a highly fluorescent, conjugated poly-
mer with side chains that render it soluble in some com-
mon aprotic solvents. The chromophore consists of mul-
tiple substituted p-phenylene vinylene repeat units acting
as a single optical unit, i.e., a discrete segment of the poly-
mer backbone. [33,34] Electronic excitations (“excitons’)
are localized over these short backbone segments (typi-
cally 4-10 monomer units). [4] Shear-induced changes
to the nature and environment of the polymer backbone
are therefore likely to be reflected in altered fluorescence
emission properties. For example, changes in the distribu-
tion of conjugation lengths would be observed as changes
in maximum absorption and emission wavelengths, and
shear-induced orientation should be revealed as a devia-
tion from the quiescent (isotropic) case in polarized emis-
sion studies. The intense luminescence observed from
MEH-PPV solutions, together with the direct relation-
ship between backbone conformation and emission char-
acteristics anticipated for any conjugated polymer, make
MEH-PPV an interesting and appropriate initial candidate
for fluorescence studies of polymers in shear flow.
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Table 1. Matrix Illustrating the Range of MEH-PPV Solutions Studied
in This Work

980k MEH-PPV 133k MEH-PPV

Polymer Solvent Toluene  Xylene Xylene  Toluene

Observation position A B A B A B A B
Concentration/ugml™"  60¢ 60¢ 140¢ 1004 1004

304 304

10 10* 104 10* 10 10¢ 10* 10¢

5 5

1.8 1.8

1.5 1.5

1a 1{! la la ll,l 1{! la la

“Denotes depolarization & anisotropy determinations in addition to
unpolarized intensity measurements.

Table I identifies the selection of concentrations, sol-
vents and MEH-PPV molecular weights studied in the
Couette cell at positions A and B. All solutions were in the
“dilute” regime, i.e., at concentrations below the critical
overlap concentration, c*, estimated at 1073 g-ml~'. [35]
Gettinger et al. and Cotts reported light scattering studies
that indicated MEH-PPV adopts a random coil form in xy-
lene; [35,36] more recent work has also provided evidence
of a wide spectrum of conformational states in solutions
and films, driven by folding at sp® defect sites. [37,38]
Polymer chains are regarded as essentially non-interacting
in dilute solutions. However, poly[p-phenylene vinylene]
systems are prone to aggregation owing to m—m* inter-
actions between adjacent conjugated chains. These in-
termolecular associations may be observed as additional
lower energy (red-shifted) weak bands in the emission
spectra. [39] Since the focus of this work was the behav-
ior of isolated MEH-PPV chains in shear we confirmed the
absence of these aggregated species in our dilute solutions
with steady state absorption and emission spectroscopy.

Table II summarizes steady state spectroscopic prop-
erties determined for each of the MEH-PPV solutions.
Absorption and emission maxima were invariant for a
given polymer molecular weight and solvent. This indi-
cates that the solutions were sufficiently dilute for ag-
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gregation effects to be neglected. Additional red-shifted
emission bands appeared at higher concentrations, indi-
cating the presence of aggregated species, in accord with
previous reports. [39,40]

Figure 3 shows the variation of fluorescence emis-
sion intensity as a function of applied shear rate for
1 ng-ml~! 133k MEH-PPV in toluene. This variation
(less than £2%) was typical of all dilute solutions ex-
amined in this study. Interestingly, the absolute value of
zero shear emission intensity (data not shown) proves to
be more imprecise than values recorded in shear. This is
because slight off-center positioning of the inner cylinder
at rest can result in a changed sample path length that
is otherwise averaged by rotation during shear measure-
ments. For example, a 15 um deviation from the central
axis corresponds to a 9% difference in the path length of
175 um, and therefore a 9% difference in the emission in-
tensity observed from an optically dilute solution. Shear
rates were applied in a random order, and no differences
were observed between a start/stop regime incorporating
quiescent “rest” periods and a continuous cycle of varying
shear rates. Extended duration measurements highlighted
the effects of spectrometer drift, mainly due to variations
in the PMT anode output current during continuous opera-
tion. This drift increases the importance of applying shear
rates in a random sequence, and limits the experimental
timeframe, within which intensity measurements can be
reliably compared, to approximately one hour.

We therefore conclude that, within the precision of
the measurement, no change in fluorescence intensity at-
tributable to applied shear rate occurs for dilute solutions
of MEH-PPV in xylene or toluene.

Figure 4 illustrates fluorescence emission spectra
recorded in shear for 30 ug-ml~! 980k MEH-PPV in
toluene at a series of different shear rates. The excita-
tion wavelength was 499 nm for all spectra. The overlaid
spectra (inset) emphasize that there is no change in the
spectral form of the emission in this shear rate range. This
invariance shows that there is no shear-induced defor-
mation of the polymer backbone under these conditions.
The invariance of the emission maximum also incidentally

Table II. Summary of Steady State Spectroscopic Properties Determined for All Dilute MEH-PPV Solutions

980k MEH-PPV

133k MEH-PPV

Polymer Solvent Toluene Xylene Toluene Xylene
Absorption maximum, Agps, max/NM 499 £+ 1 499 £+ 1 498 +1 499 + 1
Absorption coefficient* , g/dm® mol~! em™! 1.4 x 10* — 1.4 x 10* —
Emission maximum, Aep, max/Nm 556 &1 55541 555+1 555+1
Steady state anisotropy, r 0.19 0.18 0.20 0.20

*Absorption coefficient is expressed in terms of monomer unit concentration.
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Fig. 3. Variation in fluorescence emission intensity as a function of shear rate. 1 g ml~! 133 k MEH-
PPV in toluene, observed at Position A. Aex = 499 nm, Aey = 557 nm. The gray line indicates the
mean intensity value. The plot is typical of all dilute MEH-PPV solutions described in this study.

confirms the absence of sample heating: MEH-PPV so-
lutions are strongly thermochromic, and exhibit both a
blue shift and a reduced quantum yield at elevated tem-
peratures. Thermal energy introduced to the system as a
consequence of the rotational motion of the inner cylin-
der is effectively dissipated through the quartz block and
holder.

Polarized illumination can be employed to further
explore the orientation and anisotropy of fluorescent ma-
terials as outlined in the introduction. The measurement
relies on the preferential excitation of polymer segments
whose absorption transition moment is oriented along the
electric field vector of the incident beam. [23] This pho-
toselection generates an excited-state population of poly-
mer segments oriented with respect to the polarized light.
Shear-induced changes in the orientation distribution of
polymer segments should be revealed as shear-dependent
changes in the polarized emission intensities. Depolariza-
tion may occur via rotational diffusion of segments in the
polymer chain, or other energy transfer mechanisms.

Emission anisotropy, 7, as defined in Equation (1), is
used as a measure of depolarization. A correction factor,
G, compensates for unequal detection sensitivities with
respect to vertically and horizontally polarized light. The
expression for G presented in Equation (1) applies to a
90° format in which excitation and emission channels are
mutually perpendicular; a criterion satisfied in our Couette

design. Measurements of fluorescence emission intensity
from each polarization combination (VV, VH, HH, HV)
were made sequentially while the sample was exposed to
a given shear rate, y. Iyy and Iyy were used to establish
an instantaneous value for G(y), whereupon Iyy & Ivy
yielded r(). This approach compensated for any long-
term drift in spectrometer intensity values.

Figure 5 shows steady state emission anisotropy val-
ues determined in shear for 10 ug-ml~! 980k MEH-PPV
in xylene, observed across the flow direction in Position
A. There is no obvious change in anisotropy across the
shear rate range; a uniform finding for all solutions exam-
ined in this study. Individual emission intensity trends for
each of the V, H polarization combinations were generally
consistent with the unpolarized case described above. This
invariance further supports the conclusion that no shear-
induced orientation of the polymer coils could be detected.
It also indirectly confirms our assertion that thermal ef-
fects are negligible: sample heating would be observed as
an anisotropy change due to a reduction in the rotational
correlation time according to the Perrin equation. [23]

We note that the absolute value of r determined in the
shear cell is significantly different to that determined in
equivalent quiescent solutions in a conventional cuvette
(Table II). G factors were similarly distinct. On closer
inspection, this was traced to a combination of lensing
effects introduced by the cylindrical cell geometry, and
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Fig. 4. Uncorrected fluorescence emission spectra recorded at a series of shear rates. 30 jug m1~!
980 k MEH-PPV in toluene, observed at Position A, Lex = 499 nm. The main graph shows the
spectra sequentially offset by 50 units for clarity; the inset shows all six spectra overlaid.

additional scatter from the surface of the Teflon® in-
ner cylinder. Fluorescence depolarization measurements
are highly susceptible to light scattering. [23] This in-
hibits quantitative determination of  in the Couette cell;
nevertheless shear-induced changes relative to the 0s~!
case can still be observed. The ratiometric nature of the
anisotropy calculation does much to eliminate effects of
spectrometer drift during the course of an experiment.

A refinement to the anisotropy analysis considers
the effect of symmetry breakdown in the flowing system.
The conventional expression for r (Equation (1)) assumes
cylindrical symmetry of the emission field about the verti-
cal axis. A more complex treatment is required when this
symmetry is removed, [41] e.g., by alignment of polymer
coils in shear planes. The appropriate expression, and the
method for determining it, will be outlined in a subsequent
publication. It is not required in this instance as there is
no evidence of introduced order or a breakdown of the
isotropic case in these solutions.

The singular interpretation of these rheofluorescence
measurements is that these dilute MEH-PPV solutions are

insensitive to shear rates in the range 100-1000 s~!. This is
arather unexpected outcome: a polymer chain in arandom
coil conformation is anticipated to deform in a steady
shear field and align with the flow direction, although large
discrepancies do remain between theoretical predictions
and experimental observations. [42,43]

The results reported here for commercial MEH-PPV
can be interpreted in terms of a polymer configuration that
is dominated by chemical and structural defects. Holzer
et al. recently showed that MEH-PPV synthesized by a
commonly-used dehydrohalogenation process, known as
the Gilch route, contained up to 30% non-conjugated
phenylene-ethylene-phenylene defect units, whilst re-
taining sufficient polyconjugation to exhibit MEH-PPV-
specific absorption and fluorescence characteristics. [44]
Gilch-type MEH-PPV was also employed in this study,
and '"H NMR spectra recorded for both polymer samples
show additional peaks not described in comparable spectra
published for defect-free material. [44,45] It is reasonable
to infer that the occurrence of non-conjugated phenylene-
ethylene subunits with significant frequency along the
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Fig. 5. Steady state emission anisotropy determined in shear for a typical MEH-PPV solution.
10 1g ml~! 980 k MEH-PPV in xylene, observed at position A, Aex = 499 nm, Aem = 556 nm.
The gray line indicates the mean anisotropy value. See Fig. 2 caption for details of error

analysis.

chain dominates the spatial conformation adopted by the
polymer. [37] Tetrahedral carbon-carbon links impose
“kinks” in the structure and direct folding into semi-stiff,
organized configurations less susceptible to shear-induced
deformation than the idealized random coil conformation.

Effect of Shear Flow on MEH-PPV Dispersed
in Polystyrene Solutions

The absence of an observable shear-induced response
in the dilute MEH-PPV solutions described above led us
to consider other matrices that might demonstrate a rhe-
ofluorescence effect. To this end we prepared a homoge-
nous dispersion of 133k MEH-PPV in a concentrated
polystyrene solution. Polystyrene is used as a host for
conjugated polymers in thin films, is optically inert at the
wavelengths of interest and solvates PPV derivatives well.
[46,47] Quiescent absorption and emission spectra of the
solution were broadly similar to analogous polystyrene-
free MEH-PPV solutions; with identical emission max-
ima, and differences in the ratio of the two vibronic bands.
[46]

Figures 6(a) and (b) show shear-dependent changes
in maximum emission intensity observed in both cell po-
sitions. In contrast to the previous dilute MEH-PPV solu-
tions (Fig. 3), a marked decrease in fluorescence emission
observed in Position A is accompanied by a concomitant

increase in emission in Position B. These effects are rapid
and reversible over short periods of shear exposure. The
changes are related to changes in effective MEH-PPV ab-
sorption and emission cross-sections with respect to the
optical axes and suggest orientation of the polymer chains
in the flow field.

Concentrated polystyrene solutions exhibit strong
non-Newtonian behavior, including shear thinning in
steady shear flow. This is caused by overall orientation
of the polystyrene chains along the flow vector. [48]
We believe that the polystyrene matrix acts as a direc-
tor for MEH-PPYV, resulting in shear-induced alignment
of the conjugated polymer coils. It is generally accepted
that rapid intrachain energy transfer processes dominate
MEH-PPV photophysics; [4] the effective emission cross-
section consequently governs fluorescence observed at
each position in the Couette cell. The trends indicated in
Figs. 6(a) and (b) are therefore consistent with prolate
polymer objects aligning in shear flow, with their major
axis along the flow direction. Furthermore, Fig. 7 com-
pares normalized fluorescence emission spectra recorded
before and immediately after shear exposure. Changes in
the spectral shape reveal subtle shear-induced deforma-
tion in the MEH-PPV coils.

Further work is necessary to fully elucidate this rhe-
ological response, but these preliminary data demonstrate
the validity of the rheofluorescence method presented in
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Fig. 6. Shear-induced orientation of MEH-PPV in a concentrated polystyrene solution.
133k MEH-PPV (1 x 1073 wt.%) dispersed in 16.2 wt.% polystyrene/toluene, Aex = 499 nm,
Aem = 555 nm. a) Emission intensity observed at Position A (excitation across flow). b) Emis-
sion intensity observed at Position B (excitation along flow). Grey lines indicate best fits by

linear regression analysis.

this paper. Shear-induced changes in fluorescence emis-
sion are readily observed in this technique.

CONCLUSIONS

A novel optically accessible Couette cell has been
used to demonstrate the feasibility and utility of fluores-
cence measurements of conjugated polymer solutions in

shear flow. The rheofluorescence instrument was charac-
terized with a small molecule, Rhodamine 6G, in solutions
of varying viscosity. This dye was anticipated to be unaf-
fected by steady shear flow, and no shear-induced effects
were observed in the fluorescence data.

MEH-PPV was adopted as a model light emitting
polymer, and studied in dilute solutions spanning two
decades of concentration. No shear-induced changes in
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Fig. 7. Comparison of normalized, uncorrected fluorescence emission spectra before and
after shear exposure. Solid line: preshear spectrum, hollow circles: postshear spectrum.
Sample composition and excitation wavelength were as described in Fig. 6.

fluorescence emission were observed in dilute solutions
for rates in the range 100-1000s~'. We argue that this
invariance arises from a polymer conformation driven by
chemical and structural defects along the polymer back-
bone. Initial data obtained by this group for other, defect-
free, PPV derivatives supports this view; rheochromism
is indeed observed for defect-free material, [49,50] and
further work is underway to fully characterize the rhe-
ofluorescence response. MEH-PPV dispersed in a concen-
trated polystyrene solution showed shear-induced orien-
tation and evidence of subtle deformation in shear flow. In
this case, the non-Newtonian behavior of the polystyrene
matrix surrounding the chains directs the rheological re-
sponse of the conjugated polymer.
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