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Dynamics of Flexible Polymer Chains in
Elongational Flow

Tuan Q. Nguyen*

Abstract: This paper focuses on the recent developments achieved in our group in the field of flexible polymer
chain dynamics in elongational flow. Stress-induced orientation and deformation in flowing polymer solution
is being surveyed in a wide variety of manifestations. Two types of flow fields have been investigated: the
opposite-jet flow with a stagnation point, and the abrupt contraction flow with open flowlines. Emphasis has
been placed on the latter geometry due to its widespread occurrence. Degradation experiments performed
with dilute PS solutions in abrupt contraction flow demonstrate a distinct propensity for midchain scission, a
feature apparently consistent with highly extended chains. On the other hand, the critical strain-rate for chain
fracture (€f) determined under the same experimental conditions scales with M-1. The inverse relationship with
polymer MW is characteristic of partly uncoiled chains but not of highly extended chains, for which a stronger
MW dependence (Et) oc M-2 is expected. The 'yo-yo' model, which could rationalize these findings, is refuted
by fluorescence depolarisation measurements which indicated that central orientation is more progressive
than the average segmental orientation. For the first time, polarization-modulated birefringence was used to
determine the state of local chain orientation in abrupt contraction flow. Axisymmetric contraction flow is
complicated by the large variations in local molecular orientation along different streamlines. To account for
this effect, a numerical inverse Abel transform has been devised to compute local birefringence (~n) from
experimental retardation (8).Results show a steep decrease in birefringence with axial distance. Birefringence
profiles determined in a direction perpendicular to the flow show a maximum, not at the centre, but in the vicinity
of the orifice walls. This observation is in accord with flow simulation results which indicated the presence of
extreme strain rates near re-entrant corners. Molecular extension ratios calculated with the Kuhn-GrOn theory
gives a qualitative description of polymer uncoiling up to about one third of the chain contour length at the
approach of capillary entrance. A notable departure from the affine deformation model is, however, observed
with multiple birefringence saturation levels changing with flow rate conditions. This behaviour could be
explained by the presence of transient molecular conformations. Efforts are underway to visualize these
metastable states by single chain fluorescence video microscopy using UHMW polystyrene randomly grafted
with anthracene chromophores.

Keywords: Dilute PS solution· Flow birefringence' Flow-induced degradation·
Fluorescence depolarisation . Single-chain visualization

1. Introduction

Characterization has become an unavoid-
able step in any quantitative investigation
of polymer materials. Along with me-
chanical and physical characterization
(presented elsewhere in this special issue
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of CHIMIA), our laboratory has a long
experience in the field of physicochemi-
cal analysis. Over the years, expertise has
been gained in several domains which
embrace a number of specialties extend-
ing from flow field modelling, rheo-opti-
cal spectroscopy to chromatographic sep-
aration. With the increasing awareness
on the importance of polymer characteri-
zation in both fundamental and applied
research, our group is frequently request-
ed to provide technical support for a
broad range of polymer analysis prob-
lems. New methodologies have been de-
veloped to characterize molecular weight
distribution of UHMW macromolecules,
chain branching in sparingly soluble
plastics and morphology changes of

semicrystalline polymers by optical spec-
troscopy.

Due to length limitation, only flexible
polymer chain dynamics, which consti-
tutes an important subset of our research
on polymer characterization, will be dis-
cussed in detail in this paper. Although
the main motivation for our study is a ba-
sic understanding of the process of poly-
mer chain orientation and deformation in
flowing systems, the information gained
is fundamental to a molecular interpreta-
tion in many important applications, such
as rheological measurements, polymer
processing, fibre technology, mechano-
chemical degradation, flow through po-
rous media, drag reduction and other
non-Newtonian flow behaviours.
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Fig. 1.Abrupt contraction and opposite-jet flow cell. The jet tips are made with synthetic sapphire
with a 0.5 mm orifice diameter. The gap distance in the opposite-jet cell is adjustable from 0.1
to 2.0 mm.

2. Flexible Polymer Chain Dynamics

Chain uncoiling in flow is an intricate
process which depends markedly on the
details of the flow field. Only flow of low
vorticity can induce substantial chain de-
formation [I]. Principally two types of
elongational flow (EF) have been used in
this work: the opposite-jet flow with a
stagnation point, and flow through an
abrupt contraction with open streamlines
(Fig. 1). Emphasis has been placed on the
latter geometry due to its widespread
occurrence. Abrupt contraction (also
known as transient elongational) flow is
ubiquitous and could be found in a
number of industrial processes like
pumping, filtering, flow through porous
media, between spherical beads as in
chromatographic columns, extrusion and
fibre spinning. A fluid impinging on a
surface, flow around a corner, near an
obstacle, at a contraction, before and af-
ter a bifurcation, or through porous media
alI possess some transient elongational
component 12]. In addition, several prac-
tical phenomena fulfil the criterion for
transient elongational flow, like microed-
dies in turbulent liquids with accompany-
ing drag reduction phenomena [3] and
bubble implosion in cavitational collapse
[4]. Because of the difficulties in reach-
ing steady state in most shearfree flow,
transient shearfree flows of polymeric
liquids are very important. In fact, it is
practically impossible to create steady EF
and any EF is, by definition, transient in
nature. In some specifically designed ge-
ometries with a stagnation point, it is pos-
sible to create a very narrow region
where flow could be considered as 'qua-
si-steady' elongational. These regions of
limited extension are surrounded by large
region of transient EF. Another compli-
cation with EF is the presence of bound
surfaces which introduces shearing in
any experimental realization. Difficulties
in creating an elongational flow field
with reasonable spatial extent and uni-
formity were the main reason which
hampered research in that field.

A single polymer chain immersed in a
flowing solvent is an entity of utmost
complexity. Study of its deformation ne-
cessitates a combination of analytical
tools to probe specific features of the un-
coiling process. Chromatographic, rheo-
spectroscopic and flow simulation meth-
ods have been used in the course of this
investigation. Some unique instruments,
such as a laser-based polarization modu-
lated fluorimeter, have been developed or
adapted from existing commercial instru-
ments (spatially resolved birefringence

polarimeter, single-chain observation
video microscopy). The topic is multidis-
ciplinary and encompasses separate re-
search areas, unified under the common
theme of molecular conformation under
stress.

2.1. Flow-Induced Chain Scission
Shear-induced chain scission consti-

tutes a fundamental obstacle in a number
of polymer applications such as turbulent
drag reduction, filtering, extrusion, char-
acterization of ultra-high MW polymers
in solution, and is probably one of the
most distinctive feature of abrupt con-
traction flow [2]. The phenomenon has
already been investigated by Staudinger
in the early days of macromolecular
chemistry [5]. Although it was well-rec-
ognized that the propensity for flow-in-
duced chain scission increases with poly-
mer chain length, there was no real quan-
titative investigation until the early 80's
and many contradictory results existed in
the literature. In retrospective, one can
recognize that most of the observed dis-
crepancies could be traced back to the use
of insufficiently characterized starting
material (broad MWD) and uncontrolled
flow geometry. Flow at the entrance of a
capillary is mainly elongational and ac-
counts for most of the degradation behav-
iour. This fact was not properly recog-
nized for a long time and has led to fre-
quent misinterpretation of the results [6].
Using opposite-jet flow, the group in
Bristol demonstrated from flow birefrin-
gence measurements that chain scission
occurred near the macromolecule centre
above a critical strain-rate (Ef) for bond
fracture [7]. A few years later, Merrill
and coworkers reported similar observa-
tion in abrupt contraction flow [8J. The

(A)

similarity of the results obtained from
two groups in qualitatively different flow
fields raised a number of questions con-
cerning polymer conformation prior to
bond fracture. In the opposite-jet geome-
try, the presence of a stagnation point
should allow trapped macromolecules
sufficient time to accumulate the required
strain for large molecular extension. In-
deed, the Bristol group has reported in a
series of papers [9] that the critical strain
rate for chain scission scales with poly-
mer molecular weight as M-2, in con-
formity with the theoretical prediction for
fully extended chains [10]. To the differ-
ence of stagnation-point elongational
flow, converging flow lacks a symmetry
centre and has open streamlines. Al-
though experimental strain rates can
reach exceedingly high amplitudes (> I06 S-I

in some instances), the residence time in
the high strain rate region is limited to
less than 'tz, thus imposing an upper limit
to the degree of chain extension. Does the
propensity for centre scission also means
that chains are fully extended in abrupt
contraction flow? If this is correct, then
the same scaling law should be obtained
in both transient and quasi-steady EF. To
verify this hypothesis, we have carried
out a series of experiments using refrac-
tionated PS standards dissolved in good
and theta solvents [II], at different tem-
peratures [12], concentrations [2] and jet
geometries [13]. In accord with Merrill's
results, sharp midchain scissions with
relative standard deviations (cr) as low as
4% have been recorded in the good sol-
vent I-methyl-naphthalene. The preci-
sion of midchain decreases somewhat in
a theta-solvent (cr = 7% in decahydro-
naphthalene, Fig. 2) and with increasing
polymer concentration.
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Fig. 3. Dependence of the degradation yield on strain-rate for different polymer molecular
weights (values indicated on curves).
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Fig. 4. Transverse retardation profiles for a 400 ppm 3.95,106 PS solution, scanned at the
indicated distances from the inlet. Flow rate = 200 cm3/min. Solid curves are fitted results from
TableCurve™ 20.

Fig. 2. Molecular weight distribution of a 5 ppm PS solution in decal in (Mw= 1.03'106, M.JMn =
1.017), after a single passage through a narrow contraction, at the indicated strain-rates. A
significant proportion of polymers have been degraded twice (-Mo/4) at the highest strain rate.

2.2. Flow Birefringence in Abrupt
Contraction Flow

Degradation experiments described in
the preceding section demonstrate a dis-
tinct propensity for midchain scission in
abrupt contraction flow, a feature appar-
ently consistent with highly extended
chains. On the other hand, the critical
strain-rate for chain fracture (€ f) deter-
mined under the same experimental con-
ditions scales with M-I, a characteristic
of partly uncoiled chains but not of high-
ly extended chains [16]. Flow birefrin-
gence is a valuable technique for the in-
vestigation of molecular orientation and
its application to converging flow may
help to clarify this apparent contradic-
tion.

A large amount of literature currently
exists on the birefringence behaviour of
flexible polymer chains in flows which
possess a stagnation point, such as the
four-roll mill [17][18], the cross-slot [19]
or the opposite jets device [17][20]. Sur-
prisingly, in contrast to the large number
of studies devoted to abrupt contraction
flow, the stretching behaviour of isolated
macromolecules in this flow geometry
has been studied in much less detail. As
has been realized during this study, bire-
fringence measurements in axisymmetric
converging flows are much more com-
plex than in stagnation point flows [21].
The first problem was the large variation
in optical properties, both in the axial (x)
and radial (r) directions, which necessi-
tates a precise spatial mapping of the bi-
refringence zone (Fig. 4). This was ac-
complished by pointwise laser scanning
with a polarization-modulated optical

The degradation yield (<I» as a func-
tion of fluid strain rate and polymer MW
are shown in Fig. 3. The number of de-
graded chains may reach 90% after a sin-
gle passage across the contraction. The
use of narrow polymer fractions permits
a better determination of the onset of deg-
radation and hence, of (€f) which is ob-
served to vary as the inverse of polymer
chain length [14].

Surprisingly, the (€f) oc M-l scaling
law is found to be followed in a large
number of mechanochemical degrada-
tion processes such as during solvent
freezing [15] or ultrasonication of dilute
polymer solutions [4]. To the best of our
knowledge, M-2 dependence has been re-
ported only in the previously cited case of
opposite-jet flow degradation and this
distinctive feature is frequently used as
an argument to demonstrate that polymer
chains are not only fully oriented but also
fully extended in elongational flow [9].
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radial distance, r [/Jm]

Fig. 5. Radial birefringence distribution, 6n(r), calculated from the effective retardation data of
Fig. 4 and the orientation of the first eigenvector of the rate of deformation tensor.

Fig. 6. Radial birefringence distributions calculated with the affine deformation model for a flow
rate of 100 cm3/min, at several distances x from the jet entrance. 1 : x = -20 11m,2: x = -50 11m,
3: x = -100 11m,4 : x = -200 /Jm,5 : x = -500 /Jm.The peak in the birefringence distribution should
be interpreted in light of the stress singularity at the re-entrant corner ((26]).
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thermodynamically good solvent, such as
I-methyl-naphthalene, may increase the
degree of molecular stretching. Axial bi-
refringence distribution obtained with a
11.6.106 PS solution showed indeed that
complete segmental orientation may be
reached in this solvent at the highest flow
rate (Fig. 7). Another striking feature of
the birefringence distribution is the oc-
currence of multiple saturation plateaus,
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entrance edges for short axial distances,
and the relative increase of this maxi-
mum with polymer MW (not shown on
Fig. 5).

The degree of orientation which can
be achieved in decalin remains modest
when compared to the maximum bire-
fringence for fully oriented PS chains in
solution (.1nmax = -1.35· W-7/ppm). The
use of a high MW sample dissolved in a

rheometer for increase sensitivity (Rheo-
metrics, Piscataway, USA) [22].

Experimental data treatment is the
second major source of difficulties. Flow
birefringence in transmitted light gives
only an effective (average) retardation 8*
and its transformation into birefringence
.1n(r), necessary for the determination of
local polymer orientation, is highly in-
volved in any 3-dimensional flow due to
the variation of the principal axes of the
refractive index tensor along the optical
path of the probe beam [23]. For this rea-
son, most birefringence measurements
are restricted to slit or wedge flow. The
few experiments which have been report-
ed in axisymmetric flows [24] consider
only an average value for the birefrin-
gence rather than its local distribution
and are thus unsuitable for polymer dy-
namics studies. To the best of our knowl-
edge, no attempt to convert experimental
retardations into birefringence distribu-
tions has ever been reported before in ax-
isymmetric flow. In the present study, the
conversion of 8* into .1n(r) was per-
formed by numerical Inverse Abel trans-
form in combination with molecular ori-
entation information obtained from flow
field simulation (Fig. 5). The reader in-
terested in the details of this technique
can consult [25] (p.195 & 211).

The presence of maxima near the edg-
es of the capillary entrance was the most
noticeable feature of the radial birefrin-
gence distribution. Since the flow field is
only purely extensional along the flow
symmetry axis, it was anticipated that the
propensity for polymer deformation
should diminish rather than increase at
the approach of the entrance lip, where
shearing is predominant. Detailed flow
field calculations provide a satisfactory
explanation for this phenomenon: by
proving the existence of extreme elonga-
tional strain-rates for streamlines closest
to the orifice entrance lips ('re-entrant
corner' effect). These transient strain
rates can promote a high degree of chain
orientation. Assuming that chains are
deformed affinely with the surrounding
fluid element above a critical strain-rate,
the degree of chain orientation was calcu-
Latedfor the different streamlines, giving
a peak birefringence near the orifice
walls (Fig. 6).

Even if quantitative agreement be-
tween calculations and measurements is
not expected in view of the crudeness of
the affine deformation model, the calcu-
lated radial birefringence distributions
reproduce remarkabLy well most of the
experimental observations, i.e. the pres-
ence of maximum birefringence near the
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Fig. 7. Central local birefringence ~no as a function of axial distance (x) for a 100 ppm 11.6.106

PS solution in 1-methyl-naphthalene, at the indicated flow rates. All results are corrected for
solvent birefringence.
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Experimental data obtained with the
three anthracene-labeled polymers, PS
'A', PS 'B' and PS 'C', are given in
Fig. 9. As expected, orientation of the
chain centre occurred at higher strain rate
with decreasing MW (as a result of de-

I2JId,=-h( ).( 12+ 321 Il+M.Jl
= 2 J ( .<(X~ - (2))>I< (l~\ + cx\~+
20.2,> (6)

Mil, M 12, etc. are elements of the
Mueller matrix for the measured sample;
J] and J2 are Bessel function of first and
second order, respectively, of the ampli-
tude A of the photoelastic modulator
[32].

For uniaxial stretching along the x di-
rection, several elements of the sample
Mueller matrix can be simplified, result-
ing in a first harmonic term which is
function of fluorescence and sample bire-
fringence, and a second harmonic term
which depends only on the fluorescence
tensor aij' By determining the ratio I2dIdc
with a lock-in amplifier, it is possible to
obtain the fluorescence anisotropy relat-
ed to the second and fourth moment of
the orientation distribution:
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After performing the matrix calcula-
tions, the intensity measured by the pho-
tomultiplier tube is determined to be:

signal-to-noise ratio, may explain this
delay in experimentation. In view of the
low concentration of the chromophore
groups, dictated by the high MW of the
sample and the extreme dilution of the
polymer to minimize chain interactions,
a highly sensitive instrument must be
selected. For this purpose, a novel rheo-
fluorescence set-up based on an Argon
laser operating in the UV at 362 nm and
fast polarization-modulation technique
has been developed in collaboration with
Prof. G.G. Fuller from Stanford Univer-
sity (Fig. 8). .

Owing to its versatility, Mueller ma-
trix calculus has become an integral part
of the design, data analysis and physical
interpretation of polarimetry experi-
ments. Analysis starts with the Stokes
vector (So) of the incident light represent-
ed by a four-element column [so, s], S2,
S3]T which describes the intensity and po-
larization state of the light beam. The
output Stokes vector after an optical ele-
ment is related to the input Stokes vector
multiplied by the Mueller matrix corre-
sponding to that component. According
to this rule, the output Stokes vector fol-
lowing a train of optical elements num-
bered from 1 to M is simply given by a
series of Mueller matrix multiplications:

2.3. Polarized Fluorescence
Owing to the relative simplicity of the

equipment and the diversity of molecular
information which can be obtained, bire-
fringence has enjoyed a large central role
in the study of polymer chain deforma-
tion in flow. The technique, however, can
give only a mean degree of segmental
orientation averaged over the whole mol-
ecule. It cannot, for instance, differenti-
ate segmental orientation at the chain
centre from orientation near the chain
ends. To obtain local information on seg-
mental dynamics, it is necessary to rely
on spectroscopic techniques based on
covalently bonded chemical markers
which act as probes at selected positions
along the macromolecule. In this investi-
gation, fluorescence labelling was used
to study the local uncoiling behaviour of
PS chains at the stagnation point in an
opposed-jet flow. Three high MW an-
thracene-labeled polymers were used: PS
'A' and 'B' are centre-labelled molecules
synthesized by anionic coupling with di-
bromomethyl anthracene, with Mw =
686.103, Mw/Mn = 1.11 and Mw =
2.38.106, Mw/Mn = L.l6, respectively.
Sample 'C' with Mw = 1.23.106, Mw/Mn
= 1.25 contains an anthracene group near
one of the chain ends; it was obtained by
flow-induced degradation after multiple
recirculation of a dilute solution of PS
'B' across a narrow contraction.

Fluorescent depolarisation techniques
have been used extensively to determine
local orientation of bulk polymers [30],
and molecular rotational motions either
in polymer melts or in solutions [31]. In
most of the investigations, the polymer is
under quiescent conditions, being at rest
or subjected solely to the Brownian mo-
tion of surrounding solvent. To the best
of our knowledge, the fluorescence depo-
larisation technique has never been ap-
plied to polymer systems subjected to
fast time-dependent perturbations such as
in flowing dilute polymer solutions. Two
practical difficulties, first in the synthesis
of labelled polymer of sufficiently high
MW, and secondly, in obtaining adequate

with value increasing with flow rate, at
the approach of orifice entrance. The oc-
currence of well-defined birefringence
plateaus at intermediate states of segmen-
tal orientation indicates the presence of
transient conformations which are suffi-
ciently rigid to resist further stretching by
the velocity gradient, in a similar way to
the 'frozen chains' suggested by James
and coworkers [27] or the 'kinks dynam-
ics' models of Larson [28] and Hinch
[29].
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I
(10 signal conditioner and lock-in amplifier)

Fig. 9. Dependence of the depolarisation ratio (1201ldc) on fluid strain rate for different anthracene-
labeled PS (solvent: bis (2-ethylhexyl) phthalate at 22 °e, concentration: 100 ppm). The error bars
are standard deviation over 100 measurements.

Fig, 8. Optical arrangement for polarization-modulated fluorescence spectroscopy with the
associated Mueller matrices elements, Note that the detector is in-line with the incoming beam:
this geometry has the advantage of giving a signal above a zero baseline resulting in a better
SIN ratio in comparison to the conventional 90° configuration,

2.4. Single-Chain Visualization
Rheo-optical spectroscopy has now

reached the stage in which relaxation
processes of particular molecules in a
multi-component system, or of specific
parts of a molecule in a topologically
complex polymer can be selectively
probed. Even at this high level of preci-
sion, rheo-optical instruments can deter-
mine only properties which has been av-
eraged over a population of 107 to 109

molecules. Ideally, the best means to de-
termine dynamics properties would be by
direct time-resolved observation of indi-
vidual macromolecular motion. Such a
prospect existed for DNA strands which,
after being marked with a suitable
chromophore, could be visualized by epi-
fluorescence microscopy [35], Similar
experiments have been repeated in ollr
laboratory with A-phage DNA molecules
decorated with the fluorescent dye
YOYO-I (Fig. 11),

DNA molecules are rather rigid
(worm-like chain) and direct visualiza-
tion of PS chains marked with fluores-
cent chromophores may be more repre-
sentative of flexible synthetic polymers.
Several material and technical challenges
must be solved, however, before per-
forming this experiment. First, the opti-
mum contour length of the macromole-
cule to be visualized must be of the order
of 20 ~, to be within the depth of focus
of the microscope objective, For a typical
synthetic polymer such as PS, this size is
equivalent to a MW of 10.106. Secondly,
polymer dynamics are highly dependent
on chain length. To differentiate dimen-
sional from conformational factors, mon-
osized or at least very low polydispersity

rent model of polymer dynamics. The
'yo-yo' model, for instance, predicts that
the chain centre should align with the
flow field well before the rest of the poly-
mer [34]. The kink model predicts a
much weaker dependence of segmental
orientation on chain position [28] [29],

Recent studies by the Stanford group
on individual motion of DNA molecules
reveal that identical polymers in identical
conditions can uncoil quite differently in
an elongational flow following small ran-
dom thermal fluctuations which get mag-
nified into dramatic differences during
the course of deformation [35]. It is our
belief that the perplexing result observed
in fluorescence depolarisation experi-
ments, probed over a large collection of
molecules, could be explained only once
the observed 'molecular individualism'
is properly taken into account.

So =1o(1,0,0,0)T

ditions reveals, however, the surprising
result that the polymer centre positioned
itself with the velocity gradient even
more gradually than the average segmen-
tal orientation (Fig. 10) [33]. This obser-
vation could not be explained by any cur-
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creasing molecular relaxation time),
while orientation near the chain ends is
practically non-existent at any strain-
rate. Superposition of the fluorescence
curve with the birefringence data ob-
tained under identical experimental con-
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(1)

(2)

Fig. 11. Fluorescence mi-
crophotography of A-DNA
molecules decorated with
YOYO-1 and sheared be-
tween two glass plates.
Different conformations,
present in the figure, are
redrawn in white next to
the original tracings for
better visualization.

strong flow up to the point of fracture.
Results from a combination of different
analytical techniques allow us to confirm
the importance of non-equilibrium con-
formations during rapid deformation of
molecular coils in 'strong' flow. Al-
though steady-state conformations of
flexible polymer chains in elongational
flow seem now to be well-understood,
the kinetics of the transition from the
coiled to the extended state remain essen-
tially a matter for conjecture. Most of the
problems associated with the limited res-
idence time in the strong flow region and
the lifetime of metastable states were for-
mulated by researchers more than ten
years ago [16][28][29]. However, the im-
portance of 'conformational polydisper-
sity' [38] in flow which is thought to be
'quasi-steady' was rarely addressed. Re-
cent single DNA chain observation by
the group of Prof. Chu at Stanford Uni-
versity demonstrates that some non-equi-
librium conformations may persist for
time much longer than the experimental
observation duration even for molecules
trapped at the stagnation point in cross-
slot flow. In addition, individual motion
of DNA molecules revealed that identical
polymers in identical conditions can un-
coil quite differently in an elongational

+

+~Li

Scheme. Introduction of anthracene onto PS by potassium superbase metallation followed by
electrophilic substitution with anthracene-9-carbaldehyde.

In a series of projects dedicated to
flexible chain dynamics in elongational
flow, we have developed the capability
to monitor experimentally the deforma-
tion of isolated polymer molecules in

3. Prospects and Conclusions
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polymers are required. In addition, the
number of grafted fluorescent groups per
molecule should be sufficient for the emit-
ted light to be detected by the iCCD (typi-
cally -15% for a 10.106 PS).

To overcome inherent difficulties of an-
ionic polymerisation in the ultra-high MW
range, we explored in this study the possi-
bility of obtaining fluorescent macromole-
cules from commercially available PS
standards. Owing to the presence of aro-
matic rings, PS can undergo a multitude of
reactions with low molar mass compounds.
After multiple experimentation, we found
that potassium superbase metallation is one
of the rare techniques capable of function-
alising the polymer without altering the
main chain backbone (Scheme) [36].

Side reactions such as chain coupling
and bond scission can be limited by work-
ing in THF at -75°e. Gel permeation
chromatography combined with on-line
viscometric, refractive index and fluores-
cence detection, allows us to verify that
degradation did not exceed 1bond scission!
180 000 monomer units. Although this
value is reasonably low for conventional
polymer samples, it represents nevertheless
a degradation yield of over 50% when
transposed to a 10.106 MW polymer
(Fig. 12). Another encountered difficulty is
the low degree of grafting which can be
achieved even after extended reaction time
at cryogenic temperature (4.5% for a 106

MW sample and <2% for a 11.6.106 after 7 h
of reaction). Increasing the degree of graft-
ing while keeping degradation below the
current value are two contradictory re-
quirements which will need special consid-
erations in our future investigations [37].

Fig. 10. Superposition of the depolarisation ratio (12Jldc) and the birefringence curve for the
2.38.106 centre-labelled PS (same experimental conditions as in Fig. 9).
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Fig. 12. Overlay of the GPC tracings normalized to the maximum of RI signals, for a 1.03.106 PS
before and afterfunctionalisation with 4.5% anthracene. The indicated arrows correspond to the
fractions of degraded polymer.
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flow. As a result of this unpredictable be-
haviour, a 'mean-field' theory which was
developed to fit experimental data probed
over a large collection of molecules is un-
suitable to infer molecular dynamics in
'strong' flow. Because present instru-
mentation can provide only information
on the collective behaviour of macromol-
ecules, models are needed to infer behav-
iour of individual molecules. Such mod-
els invariably rely on assumptions of
questionable validity. Uncertainties in
the field of polymer dynamics will persist
as long as some breakthrough technique
capable of discerning individual macro-
molecules is not developed. Based on the
recent developments on single chain vis-
ualization and the technique of fluoro-
phore labelling, it seems that the field
of polymer characterization has now
reached the stage at which direct study of
single synthetic macromolecule motion
may become a feasible reality.


