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ABSTRACT: A picosecond holographic grating technique has been utilized to observe the solvent and molecular
weight dependence of the local segmental dynamics of anthracene-labeled polyisoprene in dilute solution.
Solvent quality influences the local dynamics by changing the local segment concentration in the vicinity
of the labeled segment. The local dynamics in a © solvent exhibited a molecular weight dependence not observed
in good solvents. The shape of the orientation autocorrelation function was constant under all conditions
investigated. These results are consistent with the hypothesis that local segmental dynamics in dilute solution
depend only upon solvent viscosity and solvent thermodynamic power.

I. Introduction

The local segmental dynamics of polymer chains have
a strong influence on the macroscopic properties of poly-
meric systems. In polymer solutions where local dynamics
occur on picosecond and nanosecond time scales, this in-
fluence is mainly through the larger distance scale motions
which dominate ordinary viscoelastic properties under
these conditions. Because dynamics on the length scale
of a few monomer units are strongly dependent upon the
details of the monomer structure, information about local
segmental dynamics provides an important intermediate
link between molecular structure and larger motions. In
a polymer melt near T, the time scales for local confor-
mational transitions slow dramatically. It is widely held
that the quenching of backbone conformational transitions
is intimately connected with the glass transition. Certain
types of local segmental dynamics can also directly influ-
ence material properties in the sub-7, region. Given the
fundamental significance of local segmental dynamics, it
is not surprising that a wide variety of experimental
techniques have been utilized in their investigation in
recent years. Among these are dielectric relaxation,’

*Current address: Polyplastics Co., Ltd., 973 Miyajima, Fuji-City,
Shizuoka-Pref. 416, Japan.
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NMR,? dynamic light scattering,® ESR,* and optical
spectroscopic techniques.> '3

In every experimental measurement of local segmental
dynamics, both the molecular structure of the polymer and
the environment of the chains contribute to the observed
dynamics. The contribution of the environment must be
thoroughly understood before progress can be made on the
question of how the structure influences the dynamics.
One question of particular interest is the extent to which
the loeal chemical details of solvent—polymer interactions
must be considered. Since local segmental dynamics occur
on about the same length scale as the dimensions of solvent
molecules, it is not obvious that the effect of the solvent
on the local dynamics will be adequately described by bulk
properties. Indeed, the reorientation of small solute
molecules even in simple solvents is known to be strongly
influenced by solvent-solute interactions.!

In this paper we focus our attention on the influence of
solvent, temperature, and molecular weight on the local
segmental dynamics of polyisoprene in dilute solution. A
transient holographic grating technique was utilized to
observe the orientation autocorrelation function of a
backbone bond in anthracene-labeled polyisoprene. The
anthracene chromophore was covalently bonded into the
chain such that the transition dipole for the lowest elec-
tronic excited state lies along the chain backbone. This

© 1989 American Chemical Society
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Table I
Polymer Characterization

M, M,/M, %cis

%trans % 3,4-vinyl

PIP-10 10800 1.16 39 36 25
PIP-100 104000 1.09 54 36 10
PIP-300 302000 110 43 45 12

ensures that only backbone motions are detected. Because
the entire time dependence of the orientation autocorre-
lation function is measured, local segmental dynamics
under a wide range of conditions can be unambiguously
compared.

Our major conclusion in this paper is that it is possible
to explain the local segmental dynamics of polyisoprene
in a range of solvents by considering only two bulk prop-
erties: solvent viscosity and solvent thermodynamic
quality. Scaling the observed correlation times for local
dynamics by the solvent viscosities reduces the range of
results to a common value within about 60%. The re-
maining variation can be explained by differences in sol-
vent power. Solvent power affects local dynamics through
changes in the global chain configuration. The expanded
chains found in good solvents give rise to faster dynamics
because individual chain segments are in less congested
environments on the average. Supporting evidence for this
argument is found in the molecular weight dependence of
the local segmental dynamics in good and O solvents. In
good solvents, no molecular weight dependence is observed,
while a definite molecular weight dependence is seen in
a O solvent. These effects are successfully modeled by
random walk calculations utilizing regular and self-avoiding
walks to model the statistics of polymer chains in © sol-
vents and good solvents, respectively. The shapes of the
observed correlation functions were identical for all the
conditions we investigated. This provides additional ev-
idence that the basic mechanism of local conformational
dynamics does not change from solvent to solvent.

I1I. Experimental Section

Materials. Anthracene-labeled polyisoprene chains were
prepared anionically such that each chain contains one chro-
mophore approximately in the chain center.’ The structure of
the labeled chain is shown in Figure 1. Chain microstructures
and molecular weights are summarized in Table I. Solvents used
in these experiments were 2-pentanone (97%, Aldrich), toluene
(Aldrich spectroscopic grade), hexane (Aldrich Gold label), cy-
clohexane (Aldrich Gold label), and chlorobenzene (Aldrich Gold
label). Solvent viscosities for temperatures greater than 0 °C are
from ref 15. Viscosities for lower temperatures were measured
with a Cannon-Fenske viscometer. All solvents were used as
received except for 2-pentanone which was treated to remove trace
UV-absorbing impurities. The 6 temperature for 2-pentanone
is estimated at 43 °C from reported values for polyisoprene chains
with various microstructures.'® All solutions were degassed to
remove oxygen through multiple freeze-pump-thaw cycles. For
all polymer solutions, the optical densities at the origin Sq — S,
transition (403.5 nm) ranged from 0.08 to 0.20. The chromophore
concentrations were low enough that the contribution of energy
transfer to the anisotropy decay could be neglected. The solution
concentrations for the experiments ranged up to 10% w/w.
Consistent with previous studies, no dependence of the local
dynamics on concentration was noted in this range.?*® For the
purpose of this paper, these solutions will be referred to as dilute.
Thermal degradation was not observed except for the PIP-
300/2-pentanone solution at 75 °C where the measured correlation
times were somewhat less reproducible than for the lower tem-
perature experiments.

Experimental Technique. The transient holographic grating
technique utilized in these experiments has been fully described
elsewhere.> The experiment observable for this technique is the
orientation autocorrelation function. This function represents
the time-dependent motion of the transition dipole of the an-
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Figure 1. Time-dependent anisotropies for PIP-300 labeled
polyisoprene in 2-pentanone. The anisotropy function shows how
the initial orientation provided by photoselection decays in time
due to local conformational dynamics. The symbols represent
the experimental anisotropies, and the lines are the best fit curves
using the Hall-Helfand correlation function at temperatures of
23 °C (a), 36 °C (0), and 56 °C (O). The impulse response
function for the laser system is shown and has a FWHM of ~50
ps. The structure of the labeled polyisoprene is shown as an inset.
ghe double-headed arrow shows the orientation of the transition
ipole.

thracene chromophore. Because the anthracene molecule is co-
valently bonded in the chain backbone with its transition dipole
along the backbone, the motion of the label directly reflects
conformational changes in the chain.

In the transient grating technique, two vertically polarized laser
beams are crossed such that their optical interference creates a
spatially periodic intensity pattern in an absorbing sample. This
results in a spatial grating of excited states which acts to diffract
a third (probe) beam brought into the sample at some later time.
The intensity of the diffracted signal is measured for the probe
beam polarized parallel (T) and perpendicular (7', ) to the po-
larization of the excitation beam. Conceptually, the excitation
pulses photoselect an anisotropic subset of transition dipoles. The
probe pulse then monitors the time evolution of the randomization
of these transition dipoles (due to polymer backbone motions).

From the transient grating signals, the time-dependent an-
isotropy function can be calculated:

(T2 - (L)
T (T (V2 + 2T (£)V2

The time-dependent anisotropy is directly related (within a
multiplicative constant) to the orientation autocorrelation function
CF(t) through

(1

r(t) = r(0)CF(t) @)

where r(0) is the fundamental anisotropy of the transitions being
utilized.

Data Analysis. The Hall-Helfand model of the correlation
function?’

CF(t) = exp(-t/7y) exp(~t /)l (t/71) 3)

was used as a convenient model for fitting the experimental
anisotropy curves. An iterative reconvolution technique was
utilized to fit r(¢) to three parameters: r(0), r;, and r5. Typical
anisotropy curves are shown in Figure 1. The sample is PIP-300
polyisoprene in toluene at -22, 22, and 56 °C. The symbols
represent the experimental points, and the smooth curves are the
best fit with the Hall-Helfand function. The ratio of time con-
stants from the Hall-Helfand fits for all conditions investigated
in this paper was 7,/7; = 4.4 £ 1.4. Since the shapes of all
measured correlation functions were approximately the same, we
can characterize each correlation function with a single decay
para{xsleter for the purpose of further analysis. The correlation
time
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o= J; “CF(t) dt @)
was used for this purpose. For the Hall-Helfand function, this
integral yields
2 1|
o=y —+ - 5
T1T2 Ty

We utilized 7, to analyze the data rather than 7, or 7, because
this resulted in somewhat less scatter in the resulting plots.

Correction for End-over-End Motion. The two major
physical processes that contribute to the anisotropy decay are
internal bond rotation (local segmental dynamics) and overall
molecular rotation. In order to focus on local segmental dynamics,
we need to correct the data to eliminate the slight influence of
overall rotation. The end-over-end reorientation time is given
by

M(nly
TEOE = 7 W_o (6)

where M is the molecular weight, [7] is the intrinsic viscosity, »,
is the solvent viscosity, R is the gas constant, and T is temperature
in kelvin. The intrinsic viscosities were taken from the literature.’?
The constant v has been experimentally determined by Bauer
et al. to be 0.24 for polystyrene.? We used this value of v in eq
6 to correct the experimental anisotropy data for the effects of
end-over-end motion. The correction was applied by noting that

CFpy(t) = CFrp(t)e/meoe (7
Here we designate the observed correlation function as CFp; and
the correlation function characteristic of local dynamics alone as

CFrp. By applying eq 7, the fitted value of 7, is modified to extract
the corrected time constant, 75 o

_)1 1
Tocomr = )~
T2  TEOE

-1

8

The corrected correlation time is then calculated from 7; and 75
The correction to 7, for the PIP-10 results ranged from 5% to
13%. The correction was not applied to the PIP-100 and PIP-300
results because it was negligible. The data presented in this paper
are shown with the results for PIP-10 corrected, except in Figure
6. Correction of the data with other values of y suggested by
theoretical calculations?! would not qualitatively change the ap-
pearance of any of the figures.

III. Results and Discussion

Good Solvent. In Figure 1, anisotropy data are shown
for PIP-300 in toluene at temperatures of ~22, 22, and 55
°C. These data are typical for the transient grating ex-
periments we have performed. The experimental points
are shown as symbols, while the smooth lines represent the
best fit of the data using the Hall-Helfand correlation
function. Also shown in Figure 1 is the instrumental re-
sponse function for our experimental setup. The narrow
instrumental response function (FWHM = 50 ps) is needed
to adequately resolve the very rapid local segmental dy-
namics of polyisoprene. The structure of the anthra-
cene-labeled polyisoprene used in these experiments is
shown as an inset in Figure 1.

Figure 2 illustrates the effect of molecular weight and
temperature on the local segmental dynamics of poly-
isoprene in a good solvent. In this figure, data from sam-
ples PIP-10 and PIP-300 in toluene are plotted in an
Arrhenius format. Each symbol represents an independent
measure of the correlation time from an anisotropy curve
like those shown in Figure 1. The lines are linear least-
squares fits to the data. The slopes of these lines are
proportional to the activation energy for local conforma-
tional transitions.

The correlation functions we observe for the PIP-10
sample are slightly influenced by whole molecule tumbling.
This end-over-end rotation is negligible for the higher
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Figure 2. Reduced correlation times for the local segmental
dynamics of anthracene-labeled polyisoprene in toluene, a good
solvent, plotted in an Arrhenius format: PIP-300 (O) and PIP-10
(O). Each symbol represents an independent measurement of
the anisotropy function. 7, and » are in units of picoseconds and
centipoise, respectively. The lines represent the best least-squares
fit to the data (higher line for PIP-300). Within experimental
error, the local segmental dynamics of polyisoprene are inde-
pendent of molecular weight in this good solvent.
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molecular weight samples. As discussed in section II, the
data in Figure 2 have been corrected such that they ac-
curately represent correlation times for local polymer
motion. Within experimental errors, there is no difference
between the observed local dynamics for the two molecular
weights. The activation energy of the local polymer
motions for the two molecular weights is 6.4 = 1.0 kJ/mol.
This number is in reasonable agreement with the barrier
to rotation of the carbon—carbon single bond in propene:
8.3 kJ /mol.??

6 Solvent. In a previous communication,?® we pres-
ented experiments on the local segmental dynamics of
polyisoprene in a O solvent. These data are presented here
in order to contrast the behavior of local segmental dy-
namics in good and O solvents. In Figure 3, data are shown
for PIP-10, PIP-100, and PIP-300 in 2-pentanone. The
O temperature for the labeled chains in 2-pentanone is
about 43 °C and is indicated in the figure. The data from
PIP-10 have been corrected for end-over-end motion. Two
sets of points were not used in linear fits to the data. The
-26 °C data for the PIP-10 sample were not used because
the sample was very near phase separation, while the
PIP-300 data at 74 °C were not used because of a lack of
reproducibility associated with thermal degradation.
Linear fits to the data were utilized simply to aid the eye
in viewing and are not meant to imply that the data should
or actually does follow this form.

Comparison of Good and 6 Solvent Behavior. In
order to compare the local segmental dynamics of poly-
isoprene in good and O solvents, we reproduce the results
shown in Figures 2 and 3 on a single plot in Figure 4. To
avoid confusion, we show only the lines which ran through
the data points in those figures (2-pentanone, upper solid
lines; toluene, dashed lines). Also shown in the figure are
results from a dilute solution of PIP-100 in chlorobenzene
(a good solvent) and a linear fit to these data. Notice that
the correlation times have been scaled by the viscosities
of the solvents. The chlorobenzene results are essentially
identical with the toluene data after this scaling (before
scaling, the correlation times differed by 30%).

When the data from these three solvents are compared,
a number of observations can be made: (1) The local
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Figure 3. Reduced correlation times for the local segmental
dynamics of anthracene-labeled polyisoprene in 2-pentanone, a
O solvent, plotted in an Arrhenius format: PIP-300 (a), PIP-100
(0), and PIP-10 (O). The © temperature of 43 °C is indicated.
Each data point represents an independent measurement of the
correlation function. The lines represent the best least-squares
fit to the data (see text). Both the correlation times and the
apparent activation energies are molecular weight dependent in
this © solvent.
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Figure 4. Comparison of reduced correlation times for local
segmental dynamics of polyisoprene in good and O solvents. The
solid lines near the top of the graph are the best fit lines for the
© solvent, 2-pentanone. The dashed lines are the best fit lines
for toluene, a good solvent. Reduced correlation times for PIP-100
in a second good solvent, chlorobenzene (0), are shown with a
linear fit to the data. Within experimental error, the chloro-
benzene data are not distinguishable from the toluene data. The
different behavior of the good and © solvents can be explained
by considering the average segment density about the labeled
segment (see text).

segmental dynamics of polyisoprene in the © solvent are
slower than in the good solvents. (2) The correlation times
for local segmental dynamics increase with molecular
weight in a O solvent and are essentially independent of
molecular weight in good solvents. (3) The apparent ac-
tivation energy (proportional to the slope) is independent
of molecular weight in the good solvents, while in the 6
solvent the apparent activation energy increases with in-
creasing molecular weight. (4) The difference in correlation
times between good and © solvents is more pronounced
for high molecular weight samples than low molecular
weight samples.

All of these observations can be explained by considering
the local segment concentration about the labeled segment

Macromolecules, Vol. 22, No. 3, 1989

(at the chain center). We assume that an increase in this
local segment concentration leads to slower dynamics,
presumably because the more rigid environment inhibits
local conformational transitions. (It is well-known that
increasing the bulk concentration slows local dynamics.®)
The first observation that good solvent dynamics are faster
than O solvent dynamics is simply explained by this con-
cept. Since chains expand in good solvents, the immediate
environment of the labeled segment will have a larger
fraction of solvent in a good solvent than in a © solvent,
and the dynamics should be correspondingly faster. The
second observation noted that correlation times increase
with molecular weight in a © solvent but are independent
of molecular weight in a good solvent. In a previous
publication, we explained the © solvent result by showing
that the local segment concentration increases with mo-
lecular weight under 6 conditions.?? A simple calculation
utilizing a Gaussian segment-segment distribution function
allows the estimation of the increase in the local concen-
tration with molecular weight. The molecular weight in-
dependence of the local dynamics under good solvent
conditions is due to excluded volume interactions which
tend to keep segments which are far apart along the chain
contour far separated in space. Hence, under good solvent
conditions, the local concentration is essentially inde-
pendent of molecular weight.

The third observation about the apparent activation
energies can also be explained by the concept of local
segment concentration. Chain expansion in the vicinity
of the 6 point can lead to an increased apparent activation
energy. The activation energy due to internal rotational
potentials is supplemented by an additional temperature
dependence in the dynamics due to a change in the local
segment concentration (because of chain expansion). This
second contribution to the temperature dependence in-
creases in strength with increasing molecular weight since
global chain expansion becomes more pronounced with
higher molecular weights. The apparent activation energy
in a good solvent should not be a function of molecular
weight since average chain configuration does not change
appreciably with temperature in a good solvent. This
explanation indicates that the activation energy observed
in a good solvent should represent the true activation
energy associated with the rotational barriers traversed in
a local conformational change. Also consistent with this
explanation is the observation that the PIP-10 sample in
the © solvent shows the same activation energy as all
molecular weights in the good solvents. This chain is short
enough that a substantial change in chain dimensions does
not occur over the temperature range studied. The final
observation noted that the difference in correlation times
between good and O solvents increased with molecular
weight. As solvent quality increases, chain expansion is
most significant for high molecular weight chains. Thus,
the change in the rate of local dynamics in going from a
6 solvent to a good solvent should be most pronounced for
high molecular weight chains.

In Figure 5 we show random walk calculations which
support the explanations given above. A self-avoiding
random walk® was used to model good solvent statistics,
while a regular random walk was used to model © condi-
tions.?? In each case, a three-dimensional cubic lattice was
utilized with the lattice spacing equal to the statistic
segment length for polyisoprene (16.5 A). The density of
segments in the region around the center segment was
calculated for both random and self-avoiding walks as a
function of molecular weight. For each complete walk, we
recorded the number of segments in a volume defined by
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Figure 5. Calculation of the local segment density about the
center segment for a polyisoprene chain in a good solvent (self-
avoiding random walk, SAW) and a 6 solvent (random walk, RW),
The segment density is expressed as a fraction of bulk density.
The three molecular weights utilized in this study are indicated
with arrows. At all three molecular weights, the segment density
is lower for the good solvent, leading to the faster dynamics
observed in Figure 4. The molecular weight dependence of the
local segment density in a © solvent leads to the observed mo-
lecular weight dependence of the correlation times.

a cube three lattice spacings on a side, centered around
the middle chain segment. The center segment itself was
excluded from the count. After many walks, we calculated
the average segment density about the center segment.
These results are shown in Figure 5, with the segment
density presented as a fraction of the density of bulk po-
lyisoprene. Arrows along the abscissa indicate the mo-
lecular weights utilized in these experiments.

Figure 5 is useful for illustrating several of the points
which we have made previously. (1) We noted that the
good solvent dynamics were faster than the O solvent dy-
namics. Figure 5 indicates that the self-avoiding walk
(good solvent model) shows a less congested environment
than the random walk (0 solvent model) for all molecular
weights. (2) The dynamics at the © point were molecular
weight dependent, while the good solvent dynamics were
approximately independent of molecular weight. Figure
5 shows that the local segment concentration has the same
behavior. The molecular weight dependence of the local
segment concentration under 6 conditions has been ver-
ified with an analytical model in a previous publication.®
(3) The largest change in local dynamics with solvent
quality occurs for high molecular weight polymers. It can
be seen from Figure 5 that the largest difference in the
local segment concentration also occurs at high molecular
weight.

It should be emphasized that we do not expect Figure
5 to be quantitatively accurate. The applicability of
self-avoiding random walk statistics to short chains or short
chain segments is questionable since excluded volume in-
teractions act most strongly on larger length scales.?®
Nevertheless, we expect the qualitative interpretations
drawn from Figure 5 to be correct. It is also worth em-
phasizing that in this section we have considered the local
segment concentration about a given segment and not the
segment concentration about the center-of-mass of the
chain. It is well-known that the latter quantity decreases
with increasing molecular weight.

One objection which can be raised to the explanation
of Figure 4 presented above is that the PIP-10 sample (M,
= 10800) must undergo sufficient chain expansion in going
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Figure 6. Reduced correlation times for the PIP-10 sample in
four solvents of varying thermodynamic quality. The top line
is the best fit line to the 2-pentanone data, while the bottom line
represents the toluene data. Also shown are data points for hexane
(0) and cyclohexane (O). Correcting the correlation times by the
viscosities (which vary by a factor of 3) produces reduced cor-
relation times which vary by only 25%. The remaining variations
are consistent with differences in solvent quality (see text).
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from a © solvent to a good solvent for the rate of local
dynamics to increase by 25%. This seems like a large
effect for such a low molecular weight polymer. In Figure
6, we present data on this sample in four solvents: 2-
pentanone, hexane, toluene, and cyclohexane. The cor-
responding Mark-Houwink coefficients for the molecular
weight dependence of the intrinsic viscosity are 0.50, 0.56,
0.67, and 0.70, respectively, for polyisoprene in these
solvents.!® The exact order indicated by these coefficients
is not followed in the data, but the figure shows that po-
lyisoprene in the two poorest solvents has the slowest local
dynamics, while the two better solvents yield faster dy-
namics. Given experimental errors, this tends to lend
further support to the notion that solvent quality is pri-
marily responsible for the observed differences in 7./5. In
the absence of viscosity scaling, these differences due to
solvent quality would not be apparent. The reduced
correlation times vary by 25% at room temperature, while
the correlation times without viscosity scaling vary by a
factor of 3.

Some aspects of the experimental observations presented
in this section have been observed by previous investiga-
tors. The result that © solvent dynamics tend to be slower
than good solvent dynamics has been noted in NMR ex-
periments?’ and in experiments by Valeur et al.? utilizing
time-resolved optical spectroscopy. These investigators
explained their results in a manner consistent with our
explanation. Bullock et al. performed ESR on spin-labeled
polystyrenes of various molecular weights.* They reported
an increase in the activation energy as a function of in-
creasing molecular weight in a © solvent. However, since
these results were not corrected for end-over-end motions,
it is difficult to quantitatively compare them to our results.
Bullock et al. noted a difference in the activation energy
for a high molecular weight chain in good and © solvents.
They also utilized changes in global conformation to ex-
plain these differences.

Correlation Function Shape. In all the experiments
that we have performed on polyisoprene in dilute solution,
the shape of the correlation function, as indicated by the
ratio of 7o/ 7y, has been essentially constant. This is true
independent of the temperature, solvent power, viscosity,
or solvent identity. In Table II, a collection of the corre-
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Table 11
Correlation Function Shapes
79/ Ty
2-pentanone toluene hexane cyclohexane chlorobenzene

PIP-10 3.6 0.7 38=+1.1 3.6%05 3.6 +05

PIP-10¢ 43+£08 44+ 14

PIP-100 43£09 4.6 £ 0.5
PIP-300 44 £ 1.0 46 % 1.3
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Figure 7. Constant shape of the correlation function illustrated
by three time-dependent anisotropy decays for anthracene-labeled
polyisoprene PIP-10 in dilute solutions of three different solvents.
The anisotropy data for PIP-10 in 2-pentanone at 55 °C (O),
cyclohexane at 22 °C (a), and toluene at —22 °C (O) are plotted
with the time scaled by their respective correlation times: 270,
770, and 1290 ps. The smooth curve is the best fit of the Hall-
Helfand correlation function to the toluene data.

lation function shapes for various molecular weight samples
in different solvents is presented. To illustrate the con-
stant shape of the correlation function visually, anisotropy
data from the PIP-10 sample in three different solvents
and at three different temperatures are shown in Figure
7. The time axis for each anisotropy curve has been scaled
according to the fitted correlation time of the decays. As
can be seen from this figure, the correlation function
shapes are essentially identical. These data cover a range
of temperatures from -22 to 55 °C, a range of viscosities
from 0.3 to 1.1 ¢P, a range of correlation times from 270
to 1300 ps, and a variety of solvent types: aliphatic, aro-
matic, and a ketone.

Hall and Helfand derived their model for the correlation
function by considering two fundamental types of con-
formational transitions: correlated and uncorrelated
transitions.!” The fact that the ratio of the time constants
representing these processes is a constant suggests that the
fundamental mechanism of local segmental dynamics in
polyisoprene is the same under all conditions investigated.
This observation is important for two reasons. First, it
indicates that strong, specific chemical interactions are
probably not dominating the dynamics of polyisoprene for
the solvents we have studied. Second, it indicates that
theoretical approaches which ignore the details of poly-
mer—solvent interactions may be able to quantitatively
reproduce experimental results. One such approach,
Brownian dynamics computer simulations,?® is being
pursued in our laboratory on the polyisoprene system.

It should be noted that our observation that the corre-
lation function shape is independent of solvent and vis-
cosity in the dilute solution regime is at variance with
recent work by Sasaki et al.l® These authors utilized

time-resolved fluorescence anisotropy measurements to
examine the dynamics of anthracene-labeled poly(methyl
methacrylate). The cause of this discrepancy is not clear
at this point. These authors covered a wider range of
viscosities in their study than in our work and also utilized
a somewhat different form of the correlation function with
a floating base line. In future work, we will explore more
viscous solvents with the polyisoprene system.

Summary

The greatest strength of time-resolved optical spec-
troscopy as a tool for the investigation of local segmental
dynamics in polymer systems is that the time dependence
of the orientation autocorrelation function of a backbone
bond can be directly measured. Because of this, we have
been able to show directly in these experiments that the
character of the motions we are measuring is not changing
as the solvent, molecular weight, and temperature are
varied. This allows an unambiguous comparison of the
local segmental dynamics under these various conditions.
Solvent quality affects local dynamics through the global
chain configuration which influences the average envi-
ronment of chain segments. The dependence of the local
dynamics on molecular weight in good solvents and a ©
solvent supports this explanation. The excluded volume
effects which tend to increase the rate of local dynamics
by making the local environment of the chain segments
less congested also minimize any molecular weight de-
pendence in the observed dynamics. In contrast, the ab-
sence of strong excluded volume effects near the © point
leads to a molecular weight dependence.

Qur results are consistent with the explanation that the
solvent viscosity and the solvent thermodynamic quality
are sufficient to determine the local segmental dynamics
of the polymer in a given solvent. We believe that by
measuring both the temperature and molecular weight
dependence of the local dynamics in various solvents we
have provided a reasonable preliminary test of this hy-
pothesis for the polyisoprene system. Future studies will
examine this system over a wider range of viscosities and
utilize additional solvents in the vicinity of the © tem-
perature. Caution should be exercised in generalizing our
results to other polymer systems. It might be expected
that specific chemical interactions would play a greater role
in more polar systems.
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ABSTRACT: An off-lattice computer simulation based on the Langevin equation of motion is used to study
gel electrophoresis. The simulated chain dynamics are dramatically different from the dynamics predicted
by tube-reptation theories. The mobility of different length chains is traced, showing the loss of length
dependence as the field is increased. The dynamics of the chain in the field-independent mobility regime

are illustrated.

Introduction

Gel electrophoresis has great importance in modern
molecular biology as a method for separating proteins and
nucleic acids, in particular DNA. In its simplest form, the
technique consists of applying a constant electric field to
a gel that contains the molecules of interest. In the limit
of small electric fields, the mobility of linear polymer
chains is inversely dependent on length. After a period
of time, the chains of different sizes separate physically
in the gel. Unfortunately, for higher electric fields, the
inverse length dependence of the mobility is strongly re-
duced. This loss of length-dependent mobility occurs at
smaller fields for larger chains. Consequently, the tech-
nique is unable to separate very long chains.! In an effort
to optimize the separation process, more sophisticated
approaches have been developed.?® Despite the impor-
tance of gel electrophoresis, the dynamics of this process
are still not fully understood. Experimental developments
have relied solely on empirical observations.

In order to understand the dynamics of gel electropho-
resis and why the mobility loses its inverse length depen-
dence, we have developed an off-lattice computer program
of the process. The results of the simulation illustrate a
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diffusional process not explained by the existing tube-
reptation theories of gel electrophoresis.*®

de Gennes® introduced the reptation model to explain
the dynamics of long linear chains in a gel with no applied
forces. The diffusion of an ideal chain of N units of length
b is restricted by the gel. The reptation model accounts
for this restriction by confining the polymer to diffuse
along the random path of a tube. The tube’s diameter is
the average distance between network junction points, a.
For distances less than the tube diameter, a, the polymer
moves freely. For larger distances, the chain is constrained
to diffuse along the tube path. The tube consists of N’
segments of length a where N’ = Nb%/a% The contour
length of the tube, L, is given by

L=N' (1)

In tube-reptation theories, for diffusion larger than the
tube diameter, all the lateral motion perpendicular to the
tube is explicitly ignored. Only the end tube segments are
free to move. As a result, the path of the chain is deter-
mined by the end tube segments.

Current gel electrophoretic theories are based on the
tube-reptation concept constraining the chain to move
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