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the consequent Diels—Alder reaction of the cyclopentadiene
with the more stable nadic group. At higher temperature,
all these groups polymerize at basically the olefinic posi-
tions, forming a three-dimensional cross-linked polymer
network (Scheme I).

Conclusion

The results of the solution and solid-state 3C NMR
study of the 2NE/MDA and PMR imides indicated that
the polymerization mechanisms of these more complex
imides are consistent with those found in the simpler,
soluble imides, i.e., retro-Diels—Alder reaction of the end-
capped nadic group and further Diels—Alder reaction of
the oligomers and cyclopentadiene to form the various
isomeric end-capped groups. These groups then polym-
erize through reaction of the nadic olefinic group to form
the three-dimensional polymer network. This conclusion
is derived from the mutually complementary data of so-
lution and solid-state *C NMR and after comparison with
the data of the polymerization of the simpler, single end-
capped imide model compounds.

Solid-state *C NMR can be used to study the curing of
polymers which are insoluble or only sparingly soluble in
common NMR solvents. This can be especially effective
if complementary solution NMR data are utilized in the
study. High 'H decoupling field, cross polarization, and
MASS are essential in order to obtain reasonably high
resolution ®*C NMR spectra of these amorphous solid
polymers. It appears that little or no improvement in
resolution of these amorphous polymers is observed with
increasing static field in many cases; however, the expected
increase in sensitivity is clearly observed.
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Dynamics of Dilute Polymer Solutions
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ABSTRACT: Polystyrene, poly(tetrahydrofuran), and poly(dimethylsiloxane) in dilute solution in CgDg and
in C8S; have been observed by the neutron spin-echo technique. Motion over distances up to 30 A has been
measured with an energy resolution of 0.01 ueV (~107 Hz). Systematic deviations from @° behavior at higher
frequencies have been fitted to theoretical predictions and characteristic length and frequency parameters

extracted for each polymer.

1. Introduction

A linear polymer molecule in dilute solution adopts a
random-coil configuration which is continuously changing
as rotation about backbone bonds occurs. The driving
force for this Brownian motion is the thermal energy and
its rapidity depends both on the energy barriers to internal
rotation of the bonds and on the viscous drag of the sol-
vent.! The motion may be observed directly in scattering
experiments where probe particles (neutrons or photons)
exchange energy with the polymer molecules. Alterna-
tively, the molecular motion of the polymer dominates the
response of the solution to external applied forces, giving
rise to the various moduli and the dynamic viscosity. The
observation is strongly dependent on the frequency of the

applied stress or the energy range covered by the scattering
experiments. Brownian motion of the whole polymer
molecule dominates scattering experiments at low energies,
and only the overall molecular dimensions (e.g., the end-
to-end distance (r?)) and the solvent viscosity are im-
portant. At very high frequencies there is not time for
cooperative bond rotations and the molecular response to
stimulus is confined to local bending and stretching of the
bonds. This motion is therefore highly dependent on the
local chemistry of the polymer. Between these two ex-
tremes there lies a frequency range where measurement
is sensitive to detailed changes in the coil conformation.
Points on the chain not too far removed from each other
have time to change their relative positions during the
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observation. The continually changing molecular con-
formation causes fluctuations in the length of a chain
segment (long enough to obey Gaussian statistics) and lead
it to behave like a spring under tension. In models de-
veloped by Rouse? and Zimm,? the polymer molecule is
represented by a series of such springs of length a con-
nected by beads and the frictional effect of the solvent is
confined to the beads. Rouse ignored hydrodynamic in-
teractions between the beads through the solvent in the
so-called free draining limit whereas the Zimm theory
includes these hydrodynamic interactions. Pecora* and
de Gennes® have calculated the scattering laws for Rouse
and Zimm chains in the range 1/(r?)/2 « Q « 1/a, where
Q is the change in wave vector defined in eq 2 below. The
predictions for Zimm chains will be discussed in the next
section.

For the Zimm model (and strictly for 6 conditions) the
longest relaxation time 7, is defined by

71 = 0.29(r})3/2/kT 0y

where 7, is the solvent viscosity.

For polystyrene of molecular weight 50 000 in benzene
(1, = 0.56 cP at 30 °C), 7, from eq 1 is 1.3 X 1077 s. Thus
for dynamic modulus measurements Zimm internal motion
will not be observed for ordinary solvents and modest
molecular weights except at very high frequencies (which
require special techniques). It has therefore become com-
mon to use high molecular weights and high-viscosity
solvents,® thus increasing 7; to 10°-10% s, Results show
a different behavior taking over at frequencies above
~10/,, where local motion apparently becomes impor-
tant.

In scattering experiments the two techniques of par-
ticular importance for polymer solutions are photon cor-
relation spectroscopy (PCS)” and neutron scattering.? The
upper frequency limit of PCS is about 10° Hz. In order
to observe Zimm maodes in light scattering experiments,
7, has been increased via the molecular dimensions. For
polystyrene with M, = 107, 1/7, is of the order 10* Hz.
Good agreement with de Gennes’ calculation for a chain
undergoing internal Zimm motion has been observed.®
Until recently, neutron scattering experiments have been
confined to the frequency range above 10° Hz. In this
range local bond rotation dominates, although some in-
dication of Zimm-like motion has been observed.!®12 The
advent of the neutron spin-echo technique (NSE)!#16 hag
extended the range of observation down to 10’ Hz. NSE
data have already been published showing Zimm motion
for a very flexible polymer in dilute solution'” and Rouse
motion for a single chain in a polymer melt.!® Using
neutron scattering, one can now observe the transition
from long-range internal motion to the local motion re-
sponsible for high-frequency limiting viscoelastic proper-
ties.

Akcasu et al.!® have recently calculated the scattering
from a polymer molecule in dilute solution over the whole
frequency range (reproducing the de Gennes results at the
intermediate frequencies). Excellent agreement between
light scattering data and these predictions has been found
for the range around 1/, covering the changeover from
molecular difusion to internal modes. In this paper we
present neutron data for the range 210/r;, where local
motion begins to take over from internal modes as the
dominant process.

2. Neutron Scattering from Polymers in Dilute
Solution

In a neutron scattering experiment the frequency w is
defined by the energy transfer from the scattered neutron
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Figure 1. Pictorial representation of the molecular motion of
a polymer chain. The numerical values correspond to a chain of
radius R, = 100 A and step length a = 10 A, for which r; = 4 X
1(():')7 s (assuming a solvent viscosity of 0.56 cP, i.e., benzene at 30
o

to the polymer molecules, AE = hw (w = 107 Hz corre-
sponds to AE = 0.007 ueV). In such a scattering experi-
ment the observation depends not only on the energy
transfer but also on the change in wave vector or mo-
mentum transfer, @, which governs the spatial scale of
observable motion. If A is the neutron wavelength and k
is the corresponding wave vector ([k| = 2= /)), then

Q =k -k (2)

where i and f refer to the incident and scattered beams,
respectively. For elastic or quasi-elastic scattering (where
ki ~ k)

Q=|Ql={4r/)N sin b 3)

where 26 is the angle of scatter.

An indication of the distance scales corresponding to the
various frequency ranges for polymer motion described in
the previous section is given in Figure 1, together with the
available scattering techniques. The @ value corresponding
to the frequency 1/7; where Zimm modes take over from
molecular diffusion is 1/R,, where R, = ((r?)/6)'/ is the
radius of gyration of the polymer molecule, while the
high-frequency behavior sets in around Q = 1/a, where ¢
is the spring length in the Zimm model. Typical neutron
wavelengths range from 1 to 10 A and for dynamic mea-
surements flux limitations preclude sufficient beam col-
limation for observation of scattering angles 26 < 2°,
Neutron observation therefore covers distances less than
about 30 A,

In a scattering experiment the cross section may contain
contributions from both the coherent and incoherent
scattering laws,?® S.;(Q,w) and S .(Q,w).2%?! These are
related to the space-time correlation function, G(r,t), and
the corresponding self-term, G¢(r,t), by double Fourier
transforms

Scoh(Qrw) = fscoh(Q,t)eiwt dt =
f f G(r,t)ei @ dr dt (4)

Sinc(Q’w) = fsinc(Q,t)eiwt dt =
f f G,(r,t)ei @™t dr dt (5)

Seon(@,t) and S;.(Q,t) are called the intermediate scattering
functions. For diffusive motion S(Q,w) at a given & is
peaked at w = 0 and has to be observed as a broadening
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Table I
K¢ per
concn monomer _
X 102, unit w X
polymer solvent g/mL inbarns 107°% R, A 17,°s
PS c.D, 3.1 36 56 ~709 11.4 X
107"
PSD CS, 3.1 74 57 ~70° 9X
107*
PTHF C,D, 3.0 30 ~50 ~1484 1.1x
107¢
PTDF CS, 3.1 50 ~50 1487 7x
107"
PDMS C,D, 3.1 35 15 38¢ 2.2 x
10°®

@ K= [2pb~ (vp/vs)Z;b)?, where = ,b and £ b are the
sum of scattering lengths and v, and v; the specific vol-
umes of a monomer unit and a solvent molecule, respec-
tively, © M, determined by GPC (polystyrene calibration
used for PTHF and PTDF). ¢ 7, calculated from eq 1
using measured values of R, = (<r®»/6)'/%, At 30 °C viscos-
ity for CS, = 0.35 cP and viscosity for C,D, = 0.56 cP.?8
d Estimated assuming ca. same solvent power for benzene
and CS,. ¢ Estimated from ref 26. fMeasured by SANS.
€ Taken from ref 27.

of the incident energy or wavelength distribution AA.
Models are investigated via the variation of this broadening
Aw (which has to be deconvoluted from AM) with . The
corresponding intermediate scattering functions are de-
caying correlation functions from which characteristic
decay time constants, Q, may be extracted directly and
their variation with  again compared with theory. The
NSE technique has the great advantage for observation
of diffusive motion of providing the intermediate scattering
law directly. This removes the problem of deconvolution
and provides a function often more easily compared with
calculation. Most models lead to differences between
Sine(@,w) and S_;(Q,w) but in conventional experiments
it is only possible to make one or other dominant by a
judicious choice of scattering cross sections. The NSE
technique, however, allows separation of the coherent and
incoherent terms at the experimental stage.

At small @, where @ ~ 1 /Rg, the coherent intensity
scattered by a polymer molecule is a function rising steeply
as @ decreases, whereas the incoherent scattering is iso-
tropic. The coherent cross section is governed by a con-
trast factor K%

K = [2b - (v,/v,)2b)? per polymer segment (6)
p 8

The subscripts p and s refer to a polymer segment and a
solvent molecule, respectively. b is the neutron scattering
length. The total intensity is then proportional to N K,
where N, is the number of segments per unit volume. The
corresponding incoherent cross section would be just
N, X, ((b?) - (b)9. The amplitude factor, b, in the nuclear
scattering of neutrons varies from nucleus to nucleus and
from isotope to isotope. In particular, b = 0.667 X 10712
cm for deuterium and ~0.35 X 1072 ¢cm for hydrogen. Thus
suitable choice of solvent and, possibly, deuteration can
give a very large value for K and hence for the coherent
scattering intensity. The values of K for the polymer—
solvent pairs investigated in these experiments are listed
in Table 1.

The intermediate scattering law S,.,(Q,t), has been
calculated by Dubois-Violette and de Gennes® for Zimm
chains at intermediate @ (QR, > 1 > Qa), where neither
overall molecular size nor local structure is important.

The calculated S, (®,t) is a universal function of the
normalized time coordinate # and has the form

Macromolecules

Seon(@)t) = Wz/sj;wexp{—(ﬂ”%[l + h@)D}du (7)
where
h(u) = (4/7) j; w((cos ¥3/¥)[1 - exp(~u~3/2y%)] dy

Akcasu et al.’® have further developed the theory of
scattering from a bead-and-spring model of a polymer in
solution to cover continuously the whole range from mo-
lecular diffusion, through segmental motion (Q? region),
to local bond rotation (which is represented by the diffu-
sive motion of a single bead). The intermediate scattering
law is expressed in terms of an inverse correlation time Q
defined as the first cumulant of the scattering law

. dIn[S(@)]
@ = lim dt @©)
The theory makes the same predictions as Dubois-Violette
and de Gennes® for the region 1/ R, « @ < 1/a, where

Q = 2Y%% /t) = (1/67)(kgT /7)Q° 57 (9)

This expression applies to © conditions. In a good solvent
Scon(@:t) has not been calculated but Q shows the same @°
behavior with the numerical coefficient increasing!® to
0.072. These calculations of Q have been made by using
a preaveraged Oseen tensor. It has been found?? that
preaveraging does not affect the overall behavior of Q as
a function of @ but that the numerical coefficient in eq
9 may vary by up to 10%.

At low @ (QR, < 1) and frequencies (v < 1/7;), Brownian
diffusion (see for example Chapter 6 in ref 20) of the whole
molecule dominates, and S(Q,t) is a simple exponential of
the form e . Q, which is proportional to @, yields the
temperature-dependent diffusion coefficient, D(T) =
limg .o (2/Q%), which is dependent on the molecular size.
This behavior gradually gives way to Zimm-type internal
motion as @ increases with a characteristic @° dependence.
At higher @ values (Qa > 1) and frequencies (w = 10/7,),
Q deviates from @° dependence, back to a §* dependence
as the local structure of the molecule becomes important.
This region corresponds to the high-frequency results in
viscoelastic measurements, where deviations from Zimm
behavior are observed. As a simple first approximation
the motion may be thought of as local Brownian motion
of a single bead. As with increasing Qa the motion deviates
from @° behavior toward “local diffusion”, so the shape
of the intermediate scattering law, S_,(Q,t), is predicted
to deviate from that given by Dubois-Violette and de
Gennes (eq 7) for internal motion of Zimm chains toward
the simple exponential form typical of diffusive motion of
a single bead. Figure 2 shows the theoretical curve In
[Swn(Q:t)] vs. Q¢ for Zimm chains (evaluated from eq 7 and
10) which is predicted to hold for values Qa < 1, together
with In [Sh(Q,t)] for Qa = 2, 4, and 6 (after ref 19). Also
shown is the limiting straight line representing diffusive
motion. The curves in Figure 3 have been taken from ref
19 and show the normalized inverse correlation time,
(2/Q%(nsa/kpT)™, against Qa calculated by using the
Zimm model for polymers of different sizes and for dif-
ferent values of the draining parameter B, where

B = [1/(67)Y%(&/n,a)

&, is the friction coefficient of a Gaussian bead spring of
length a. B is in fact identical except for a factor 21/2 to
the reduced draining parameter h* = h/N'/2, where N is
the number of beads and h is the parameter introduced
by Zimm?® to represent the degree of drainage of the solvent
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Figure 2. Theoretical correlation functions calculated for dif-
ferent values of Qa. Qa <1 corresponds to eq 7 for Zimm motion;
Qa > 10 corresponds to a simple exponential representing dif-
fusion. The intermediate values are taken from ref 19.
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Figure 3. Variation of the normalized Q values with normalized
Q for different values of the draining parameter B and for two
chain lengths in a good solvent (ref 19).

molecules through the polymer.! For the limit of free
draining, B = 21/2h* = 0. By fitting the experimental Q
data to these calculated curves, one can obtain values of
a and B. Note that for any B value the curves for dif-
ferent-sized molecules (defined by the number of beads,
N) coincide at high Qa, where overall molecular size is
important. At low Qa, where molecular dimensions de-
termine the rate of motion, the curves for different values
of B coincide for given values of N.

The range of interest in these experiments covers the
Q° region and the crossover to local motion, where the
draining parameter has the most effect. The quality of
the experimental data, however, precluded a two-param-
eter fit and led us to fix B and extract only one variable,
a, the length per bead. The literature gives a number of
estimates of h*, most of which fall in the range 0.1-0.4 for
typical polymers in solution.® Kirkwood and Riseman?
calculated the ratio

fo/ (n(r¥)1/®

for a nondraining molecule, where f, is the molecular
friction coefficient. For polymers of reasonable molecular
weight, the ratio is (37)%227%/2 (see, for example, Yama-
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kawa,! p 272). Equating the friction factor £, of a Gaussian
subchain forming a bead-spring unit to that of a Gaussian
molecule and using the Kirkwood-Riseman value of the
friction ratio give B = 0.38 and correspondingly h* = 0.265,
well within the range of h* values found suitable for
polymers in solution. The Kirkwood-Riseman value of B
was therefore used for all the calculations presented here.

3. Experimental Section

3.1, Samples. Table I lists the polymers and solvents used,
together with the important physical parameters. Poly(tetra-
hydrofuran) (PTHF) and poly(tetrahydrofuran-dg) (PTDF) were
prepared from carefully purified monomers (AnalaR from BDH
Ltd. and deuterated monomer from Merck Sharp and Dohme (99
atom % D)) and polymerized by using antimony pentachloride
as the initiator, following the procedure described in ref 24.

The molecular weights were shown, by GPC analysis, to be
about 50000 with broad distributions. NMR examinations in-
dicated that the deuterated polymer contained less than 1%
PTHF and its radius of gyration, R,, was measured in CS; by
small-angle neutron scattering and shown to be 140 A, As benzene
is also a good solvent for this polymer, the same value is assumed
for the PTHF dimensions in CgD.

The samples of polystyrene (PS) and polystyrene-dg (PSD) were
prepared anionically from styrene monomer and styrene-dg (from
Aldrich Chemical Co.) in benzene at 25 °C, using n-butyllithium
as initiator.2® The molecular weights determined by GPC were
55000 and 56 000 for PS and PSD, respectively, with M, /M, =
1.24 and 1.25. The sample of poly(dimethylsiloxane) was kindly
provided by Dr. J. A. Semlyen of York University. It was obtained
by preparative GPC fractionation of Dow Corning DC 200 series
Dimethicones and has molecular weight distribution parameter
M,/ M, = 1.075.

All solutions were held in sealed quartz cans of optical path
8 mm. Unless otherwise stated, they were thermostatically
controlled at 30 °C.

3.2. Apparatus. Experiments were carried out at the high-flux
reactor at the Institut Laue-Langevin, Grenoble, France, using
the IN11 spin-echo!*® spectrometer.?®® This apparatus allows
measurement of changes in the energy of neutrons scattered by
a sample by changing and keeping track of the neutron beam
polarization nonparallel to the magnetic guide field. The resultant
neutron beam polarization, when normalized against a purely
elastic scatterer (e.g., glassy polystyrene) is directly proportional
to the cosine Fourier transform of the coherent scattering law,
Soon(@w); i.e, the intermediate scattering law, or time correlation
function, Sp(@,t) is measured directly. Energy changes down
to 0.01 ueV may be measured by this technique. The incident
wavelength in these experiments was 8.3 A with a spread AX/A
of 10%. The @ values ranged from 0.026 to 0.16 A%

3.3. Data Analysis. Figure 2 shows that to obtain Q from
the measured correlation functions, S (&,t) should be analyzed
by using different theoretical functions for different ranges of Qa.
Although use of the “initial slope” lim, . {d In [S,n(Q,t)]/d¢] to
extract 2 removes the necessity of assuming a model for the
correlation functions, the quality of the data (see, for example,
correlation functions displayed in Figure 4) gives rise to unac-
ceptable uncertainty in  values obtained in this way. The Akcasu
correlation functions (Figure 2), however, cannot be fitted until
a has been determined. Therefore as an initial approach the de
Gennes correlation function (eq 7) was fitted to the data. The
inverse correlation time (#£/t) is the only variable to be fitted
and the initial slope is then given by @ = 2V/%(#/t) (see eq 9).
The Q values thus obtained were checked to see that they pro-
duced an acceptable initial slope to the data. The data (plotted
as /@2 vs. Q) were then fitted to the theoretical curve of Akcasu
(see Figure 3) for the appropriate solvent conditions and solvent
viscosity, with B fixed at 0.38. Both axes in Figure 3 are nor-
malized by a so that the fit is made by sliding the data diagonally
over the master curve, which is plotted for an arbitrary value of
a.

In principle, an iterative process should then be used to “home
in” on the final value of a and Q. That is to say, knowing Qa,
one can fit the appropriate Akcasu function (see Figure 2) to the
data to obtain a new set of Q values and hence a new value of a
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Figure 4. Normalized correlation functions plotted logarithm-
ically against time for PS in CS,. @ values are as follows: ()

0.026; (%) 0.05; (@) 0.08; (4) 0.11; (®) 0.13 AL, The highest
value reached for Qt is marked on each curve.

by refitting to the master curve. However, the quality of the data
already produces very large uncertainties in the initial Q values
and, hence, in the values of a obtained. The error bars at the
second iteration cover much the same range as at the first stage
and thus no real convergence is possible. A fit of a linear time
dependence for In [S.,(Q,t)] (characteristic of Brownian motion
at very high Qa) must give the lower limiting value of @ whereas
de Gennes’ correlation function gives the upper limit. At the
highest experimental values of Qa the results of such a straight-line
fit to In [S,(Q,t)] are shown in Figures 9 and 10 as an extension
to the error bars.

3.4. Resolution in Time and in @. A. Errors in Q. Errors
in the correlation functions S,n(Q,t) arise directly from the
counting statistics in the sample, background, and normalization
runs. Even with very long counting times statistical errors become
prohibitive when S ,(Q,t)/Sn(@,0) < 0.1 so data do not extend
beyond this point.

Error bars are displayed with each correlation function. These
error bars give rise to a range of possible values for Q when fitting
the theoretical de Gennes curve to Se,(Q,t). The maximum and
minimum  values producing reasonable fits are used as the limits
of the Q error bars.

B. Errors in @. The spin-echo technique achieves high-energy
resolution without many of the usual flux penalties associated
with special focusing techniques and allows the use of a broad
incident wavelength spread (AA/A = 10%). This gives rather poor
Q resolution. However, it has been shown®" that for systems
where the correlation times vary with @ (i.e., with 1/2%) the effect
of this on the values of Q is very small due to a A% variation of
the Fourier time variable which appears in the detailed analysis
of the spin-echo technique itself. Thus for most of the data
presented here the wavelength resolution is not an important
effect. There is another, more important, uncertainty in @ in-
troduced via the angular collimation of the neutrons (this affects
the definition of 6§ in eq 3). The experimental collimation was
+0.25° and, together with the wavelength spread, this leads to
an uncertainty in the lowest values of  of 14%, dropping to £10%
at the higher @ values.

4, Results

Figure 4 shows a set of normalized correlation functions
obtained at 30 °C for PSD in CS, at five values of @ be-
tween 0.026 and 0.13 AL, plotted logarithmically against
time. None of the functions displayed show much cur-
vature (as compared with Figure 2). At low @, where the
most curvature is expected (since Qa will be small), the
Qt range covered in the experiment only reaches 0.2 and
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Figure 6. In-In plot of Q against @ for (O) PS in CgDg and (0)
PSD in CS,. The solid bar represents the ratio of the solvent
viscosities on the same scale.

in this range all the functions in Figure 2 are approximately
linear. At high @ the normalized time scale is longer and
Qt reaches 5 at @ = 0.13 A1, but as Qa increases, the
expected correlation function tends toward a simple ex-
ponential function. (The value of the step length a ob-
tained by fitting the Q values from these data to the master
curve in Figure 3is 38 A, At @ = 0.13 A™!, Qa ~ 5 and
In [S(Q,t)] is nearly linear in time as shown in Figure 2.)

Figure 5a shows data for PDMS in C¢Dg at @ = 0.066
A1 fitted to the de Gennes curve and showing rather more
curvature (for PDMS the value of a is 15 A; Qa is of order
unity and approximately Q3 behavior is seen over most of
th experimental range). In Figure 5b the values of Q ob-
tained from such fits to all the data for PDMS are dis-
played logarithmically against . The solid line is calcu-
lated from eq 9 with 5, = 0.56 cP and T = 30 °C. This
equation applies for © conditions. Although these ex-
periments are carried out approximately 40 °C above Tq
for PDMS in CgHg, there is other experimental evidence
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Figure 7. In-In plot of ? against @ for PS in C¢D; at two tem-

peratures: (O) 50 °C; (@) 30 °C. The solid bar represents the
change in T'/n,.
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Figure 8. In—In plots of Q/Q? against Q. The solid lines are fitted
theoretical curves of Akcasu et al.!® for a good solvent with B =
0.38. The dotted lines are the corresponding © curves. Solvent
viscosities and the values of a extracted from the fits are shown
in the figure.

that this temperature is not high enough for good-solvent
conditions to apply in dynamic experiments.!”3% Data for
PS and PSD in Figures 6 and 7 do not show this simple
@® behavior. (This is more clearly seen in Figure 8.) The
effect of changing solvent viscosity is shown in Figure 6,
where results for PSD in CS; are compared to those for
PS in C¢Dg. In the region of @ behavior, eq 9 predicts a
vertical shift proportional to »,, the solvent viscosity. The
extent of this shift for the solvents in question is shown
as a vertical bar on the data and is seen to be somewhat
smaller than the observed shift. Outside the @° range,
however, three possible variables, a, B, and 7,, may cause
a more complex behavior. Simpler behavior may be an-
ticipated if the solvent itself is not changed but the vis-
cosity varied via the temperature (eq 9 predicts a shift
proportional to 7'/, for the @° range). Figure 7 shows data
for PS in C¢Dg at 30 and 50 °C and a vertical bar showing
the change in T'/7, which agrees fairly well with the ob-
served shift in the rate of motion. As explained in section
3.3, the Q values displayed in Figures 5-7 were obtained
by fitting the de Gennes curve to the data. Unlike the
PDMS data, the polystyrene data in Figure 6 and 7 do not
have a slope of 3 but exhibit a lower @ dependence of Q.
Deviations from the Q® dependence predicted by eq 9 are
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Table I1
solvent polymer g,®A Q',bs! Db em? 57!
C,D, PS 55  0.8x 10° 2.3x 10°
PTHF 45 1.8 x 108 3.3x 10°¢
PDMS 15 4 X 10° 9Xx 107¢
CS, PSD 38 4 x 108 6 X 10°¢
PTDF 32 7x 108 7% 10°¢

@ Errors in absolute values of a are of the order 210 A
but the relative values for the different polymers are prob-
ably more reliable. ? Errorsin Q' and D45 are directly
governed by those in a.
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Figure 9. In-In plots of Qa/Q*® against Qa for three polymers

in CgDg: (O) PS; (@) PTHF; (X) PDMS. The solid curve is the

theoretical curve for a good solvent of viscosity 0.56 cP at 30 °C

and with B = 0.38.)® The dotted curve is the corresponding 6

solvent curve.

more clearly seen when the variation of /Q? is examined,
as shown in Figure 8.

Only the PDMS data show @® behavior; other samples
show a slower @ dependence. Comparison of the data with
the theoretical curves (discussed in section 3.4) allows
values of a to be estimated. In Figure 8 the solid lines
represent the curves for good-solvent conditions and the
dotted lines those for © solvents. Examination of Figure
8 shows that while the PDMS data fall in the @° region
and show a better fit to the curve appropriate to 6 con-
ditions, the data for PS and PTHF fall in a range where
©- and good-solvent curves are indistinguishable. Table
II lists the values of a extracted from these fits. It should
be noted that since NN is not fixed for a given polymer
molecule until a is known (N = 6R,2/a?, all the fits to the
Akeasu theory for @/Q? have heen made assuming N = 104,
In the extreme low @ limit, however, N always appears in
expressions for Q so that only overall molecular dimensions
are significant and Q/@? tend to D, the molecular diffusion
coefficient. For polystyrene in CiHg, light scattering
measurements have given the variation of D with molecular
weight and concentration.3® The value of D for a poly-
styrene solution of the appropriate molecular weight and
concentration is shown as a dashed line on the PS/CgDy
data in Figure 8. Diffusion data have also been published
for PDMS in toluene,?! which is a very similar solvent to
benzene. In this case the concentration dependence of D
was not given but was said to be “small”, With suitable
corrections of solvent viscosity and temperature we have
therefore used the value of D from ref 31 for a 1.56% so-
lution (somewhat smaller than our concentration) to show
the level for diffusive motion in Figure 8. This dashed line
on the PDMS/C¢D; data in Figure 8 shows that the lowest
€ data are already impinging on the region of overall
molecular diffusion for this rather small molecule.

Normalization of the Q/Q* and the Q axes by the ap-
propriate value allows all the data for a particular solvent
(and temperature) to be displayed on one master curve.
Figures 9 and 10 show the master curves for CgDg and for
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Figure 10. In-In plots of Qa/Q? against Qa for two polymers in
CS,: (0) PSD; (@) PTDF. The solid curve is the theoretical curve
for a good solvent of viscosity 0.35 cP at 30 °C and with B = 0.38.°
The dotted line corresponds to © conditions.

CS, solutions, respectively (always fitting B at 0.38). These
curves show clearly the systematic deviations from Q°
behavior at higher values of Qa for the PS and PTHF data.
As described in section 3.3, it is necessary to reexamine
the analysis of this high-Q data in terms of the curves in
Figure 2. Figure 2 shows that significant deviations from
the de Gennes curve used in the initial data analysis are
to be expected when Qa > 3. As explained in section 3.3,
the uncertainties in a@ and Q are too large for significant
improvement to be made by using the Akcasu curves of
Figure 2. To show the limiting case, the error bars for data
above Qa = 3 have been extended by dotted lines to in-
clude the values of Q which would be obtained from a
straight-line fit (limit as Qa — =) to In [S,,(@,t)]. The
sliding fits to the master curve are not significantly
changed by these extensions so that the a values remain
within the limits of the first iteration.

Once a has been fixed for a given polymer, another
parameter available from the master curve is the value of
Q/Q? at the high-Q limit. Q/Q? has the dimensions of a
diffusion coefficient and values of limg ... (/@) have been
listed in Table II as D We also calculate a frequency
Q' associated with the onset of the high-frequency
Brownian behavior. @’ is calculated as Q’2D ., where Q’
is defined as the point where an extrapolation from the
Q°® region in Figure 3 crosses the horizontal line of high-Q
behavior (approximately @’ = 3.3/a).

5. Discussion

The master curves displayed in Figures 9 and 10 dem-
onstrate the ability of the simple bead-spring model when
extended into the range Qa > 1 to explain the behavior
of the inverse correlation time, 2, over a wide frequency
range. The fitting parameter, g, is the length of chain per
bead in the model. Its variation for the different polymers
studied in some sense reflects the differences in their local
flexibility. Within the experimental error we place no
significance on the differences in a values observed for the
same polymer in different solvents. The related parame-
ters ' and D reflect the same properties as @ and we note
that the ratio of D/ D, (where D,, the diffusion coefficient
of the solvent, is 2.2 X 10° em? s for CgH¢® at 30 °C)
ranges from 0.1 for PS to 0.4 for PDMS, both in CgDs.

Comparison of Figures 8-10 shows that data for any one
sample cover only a rather limited section of the overall
behavior—PDMS data lie largely in the @° range with the
highest value of Qa < 2 while for PS the lowest Qa is >1
and no @° region is observed. Observation at lower @
values is restricted by the resolution of the apparatus. (It
is clearly not feasible to analyze a correlation function
much flatter than the one for @ = 0.026 A~ shown in
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Figure 4 without markedly extending the time scale. Here,
purely physical limitations on the functioning of the ap-
paratus eventually come into play.) At high @ values the
experiments are limited by counting statistics in two ways.
First, the coherent structure factor S.,(§) drops off
sharply as @ increases and becomes comparable to the
isotropic incoherent scattering so that the signal-to-noise
ratio becomes very unfavorable. This limitation varies
slightly, depending on the conformation of the particular
polymer chain. Second, at high @ the correlation functions
show fast time dependences so that S, (Q,t)/Sen(®,0) <
0.1 after only a few data points and again the signal is lost
in the noise.

While the experimental @ range is essentially limited,
the section of the Qa scale observed can be varied by
choosing polymers with different values of a and/or R,,
thus bringing the different types of polymeric motion into
range. (For somewhat smaller PDMS molecules than those
used here even the overall diffusive motion may be ob-
served.®) It is interesting to note that for small molecules,
or very stiff polymers, the limits Qa = 1 and @R, = 1 will
approach each other and the true region of @3 i)ehavior
may effectively disappear. For the polymers discussed
here, N (=6R,2/a?) is about 20 for PS, 200 for PHTF, and
400 for PDNfS. Thus for the polystyrene no @° region
could be observed if data were extended to lower @, as is
confirmed by the proximity of the overall diffusion line
to the data for PS in CgDg shown in Figure 8. On the other
hand, the smaller a value for PDMS gives rise to an ex-
tensive region of @° behavior even for relatively small
molecules. To explore the limiting high-frequency behavior
in the region around Qa = 1 for this polymer requires
measurement which falls outside the range of the spin-echo
technique for the reasons described above.

Assuming that change of solvent affects only the vis-
cosity in eq 9 and the ordinate of Figure 3, it is possible
to compare these neutron data with the results of high-
frequency viscoelastic data (see, for example, the work of
Schrag et al.5%4), These visoelastic measurements are made
in the kilohertz range by using highly viscous solvents
having typical viscosities of 70 P at 25 °C. High-frequency
limiting behavior sets in for polystyrene in such a solvent
at 10* Hz. A direct conversion to benzene, using the ratio
of solvent viscosities, gives a frequency of the order 10° Hz,
exactly in the region of the Q’ values listed in Table II.

The onset of high-frequency viscoelastic limiting be-
havior apparently corresponds to the onset of the limiting
Q? behavior in neutron scattering experiments. The neu-
tron experiments demonstrate explicitly that this corre-
sponds to exploration of a distance scale smaller than the
length of one spring. A single spring length has been
estimated from viscoelastic measurement to contain 11
polystyrene monomers.® If we use the relationship aN'/2
= 6!/2R_ (which does not strictly apply here since we have
good-soivent conditions) to obtain the number N of beads
per chain, then from Tables I and II the length a contains
55, 11, and 5 monomers of PS, PTHF, and PDMS, re-
spectively, in CgD,. Our estimate of the bead size a is thus
rather larger than that obtained from viscoelastic mea-
surements, for polystyrene at least.

Although resolution considerations at present preclude
discussion of the high € data in terms of detailed models
based on local bond rotation, it is interesting to compare
the neutron correlation times with those obtained by other
methods which explicitly explore local rearrangement of
the chain backbone. Matsuo et al.® compared the relax-
ation times obtained with data for polystyrene in solution
from a number of techniques. Analysis of °F NMR and
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13C NMR T, relaxation data and nuclear Overhauser en-
hancement in terms of three-bond rearrangements as the
dominant relaxation mode®? gave correlation times of the
order 0.27 X 107% s for PS in CgDg at 30 °C. Comparison
with the neutron results in Figure 8 shows this corresponds
to data at @ values of the order 0.4 A-'—i.e., to exploration
of distances of the order 2-3 A. Such distances are cer-
tainly compatible with a three-bond relaxation mode. On
the other hand, dielectric relaxation® and fluorescence
depolarization experiments® produce correlation times an
order of magnitude longer at about 4 X 10 s for PS in
benzene. In the neutron experiments this corresponds to
a distance scale of 10 A (@ =~ 0.1 A7!). These techniques
are apparently sensitive to backbone rearrangements of
longer segments. The importance of the neutron data is
that they provide explicit information about the distance
scale corresponding to the observed frequencies. Im-
provement in the precision of the high @ neutron data will
be best made by using more conventional neutron scat-
tering techniques and these will be more easily analyzed
now that there is a satisfactory picture of the whole fre-
quency range of scattering from polymers in solution.
Comparison of data from all the available techniques will
then aliow a better understanding of the nature of the local
motion and of the parameter a.
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