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The significant weighting of the base-line term in the
present analysis, which includes a very slow relaxation,
further complicates data interpretation for © systems.
Estimation of an apparent relaxation rate shows that this
slowest component(s) is of the magnitude of the disen-
tanglement time Ty. Some aspects suggest that it may
reflect the separation and rearrangement of entanglement
zones.

A salient difference is noted here in comparison with the
behavior in good solvent systems!® where there is a smooth
increase in the number density of segments of progressively
shorter length as interpenetration proceeds. In a © solution
of large molecules the coils may entangle in a more com-
plex manner and lead to very slow structural rearrange-
ments. Measurements are needed at higher concentrations,
but the asymptotic semidilute region is experimentally
difficult to gain access to for high molecular weight sam-
ples. The structural relaxation referred to above seems
to be the limiting factor in applying the QELS technique
to such systems. Developments in multi-r correlators
provide optimism for future studies of this feature.
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ABSTRACT: The viscoelastic properties of binary blends of polystyrene fractions have been studied in the
terminal region of relaxation. Since one of the components is entangled (M > M,), these blends are in fact
concentrated polystyrene solutions, the low molecular weight component acting as a solvent. The effect of
molecular weight on the so-called “monomeric” friction factor {, has been quantified. An improvement of
the reptation model is proposed, taking into account the “tube renewal” mechanism. Reasonable agreement
was found with experimental data relative to the viscoelastic parameters of the entangled component (i.e.,
steady-state recoverable compliance J,°, terminal relaxation time 7, and zero-shear viscosity ;). The main
results are that J,° varies with the high molecular weight polymer volume fraction ¢ as ¢~2 and that r, and
np exhibit values far from a pure reptation behavior for M /M, < 30-50; the reptation regime is however achieved

at higher entanglement density.

Introduction

Many studies’® have been performed on the viscoelastic
properties of concentrated polymer solutions. The diluents
used are good solvents, O solvents, or even commercial oils.
Some data were presented for solutions in which the sol-
vent was a low molecular weight polymer of the same
species as the entangled polymer.*® The concentration
dependences of the plateau modulus Gx° and steady-state
recoverable compliance J,.° generally follow power laws:
GN° = ¢%and J,° « ¢, with 2.0 < a < 2.3 (¢ is the volume
fraction of polymer). But the viscosity data vary strongly
according to the authors, from ¢° to ¢° and even higher
exponent values. The main reason for these discrepancies

0024-9297/86/2219-0393$01.50/0

in exponent values for the concentration dependence of
viscosity is the “correction” or “noncorrection” of the
viscosity through the friction factor {;. Empirical’ and
theoretical®® models indeed provide

Mo < ¢§-0Me(M/Me)b (1)

where the average spacing between entanglements, M,,
depends on polymer concentration as ¢, So, the exponent
b can be calculated from the variation of 5y/{, vs. oM.

The friction factor {, depends on temperature, concen-
tration, and diluent nature. Its temperature dependence
is the same as that of the viscosity 5, and is represented
by the WLF equation. The parameters of the WLF
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equation depend on concentration and nature of diluent,
mainly the characteristic temperature T, at which the
viscosity would become infinite. But even when all the
above effects are taken into account, results differ: for
example, data on poly(vinyl acetate) in good solvents? agree
with relation 1, giving b = 3.4, but other data on poly-
butadiene in 0ils® lead to a law 50/{, = ¢*M?*, Then it is
difficult to test the models if all the effects are not mas-
tered.

For these reasons, we have studied concentrated solu-
tions of an entangled polymer (polystyrene) in a low mo-
lecular weight polymer of the same species. The nature
of the solvent—polymer interaction is therefore the same
as the polymer—polymer interactions. The chain dimen-
sions are unperturbed and the friction factor variations
with temperature and concentration are well-known,
starting from the viscoelastic behavior of the pure com-
ponents. First, we present an extension of the Doi-Ed-
wards model, including reptation and tube renewal, which
gives the concentration dependence of the terminal vis-
coelastic parameters: recoverable compliance J,°, zero-
shear viscosity 7y, and average relaxation time 7,. Then
experimental data are compared with the theoretical
analysis.

Reptation and Tube Renewal

The Doi~Edwards theory® on the dynamics of polymer
chains in the melt and in concentrated solutions is based
on the concept of a sliding motion of every chain in a fixed
tube. Any chain is represented by N, segments of length
b. In concentrated solutions, its dimensions are assumed
to be unperturbed, the mean square end-to-end distance
remaining equal to Nyb.2 The topological constraints are
represented by entanglement points separated by N,
segments of length a. The set of constraints acting on any
chain constitutes a tube with N = Ny/N, elements and a
total length L = Na. The primitive chain, which is the
center line of the tube in which the real chain is trapped,
has the same mean square end-to-end distance. Then Nyb?
= Na? implies

N, = a%/b? L = Ny(b%/a) (2)

The “diameter” of the tube, a, corresponds to a corre-
lation length and is assumed to vary with the concentra-
tion, represented by the volume fraction of polymer ¢,
according to

ax ¢ (3)

The Brownian motion of a chain trapped in its tube is
characterized by a curvilinear diffusion coefficient, D,
related to the monomeric friction factor {; by D, = T/
Ny, and the disengagement time is 74 = L%/7?D..

D,, and thus {;, may depend on concentration. It is
assumed that

Dc & N0_1¢_6 (4)
Then
Tq @ NoPp2ets 5)

The rheological constitutive equation, based on this
model, gives the parameters 7, and J,° of the terminal
relaxation as

2
Mo = 5ovNkTry = Nobgtets+1 ®)
Jo= 2 « ¢—2a—1 (7)
€ vNET
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for » (number concentration) « ¢.N, .

The product 54/,° represents an average terminal re-
laxation time 7,,'° and the above expressions show that
~ 5. Experimentally, we have shown!! that, for polymers
not strongly entangled, the terminal relaxation included
reptation and tube renewal. This mechanism, due to a
release of constraints constituting the tube, has been
modeled by Klein'? and Graessley!'® and characterized by
a relaxation time 7., such that

Tm & NP1y o NpPg5ets (8)

It seems that there is a discrepancy between the theories
of tube renewal and experimental data; we have found r,,
« N¥(r4/Ny) with 74 = N34 If we assume that the two
processes are uncorrelated and the concentration depen-
dence is satisfied (relation 5), the resulting relaxation 7 is
given by

1/7=1/rq+ 1/7y
or
T—l = Td0—1¢—2a—ﬁ + Tm0-1¢—6a—ﬁ (9)

the subscript zero corresponding to the pure component.
We derive from the above relation the concentration
dependence of 5, and J,° as

¢2a+l

g © UNT o0 ———— — — (10)
Tao 2+ 1o 0P

and
J2° « 1/yN o« ¢ 271 (11)

Let us point out that the concentration dependence of
the steady-state shear compliance J,° is the same as for
pure reptation but the zero-shear viscosity 7, does not
follow a power law when tube renewal occurs on the same
time scale as reptation. This situation is achieved when
¢ tends toward ¢, = 2N,/N,, the concentration below
which the chains are unentangled.

Experimental Section

Sample Preparation and Experimental Technique. These
have been detailed in a previous paper.!! The samples were
dissolved in benzene, freeze-dried in liquid nitrogen, and then
vacuum molded in the shape of the experimental cell. The dy-
namic shear measurements were performed with an Instron 3250
rheometer, shearing the samples between cone and plate. The
complex shear modulus G*(w) was obtained in a range of 4-6
decades in frequency, using time-temperature superposition. The
shift factor a = 7(T)/7(T,) is found equal to the ratio of viscosity
1o(T) / 10(T) because of the weak variations of Typ,/Tp in a range
of temperatures T such that 1.2 < T/T, < 2.

Monomeric Friction Coefficient. Theories indicate that
viscosity 7, is proportional to the friction coefficient {, so the
shift factor ay can be written as {((T)/{,(Ty). For glass-forming
polymers, the mobility at any temperature depends primarily on
the fractional free volume f, which depends on the chain length.
For fractions, assuming a linear expansion of the specific volume,
we get

fM,T) = afT - T.(M)) (12)

where T, is a WLF parameter. Then the temperature dependence
is given by

B 1 1
log {o(M.T) = log (M,Ty) + 2‘303[ LT T M’TO)] a3

or

B 1
2.303a; T - T.(M)

log ar = - C(M,Ty) (14)
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Table I
Molecular and Rheological Properties of Linear Polystyrenes at T- T'. = 110.4 °C
sample M, P T., °C To 8 70, P J.°, ecm?/dyn
F002 2000 1.05 7 1.3 X 10 5.4 X 102 1.6 x 1078
F004 4000 1.05 26.6 6 x 107 1.26 X 108 3.2 x 108
F008 8500 1.05 39.0 3.8 x 10 2.6 X 10° 9.55 x 1078
F018 17500 1.05 44.0 2.6 X 1078 8.7 X 10° 1.95 X 1077
Fo4 35000 1.06 48.0 2% 102 3.2 x 104 4.0 X 1077
F11 110000 1.05 48.6 8.3 X 107! 8.7 X 108 1.25 X 107¢
F20 200000 1.06 49.6 5 X 10° 6.0 X 108 1.38 X 1078
F39 390000 1.10 4 x 10! 4.4 x 107 1.58 x 1078
F90 900 000 1.12 1.0 x 108 6.9 X 108 2.09 X 1078
This indicates that a superposition of curves representing the L L R B
variations of 7y vs. the temperature T for each sample can be CIERY
achieved if B/qa; is a constant. The equation of the master curve, A
with a reference mass M, gives the values of the parameters B/, i K i
and T.(My). We can derive the T, value for all the samples from oL \e i
the horizontal shift factor. o kY
On the other hand, it has been shown that the fractional free : - S .
volume f depends on chain length as 2 v,
5k "y, -
fM,T) = ) + A/M (15 ..
Then relations 12 and 15 give | T -~ ]
1 1 n 1 1 1 e ¥
TolM) = T - (A/ad /M (16) i 50190 230

So we obtain all the coefficients describing the variations of
the monomeric friction factor {, for pure fractions of polystyrene.

For broad molecular weight distribution samples, a law for 7',
has been postulated. Fox and Flory™ have shown that the specific
volume of a polymer is a linear function of 1/M,—which is
proportional to the number of chain ends—and proposed that
the free volume should follow the same relation. A good con-
firmation was obtained by Ninomiya, Ferry, and Oyanagi'® for
poly(vinyl acetate) fractions and their blends. Thus, we may use
relation 16 for blends of polystyrene, replacing M and M,. The
concentration dependence for {, can be derived from the variations
of A and «f

Viscoelastic Parameters. In the time scale where entangled
chains may relax, corresponding to wr ~ 1, the low molecular
weight component in such binary blends acts as a viscous solvent
(w7, K 1),

Thus we can define the terminal viscoelastic parameters of the
entangled polymer relaxation by

zero-shear viscosity o = 19— N amn
n )
steady-state compliance J,/° = J,° (18)
Mo~ Ms
relaxation time 7 = 9/ 19

where 71, and J,° are measured quantities for the blend and 7,
is the solvent viscosity.

10 and n, can be derived as the intercept with the real axis of
the relaxation domain relative to the entangled chains in the
complex diagram #” vs. ' (see, for example, Figure 5). On the
other hand, the high dispersion of the relaxation time values
calculated from the data (5, 1., and J,°) does not allow us to test
efficiently eq 9. It seemed more reasonable to use an average
relaxation time 7,,!! defined as the reciprocal of the frequency
at the maximum of #”. We have shown that this relaxation time
7o is intermediate between the 7, and 7, average times defined
by Graessley.'® Thus the experimental concentration dependence
of these parameters 7y, J,’°, and 7, will be compared with the-
oretical calculations (relations 10, 11, and 9).

Results and Discussion

Fractions. In Table I, we have reported the structural
and viscoelastic parameters for fractions of linear poly-
styrenes. Samples F002, FO08, and F018 have been used
as a solvent for entangled samples F11 and F90. Their
relaxation times are far from those of F11 and F90, con-
firming the fact that the low molecular weight components
act as a viscous solvent in a range of frequencies such as

Figure 1. Master curve of the zero-shear viscosity 7, vs. tem-
perature for fractions of polystyrene: (O) F002; (A) F004; (+) F0OS;
(v) F018; (0) F04; (X) F11; (@) ¥20; (O) F39; (a) F90.

L 1
sok 4
a-
o

a0 4 ,

30r B

Teo

103 /M

Figure 2. Characteristic temperature T. as a function of the
inverse of the molecular weight for narrow-distribution samples:
(O) our results; (O) ref 18; (v) ref 17.

wty ~ 1 for entangled samples.

Measurements of viscosity 5, for all the fractions at
various temperature lead to a master curve (Figure 1) by
horizontal and vertical shifts. We derive a value for o;/B
=6.17 X 10* K and T.(M,) = 48.6 °C for M, = 110000.
From the horizontal shift factor b, we obtain the values
of T.(M) for each sample (Table I). The variations as a
function of M are in agreement with eq 16:

T.(M) = 49.6 - 88 X 10*/M °C (20)

as shown in Figure 2. Assuming B = 1, we can derive 4
= 54.3 g from eq 16. Then the isomobility state of fractions
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Table 11
Molecular Characteristics of Blends Included in This
Study®
blend No NO! 1\’0/Nv()ﬂ2 b
F11-F002 1060 19 2.87 0.34
F11-F018 1060 168 0.04 0.34
F90-F008 8650 82 1.30 0.04

¢ Ny is the number of monomers per molecule.
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Figure 3. Data of viscosity 7o for concentrated solutions of
polystyrene vs. temperature: (@) F11/F002; (A) F11/F018; (+)
F90/F008; (—) master curve of pure fractions.

($o(T1, M) = §o(T3,M)) corresponds to Ty — To(My) = T,
- T.(M,)) can be characterized by relation 20.

Concentrated Solutions. Mixtures of two samples of
the same polymer allow one to maintain a constant con-
centration of monomers, neglecting the density difference,
over a large range of volume fraction ¢. The N,, high-
polymer part remains entangled up to ¢, = N,/ N, where
N, ~ 2N, represents the onset of the entangled regime for
fractions. The chain topology is unperturbed if, theoret-
ically, the Flory conditions are fulfilled, namely, Ny/Ny,>
< 1,!8 this value being only an order of magnitude. Ex-
perimental conditions are summarized in Table II.

(a) Concentration Dependence for the Friction
Factor {. In the case of a distribution of molecular
weights, it is assumed that the critical temperature 7.
varies with the number-average molecular weight M,.
T.(M,) was calculated from 20, inducing the horizontal
shift factor b for the thermal variations of viscosity ng.
Figure 3 shows that, for all solutions studied, the experi-
mental points are well located on the fraction master curve.
The friction factor ¢, is affected only by the molecular
weight distribution. No concentration dependence may
be seen; i.e., 8 = 0 in relation 4. This conclusion is not
surprising, the solvent being of the same species as the
entangled polymer. The polymer—solvent segmental in-
teractions are unchanged, compared with interactions
within the pure polymer. Keeping T - T.(M,) constant
means working at the same value of the friction coefficient
{0, taking into account the effect of the molecular weight
distribution. All the data presented below are given at T
- T, = 1104 °C, corresponding to T' = 160 °C in the limit
of high molecular weights.

(b) Concentration Dependence for the Viscoelastic
Parameters. The zero-shear viscosity 7, and steady-state
compliance J,° are classically derived from the curves of

Macromolecules, Vol. 19, No. 2, 1986
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Figure 4. Master curve of G(w) and G*(w) at 160 °C for pure
fractions F90 and F008 (dotted lines) and for binary blends (full
lines): from left to right, ¢ = 0.40, 0.20, 0.10, and 0.05.

T T
g T T
© - S
=] 7+ N
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Figure 5. Complex viscosity n*(w) for a F11-F002 blend at T
=160 °C (¢ = 0.40). The intersections with the real axis give
Ms and No-

G'(w) and G’(w). Figure 4 shows the master curves ob-
tained for the F90-F008 solutions and the pure compo-
nents. Their terminal relaxation domains are well sepa-
rated. In the case of the solutions, the relaxation domain
observed at the lowest frequencies is due to the entangled
chains. The representation of the complex viscosity
(Figure 5) shows the extent of this area and allows one to
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Table III
Data of the F90-F008 Blends at T- T, = 110.4 °C®

d’ Teoy oC Ty 8 Mo — e P Je’ov cmz/dyn
0.05 39.8 4 x 10° 2.3 X 10* 4x 10
0.10 40.3 2.09 x 10! 2 x 105 1.4 x 107
0.20 41.3 9.3 x 10! 3 x 108 5% 10
0.40 434 2.7 X 102 4 %107 8 x 10
1 49.5 1.0 x 108 6.9 x 108 2.09 x 1078

4T, was calculated from relation 20 with M = M,. J,’° was cal-
culated from relation 18.

Table IV
Data of F11 Sample Solutions at T- T = 110.4 °C*

¢ T., °C T 8 -1, P J/° cm?/dyn

F11-F002 Blend

0.40 22.9 1.26 x 107! 3 X 104 6.6 X 10°®

0.60 31.1 3.1x 10t 1.3 x 10° 2.9 X 10°¢

0.80 40 5% 107! 3.2 X 10% 1.8 x 1078

0.90 44,5 6.5 x 1071 5.5 X 10° 1.4 X 1078

1 48.8 8.3 x 107! 8.7 X 105 1.25 X 1078
F11-F018 Blend

0.70 47.5 4.2 x 1071 3 x 10% 2.2 X 1078

¢ T. was calculated from relation 20 with M = M. J,’° was cal-
culated from relation 18.

-3 * T —T T

} 1 )
-1.5 -l -0.5 ¢}
log ¢

Figure 6. Variations of the reduced recoverable compliance J,’°
vs. concentration: (@) F90; (+) F11; (a) ref 4 (M = 592000, M,
= 20000).

calculate 7, — 1, and 7. It can be noticed that, in almost
all the solutions, 7, is negligible. When it is measurable,
its value is comparable with the viscosity of the pure
solvent for the same value of T - T.. The data for the
three solutions studied are presented in Tables III and IV.
Figure 6 shows that the recoverable compliance obeys the
relation

JJ/0 = 1.5 X 105¢71% ¢cm? dyn! (21)

leading to a value of exponent « near 0.5 in eq 11. Then
the average relaxation time 7, (relation 9) is given by

1ol = 1ol + o198 (22)

with 7go = 2.3 X 10M33 and 70 = 1.4 X 102M*2 at T
= 160 °C.1!

Figures 7 and 8 show good agreement with experimental
data and, above all, that pure reptation cannot explain
these results. The dotted straight lines correspond to 7
« ¢ (relation 5) and the curves are obtained from relation
22. The influence of tube renewal is well emphasized in
such solutions which are slightly entangled. The pure F11
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-0.4 -0.2 o]
log ¢
Figure 7. Terminal relaxation time r; for the F11 sample as a
function of the volume fraction, ¢, at T - T', = 110.4 °C. The
dotted line represents a pure reptation regime; the full curve
represents the combined effects of reptation and tube renewal
(relation 22).

|
-1.5 -l
log o

-0.5 0

Figure 8, Terminal relaxation time 7, for the F90 sample as a
function of the volume fraction, ¢, at T - T, = 110.4 °C. The
meaning of the curves is the same as in Figure 7.

T T T
-0.51 -
af +
[~ s -
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-1.5p -
1 ! 1
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log ¢

Figure 9. An average relaxation time as a function of the con-
centration for strongly entangled HPB solution (ref 8). The
straight line represents the reptation theory: 7o = ¢l

sample is itself weakly entangled (M/M, ~ 6) and tube
renewal is the dominant relaxation mechanism for its so-
lutions (Figure 7). In this figure, it can be noticed that
the relaxation time, 7o, does not depend on nature of the
solvent (F002 and F018). This time is then a characteristic
time for the relaxation of the entangled chains.

For the F90 solutions (Figure 8), the pure F90 sample
is itself strongly entangled (M/M, ~ 50) and its behavior
comes closer to that of pure reptation. But when ¢ de-
creases to ¢, tube renewal becomes dominant from ¢ ~
0.1. Then we can assume that the reptation theory should
be adequate only for high values of ¢M/M,. A confir-
mation of this assumption is given in Figure 9. Dynamic
measurements of solutions of hydrogenated linear poly-
butadiene in low molecular weight linear polyethylene have
been performed by Raju et al.® The HPB 350/Bareco 1000
solutions lie within the range 30 < ¢M/M, < 300. These
authors have measured the frequency w,, at the maximum
of the loss modulus G””(w) curve. The reciprocal of w,, is
a measure of an average terminal relaxation time (7o = wp,™
in the Maxwell model) and its variations, for strongly en-
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Figure 10. Viscosity of the F11 sample as a function of the
concentration at T - T, = 110.4 °C. The curve corresponds to
relation 23, the dotted line to reptation theory.
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Figure 11. Viscosity of the F90 sample as a function of the
concentration at T - T, = 110.4 °C. The curve corresponds to
relation 23, the dotted line to reptation theory.

tangled solutions, follow a law w,,™! = ¢ in agreement with
the reptation theory.

The zero-shear viscosity n — 7, is given by relation 10
or

To
Mo = Ms = Moo~ P> (23)
T00

with 7oy and 7, relative to the pure polymer.

For the highest concentrations, the experimental data
follow the above law (Figures 10 and 11) but, when ¢ tends
to ¢, the agreement is worse. This can be related to the
fact that the tube renewal model omits all the fluctuations
of entanglement concentration. These experimental con-
ditions correspond indeed to the crossover region between
the entangled and unentangled regimes, located at ¢ ~
¢ Then the tube concept is less appropriate; the polymer
has an individual chain behavior. The dotted lines in
Figures 10 and 11 show that, as for relaxation times, pure
reptation is not satisfactory (n, — 7, = ¢°). If one would
use a power law, for the F11 sample, one gets n, — 5, « ¢35
and for the F90 sample 7, — 7, « ¢*%, in agreement with
the empirical law 7, — 7, « (pM).7

Other viscosity data obtained from creep and recovery
measurements on blends of polystyrene by Orbon and
Plazek,* confirm that tube renewal cannot be neglected for
M/M, < 30 (Figure 12). In this molecular weight range,
the same empirical law applies well. But at higher en-
tanglement densities, as in the case of hydrogenated linear
polybutadiene solutions mentioned above, data agree very
well with the reptation theory; i.e., (ny/$) = ¢° in the range
62 < oM /M, < 300, as can be seen in Figure 13. It is
important to point out that, for fractions of hydrogenated
linear polybutadienes with the same microstructure, the
molecular weight dependence for viscosity is described by

Macromolecules, Vol. 19, No.
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T T

T

T

1] \ i _— 1 " .\ —. . |

-0.5 0
log ¢

Figure 12, Viscosity of entangled polystyrene (M = 590000) as
a function of the concentration at 7~ T, = 56.2 °C (ref 4): (O)
data corrected by effects of impurity; (X) data uncorrected. The
curves have the same meaning as in Figures 10 and 11.
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Figure 13, Viscosity 7 as a function of the concentration for
strongly entangled HPB solutions (ref 6). The straight line
represents the reptation model: ny « ¢

no/$o = M?8 for 67 < M/M, < 300."° Accordingly, the
viscosity of concentrated solutions of linear HPB highly
entangled should be expressable by the form

770/3'0 « ¢3M3‘6

Graessley and Raju® noticed the “weaker than expected”
concentration dependence in relation to a form ny/{, «
(¢M)35 but offered no explanation.

All these results indicate that the reptation model de-
scribes correctly the concentration dependence of the
terminal relaxation times and zero-shear viscosities, if we
include the tube renewal effects. However, this model
(reptation plus tube renewal) fails in describing the mo-
lecular weight dependence and this had been shown pre-
viously.!! Thus, it seems to us that the empirical law 5/ {;
o (¢M)® observed for pM < 30-50 is fortuitous or, at least,
the same exponent b for the two parameters does not have
the same origin. Further analysis is needed to understand
this double aspect of the dynamics of macromolecules: the
influence of chain length and entanglement density.

Conclusion

Our analysis gives a reasonable picture of the concen-
tration effect on the terminal viscoelastic parameters
(zero-shear viscosity, limiting compliance, and relaxation
time) in the case of concentrated solutions of linear en-
tangled polymers. The reptation model has been improved
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by taking into account the motion of the surrounding
chains. The experimental data give ,° « ¢2 for the
concentration dependence of the limiting compliance: that
means that the average spacing between entanglements
N, varies as ¢!, in agreement with the reptation model
with or without tube renewal effects. Our model explains
reasonably the variations of the terminal relaxation time,
its value being clearly influenced by tube renewal when
the entanglement density is weak, i.e., $M/M, lower than
about 30-50. In the same range of concentrations, our
model predicts correctly the empirical law for zero-shear
viscosity: no/§, « ¢>4+35 But for strongly entangled so-
lutions (¢M/M, > 60-50), the reptation is dominant and
data of the literature show that, in this case 7,/ {; = ¢! and
no/ $o = ¢°. Within the same range, the molecular weight
dependence remains n,/{; =« M343¢, confirming that tube
renewal is not an explanation for the discrepancy between
experiment and theory as far as the molecular weight
dependence is concerned.
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ABSTRACT: Light-scattering results from dissolved poly(diacetylene) chains (Wenz, G.; Miiller, M. A.; Schmidt,
M.; Wegner, G. Macromolecules 1984, 17, 837) may be quite satisfactorily interpreted on the basis of a single
rotational isomer undergoing twisting and bending fluctuations, their amplitude being directly derived from
IR force constants. The usual rotation-matrix algorithm is adopted. Randomly introducing a !/¢ fraction
of £90° rotations around the triple bonds of the structure ~-(CR=CR—C=C-)y to account for the specifically
observed conjugation length, the mean-square chain size shrinks by less than 7% (the persistence length decreases
from 190 to 177 A); inaccuracy in the force constant adopted for twisting around the C=C bond and perhaps
excluded-volume effects may account for the difference. It is shown that both models are very well represented
by an ideal wormlike chain with the proper persistence length. No significant amount of either the cis
conformation of the double bonds or the cumulene structure =(CR—CR==C=C=)y, is compatible with
observation, in that they would cause a drastic reduction of the chain size.

Introduction

As first shown by Wegner in 1960,! poly(diacetylenes)
{(PDA) may be synthesized as macroscopic single crystals
by solid-state polymerization.2” X-ray analysis indicates
that the structure is close to a regular sequence of double
and triple bonds separated by single bonds, as shown in
Figure 1a.%? Although additional evidence from spec-
troscopic investigations confirms this structure to be the
most important, it suggests that the resonance structure
reported in Figure 1b may also play some role, thus sta-
bilizing chain planarity.l® More recently, it has been
shown!! (henceforth quoted as paper 1) that suitably
substituted PDA’s may be dissolved in appropriate sol-
vents, thus opening the way to a vast field of physico-
chemical studies. In particular, in paper 1 extensive in-
vestigations were reported on PTS-12 and P3SBCMU (see
Table I) dissolved in CHCl;, CH,Cl,, and dimethylform-

Table I
Two Examples of Soluble Poly(diacetylenes) of General
Structure

R
L—c=c—
SR

—iC

R

{CH,),080,C¢H,CH,
(CH,);0CONHCH,CO,-n-C,H,

PTS-12
P3BCMU

amide. Amid a series of interesting results, it was shown
that both polymers (i) display features analogous to those
of the wormlike (Porod-Kratky) chain model, the per-
sistence length [, being in the range 150-200 A for
PTS-12, and (ii) may be described as consisting of seg-
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