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ABSTRACT: Local segmental motions of poly(cis-1,4-isoprene) (cis-PI) labeled with
anthracene were examined by the method of fluorescence depolarization using 1,4-dioxane,
n-dodecane, cyclohexane, benzene, ethylbenzene, and o-xylene as the solvents with a viscosity of
less than 2 cP. The anisotropy ratio was measured in these dilute solutions, and the mean relaxation
time, T,,, for the chain local motion was obtained. The activation energy, E*, was obtained by
using the theory of Kramers’ diffusion limit. The reduced relaxation time, 7,/n, for cis-PI was
much shorter than that for polystyrene and was independent of the local segment density differing
from that of polystyrene. The dependence of activation energy, E*, on the solvent was very weak,
compared to that of polystyrene. These findings could be interpreted in terms of the dynamic

flexibility of the polymer chain.
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Polymer chains have a wide spectrum of
relaxation modes. One of the relaxation mode
is a cooperative global motion, so-called
normal mode.!”® Another is the local
segmental motion,*”® which is considered as
the conformational transition in a few repeated
units, and its time scale is within a few nano to
sub-nano seconds.

Recently, the local motions of polymer
chains have been studied by various methods,
13C NMR,”"? dynamic light scattering,*®**
ESR,!? dielectric relaxation,'!* and fluo-
rescence depolarization.’>”!7 We have ex-
amined the polymeric local motion by the
fluorescence depolarization method.!”™!® A
fluorescent anthracene probe was introduced
in a chain. As the probe is linked to the polymer
chain covalently, the autocorrelation function
of a polymer chain can be directly observed by
measuring the fluorescence anisotropy ratio
without the hypothesis of any models. This is

an advantage of the method of fluorescence
depolarization.

Poly(cis-1,4-isoprene) (cis-PI) is well-known
as a natural rubber. The glass transition
temperature, Ty, is ca. —70°C, and PI has the
rubber state at room temperature. As PI has
dipoles parallel along the chain, Stockmayer e?
al.,"*? Adachi et al.,'° 2! and others?? have
examined the entanglement dynamics by the
dielectric relaxation method. In a PI dilute
solution system, the local segmental dynamics
have been studied by Monnerie et al.>® and
Ediger et al.”"?*?% Monnerie et al. examined
the local motion of a PI labeled with anthracene
in the middle of the chain by the method of
fluorescence depolarization. They discussed the
decay curve of the anisotropy ratio on the basis
of various models with an orientational
autocorrelation function. Ediger et al. ex-
amined the dependence of the PI local chain
dynamics on the molecular weight and the
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anomalous activation energy of PI in a range
of highly viscous solvents by the fluorescence
depolarization technique. Here, the cis content
of the anthracene-labeled PI samples was low,
39—54%. They also studied the activation
energy for cis-PI in highly viscous solvents by
13C NMR.

We report the local segmental dynamics of
cis-PI in various dilute solutions studied by
the fluorescence depolarization technique.
Previously, Adolf et al.?> examined the local
motion of cis-Pl by the same method of
fluorescence depolarization, but the cis content
of their PI sample was small, 54%. Here, we
synthesized anthracene-labeled cis-PI with a
higher cis content, 76%. We discuss the effects
of solvents on the activation energy and the
relaxation time in a solvent of low viscosity.

EXPERIMENTAL

Materials

The anthracene-labeled cis-PI as a polymer
sample was prepared by anionic polymeriza-
tion; the living ends were coupled by 9,10-
bis(bromomethyl)anthracene (Figure 1).

The anionic polymerization of isoprene
monomer was initiated by sec-butyllithium in
benzene at room temperature. The polymeriza-
tion reaction was allowed to proceed at room
temperature. When the whole monomer was
exhausted, 9,10-bis(bromomethyl)anthracene
which had been dissolved in tetrahydrofuran
(THF), was added to the reaction vessel, and
the solution was stirred for 24 hours. The
polymer was purified by reprecipitation from
benzene in methanol. Furthermore, we fractio-
nated the part of cis-PI labeled in the middle
of a main chain by GPC. The molecular weight
and -the content of stereoisomers were mea-
sured by GPC and '*C NMR, respectively

H_  CHs @ CHy M
(o =C
cHy CH,——CHy @ CH,—-CH; CH,
O "

Figure 1. Cis-PI sample labeled with anthracene.
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(Table I).

We used 6 kinds of solvents, i.e., 1,4-dioxane
(Nacalai Tesque, Spectrophotometric Grade,
(S)), n-dodecane (Nacalai Tesque, Guaranteed
Reagent, (G)), benzene (Nacalai Tesque, S),
ethylbenzene (Waken, S), cyclohexane (Nacalai
Tesque, S), and o-xylene (Nacalai Tesque, G).
Table II shows that their viscosities?® and
values are relatively low, less than 2 cP at room
temperature. They were used as received
without distillation. We prepared these cis-PI
solutions in quartz cells at a concentration of
less than 0.2 wt%. The samples were degassed
by freeze-to-pump-thawing.

Intrinsic Viscosity

The intrinsic viscosity for each solution was
measured by capillary viscometry. We used a
polyisoprene standard sample (Scientific Poly-
mer Products, Inc. CAT#706) as a polymer
sample, whose characterization is; M, =80.3 k,
M,=59.1k, M, /M,=1.36, cis-1,4 content=
71%. We selected this sample because it has
almost the same cis-content as our labeled
cis-PI. We evaluated the chain expansion
factor, a,*, which is the ratio of the intrinsic
viscosity of a sample solution to that in a 0
solvent at § temperature. In this study, dioxane
at 34°C was regarded as a 6 condition for
cis-P1.27:28

Table I. Characterization of cis-PI sample

M, M

w cis-1,4 trans-1,4 Vinyl
x 1074

M./ M, % % %

14.5 1.10 76 19 5

Table II. Solvent viscosity at 20°C, and chain
expansion factor, g,>, for PI at 34°C

Solvent n/cP a?

Dioxane 1.31 1.00
n-Dodecane 1.47 1.27
Ethylbenzene 0.68 1.76
Benzene 0.65 1.77
Cyclohexane 0.95 1.83
0-Xylene 0.83 1.89
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Time-Resolved Fluorescence Depolarization

Method

We measured the time-resolved fluorescence
anisotropy ratio of a polymer chain by a
single-photon counting system, as described in
detail previously.?® A diode laser (Hamamatsu
Photonics PLP-01, 1 MHz) was used as an
excitating light source. The excitation light was
plane-polarized in the vertical direction and the
wavelength was 411 nm. We used a micro-
channel plate photomultiplier tube (Hama-
matsu Photonics) as a detector. The value of
FWHM in this system was ca. 300 ps. Cut-off
filters, Y-44 and V-42, and a polarizer were put
in front of the detector, and the emission
intensities in the vertical direction (Iyy{?)) and
horizontal direction (Iyy(?)) were collected as
the function of time, ¢. The total fluorescence
intensity decay, 7°°%(¢), was defined as

[obsd(z) — IVV(I) +2G - IVH(t) (1)

where G is the instrumental specific parameter,
so-called G-factor. Here, we took G=1.0094.
I°*°4(f) was evaluated by convolution of I(¢)
by the instrumental function, P(%).

]calcd(ti) — fti P(T)I(ll — T)dT (2)

where we used eq 3 as the function for I(¢).

I(ty=a,exp(—t/t))+ayexp(—1/t;) (3)

The parameters of /(f) could be estimated by
fitting I°¥°%(¢) to I°*%(f) by the method of
nonlinear-least-squares.*°

Analysis of r(f)

The time-resolved anisotropy ratio was
defined as
(Iyv(D)— G - Iyu(1))
(Iyv(D)+2G  Iyu(1))

The anisotropy ratio, r(¢), is related to the
orientational autocorrelation function, &(¢), as

r)=ro- @(1) ©)

rObSd(t) —

@
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where r is the initial anistropy ratio. We used
an empirical equation, eq 6, as @(r).

®(n=xexp(—t/T)+(1—x)exp(—/T,) (6)

Equation 6 shows a very good agreement with
the anisotropy decay data in a wide viscosity
range. r°®°d(¢) was also evaluated by convolu-
tion as ‘

o r P(T)®(t,— T)I(t,— T)AT

rcalcd(t) — 0

0 )
J P(T)I(t;— T)dT
0

realed(¢) was also fitted to r°*¢(7) by the method
of nonlinear-least-squares with weighting fac-
tor propagated Poisson error®® and x, Ty, T,
and r, were determined as the best-fit

parameters. The mean relaxation time was
defined as

T, = r ®(1)dt

0

=xT,+(1—x)T, (8)

Since the function of eq 6 is empirical, the
physical meaning of T, and T, is not definitive.
The parameters, T; and T,, may reflect two
kinds of the representative motional modes,
e.g., an isolated transition and the cooperative
counter-rotation in the Hall and Helfand
model.*3!

Evaluation of an Activation Energy

We evaluated the activation energy for the
conformational transition of a polymer chain
by the theory of Kramers’ diffusion limit.??
The mean relaxation time, T, is represented by

T, = Anexp (E*/RT) ©)

where # is solvent viscosity, E* is apparent
activation energy, R is the gas constant and T’
is the absolute temperature. When a solvent
viscosity is described by the Arrhenius type
equation with an activation energy, E,,

n=noexp (E,/RT) (10)
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eq 9 can be written as eq 11.

T=Anoexp {(E*+E,)/RT} (1)

When we make the Arrhenius plots of In(7},)
against 1/7, we can obtain the value of
(E*+ E,) from the slope of a straight line. The
value of E* can be obtained by subtracting E,
from the value of the slope.

RESULTS AND DISCUSSION

The Relaxation Time

We obtained the value of the chain expansion
factor, @,*, in each solution by an intrinsic
viscosity measurement. Table II shows the
value of aff in each solution. 1,4-Dioxane is a
0 solvent for cis-PI, and the solvent becomes
better in the order of n-dodecane, ethylbenzene,
benzene, cyclohexane, and o-xylene.

Table II and Table III show the relationship
between the reduced relaxation time, T/, and
the chain expansion. The value of g’
corresponds to the reciprocal of chain
segmental density, and the dependence of the
reduced relaxation time of cis-PI on the
segment density was not appreciable. In our
previous paper,*? the reduced relaxation time
of polystyrene (PS) became shorter, as the
segment density became smaller. The T, /n of
PS in a 0 solvent, cyclohexane, was 5.4 nscP~ 1
and the T,/n in good solvents, benzene and
ethylbenzene, was 2.7nscP~! and 2.9nscP™!
at 34°C, respectively. The value of T,,/n in a
solvent is about two times than that in good
solvents. As for poly(a-methylstyrene) (PaMS)

Table III. Reduced relaxation time, T,/n,

for PI solutions at 34°C

Solvent T./n [nscP™!
Dioxane 1.33
n-Dodecane 1.29
Ethylbenzene 1.21
Benzene 1.28
Cyclohexane 1.51
0-Xylene 1.32
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and poly(p-methylstyrene) (PpMS), the T, /5
similarly became shorter, as the segment
density became smaller.

The local motion of PI in a dilute solution
was faster than those of PS, PaMS, and PpMS.
For example, in a 0 solvent, T,,/n of PS was
5.4nscP™! and that of PI was 1.3nscP~! at
34°C. Here, we will consider the chain local
motion from the standpoint of the degree of
the freedom for a chain rotation. The mean-
square end-to-end distance in the unperturbed
chain is represented by {R2), and that in the
unperturbed chain calculated by hypothesis of
freely rotating chain is represented by (RZ).
The ratio, ((R2)/{R% D)2, is specific for the
kind of polymer, and indicates the degree of
freedom of rotation around the bond, in other
words, the degree of the steric hindrance for
rotation of each polymer chain in comparison
with the freely rotating chain. When ((R2)/
(R%»)'? becomes near unity, the chain
approacheé a condition of a freely rotating
chain. According to ref 34, the value of
({R2Y[{R%Y)'? for PS is 2.44 at ca. 25°C and
2.35 at 70°C, and that for cis-PI (natural
rubber) is 1.71 in the range of 0—60°C. The
PS chain has a bulky phenyl group in every
other carbon in the main chain. Therefore, the
steric hindrance for the rotation around the
main chain is large. However, the cis-PI chain
has a double bond and does not have a bulky
side chain. Such a molecular structure makes
a chain freely rotate in some degree. The fact
that the degree of freedom for the rotation of
cis-PI chain is larger than that of the PS chain,
affects clearly the relaxation of a local chain
motion. This shows that the fast relaxation of
cis-PI corresponds to the degree of freedom of
internal rotation in the molecular structure.

Furthermore, the fact that the reduced
relaxation time of cis-PI was almost in-
dependent of the chain expansion means that
the long range interaction does not affect the
local motion of cis-PI. The long range
interaction indicates the intramolecular inter-
action caused by the excluded volume effect,
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and the short range interaction indicates the
intramolecular interaction caused by the
conformation of a few bonds or by a rotation
around a bond. The local conformational
transition of cis-PI caused by a few repeated
units is little affected by a long range interaction
since the rotation of cis-PI chain is rather free
compared with that of PS. By contrast, in the
chain with a large steric hindrance for the chain
rotation, the local motion strongly depends on
the chain expansion.

Next, we examined whether the friction
between polymer segments and solvent mole-
cules is proportional to solvent viscosity. Adolf
et al.?® reported for PI solutions that in high
viscosity solvents, the theory of Kramers’
diffusion limit cannot be used to evaluate the
activation energy, i.e., the friction between
polymer segments and solvent molecules is not
proportional to solvent viscosity. They plotted
In(T,,) against In(n), and obtained a slope of
0.41. When the friction is proportional to the
solvent viscosity, the value of the slope should
be unity. In this study, we used the solvents
with relatively low viscosities of less than 2 cP
at 20°C. Figure 2 shows the relationship
between T, and the solvent viscosity at 34°C
for PI solutions; the slope of In(7,) against
In(n) is unity. The activation energy can be

0.5
/
v/
e
/

~ L =}
@a 0.0
&
E

-0.5 '/A °

-1.0 : .

-1.0 -0.5 0.0 0.5

In(7/ cP)

Figure 2. The plots of T, for cis-PI against the solvent
viscosity at 34°C. ¥/, n-dodecane; @, 1,4-dioxane; [,
cyclohexane; @, o-xylene; O, ethylbenzene; A, benzene.
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evaluated by the theory of Kramers’ diffusion
limit in the solvents below 2 cP. Adolf et al.?3
reported the same finding for the solvents of
viscosity below 2cP (at 46°C).

In our previous paper,?® for the dynamics
of PS in a highly viscous solvent, the slope of
In(T,,) against In(x) was less than unity. Such
a result was anomalous, and it was considered
that the solvent of high viscosity makes a kind
of structure and the polymer chain moves in
such an ordered solvent.

The Activation Energy for cis-PI

Figure 3 shows the Arrhenius plots of In(T,)
against I/T. The slopes of these straight lines
represent the values of (E*+E,). E* was
determined by subtracting E, from the value
of the slope, and we show the activation energy
for a polymer chain, E*, in Table IV.

—

In(Tm / ns)

10°/T K

Figure 3. The Arrhenius plots of In(7,,/ns) against 1/T
for each PI solution. Symbols are the same as those in
Figure 2. ’

Table IV. Activation energy for the local motion of
cis-P1, E*, and that for the solvent viscosity, E,

Solvent E*/kcalmol ™!  E,/kcalmol ™"
Dioxane 1.5 3.0
n-Dodecane 1.6 3.0
Ethylbenzene 1.2 2.2
Benzene 1.3 2.5
Cyclohexane 1.3 29
o-Xylene 1.2 22
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Figure 4. The plots of E* for cis-PI against the chain
expansion factor, a,*, at 34°C. Symbols are the same as
those in Figure 2.

1,4-Dioxane is a 0 solvent for cis-PI, and the
0 temperature is 34°C. The slope of the straight
line for dioxane solution inflects at ca. 15°C
below 0 temperature. We ascribe this point to
an intramolecular microaggregation.®?

Figure 4 shows the relationship between the
activation energy and the chain expansion. For
PI solutions, the dependence of E* on the chain
expansion, was very weak. The value of E* in
a 0 solvent was 1.5kcalmol !, and the values
in good solvents were in the range of
1.2—1.3kcalmol ~*. This weak dependence of
the activation energy on the segment density
is due to the character of the cis-PI chain, that
is, the weak influence of long range interaction
due to the small steric hindrance for the
rotation around the bonds of cis-PI chain as
described in the previous section.

Previously, we reported®® the relationship
between the activation energy and the segment
density in a series of styrene polymers. For PS
solutions, E* pronouncedly became lower with
the expansion of the polymer chain. The
activation energy in a 6 solvent, cyclohexane,
was 2.6 kcalmol " ! and those in good solvents,
ethylbenzene and toluene, were 1.3 kcalmol !
and 1.4kcalmol ™!, respectively. PaMS and
PpMS solutions also showed the same
tendency; the value of E* in a 0 solvent was
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higher above 1kcalmol™! than those in good
solvents. As described in ref 33, the value of
an intrinsic viscosity, i.e., the segment density,
changes most steeply near the 0 temperature.
In poor solvents, E* is large, because the
temperature dependence of the polymeric
segment density is larger than that in good
solvents. This explains why the activation
energy for PS becomes smaller as the segment
density becomes smaller.

Now, we discuss the effect of stereoregularity
on the local motion of polymer chains. Adolf
et al.?> examined the local motion of PI with
a cis-1,4 content of 54% by the fluorescence
depolarization method. They observed the
activation energies in solvents in a wide
viscosity range, 0.4—35cP at 45°C. The
activation energy in toluene, cyclohexane, and
n-dodecane solvents was 1.7—1.8 kcalmol ™.
These values are slightly larger than ours,
1.2—1.6kcalmol~!. We consider that cis-PI
with a higher cis-content makes lower activa-
tion energy, however, we will need more
experiments to determine the relationship
between the local motion of PI and its
stereoregularity.

Secondly, Glowinkowski et al.” reported the
local segmental dynamics of PI with cis-1,4
content=70—80% by '*C NMR. They also
used the solvents in a wide viscosity range. In
the solvents, toluene, chloroform, cyclohexane,
and 1,4-dioxane, the activation energies were
1.4—1.7kcalmol !, which are in good agree-
ment with those we obtained. This agreement
may be cautiously compared since the relaxa-
tion times they obtained, ca. 10~ 1°—107!ts,
are in one order of magnitude smaller than
those we obtained, ca. 107 °s. The results
obtained by different techniques may reflect
different part of a relaxation time distribution.

CONCLUSION

We measured the local segmental motions
of cis-PI labeled with anthracene in the middle
of the main chain by the fluorescence

Polym. J., Vol. 26, No. 12, 1994
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depolarization technique. The reduced relaxa-
tion time, 7,/#, in various solvents was
independent of the segment density, and the
dependence of E* on the segment density was
very weak. The findings were different from
our previous result obtained for PS solutions.
These findings may reflect the small steric
hindrance for the rotation of cis-PI chain.
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