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ABSTRACT: Samples of Poly(methyl methacrylate) (PMMA), poly(ethyl methacrylate)
(PEMA), and poly(isopropyl methacrylate) (PIPMA) labeled with anthracene in the middle of the
backbone chain were synthesized, and their local motions in dilute solutions were investigated by
the fluorescence depolarization technique. Both the static stiffness parameter s~! and the mean
relaxation time 7, as a measure of the dynamic chain stiffness were evaluated from the time-resolved
data of fluorescence anisotropy ratio, and a correlation between these two parameters was found.
Conformational energy calculations were performed for the diad compounds of PMMA, PEMA,
and PIPMA, and then, the characteristic ratios were calculated according to the rotational isomeric
state (RIS) model. The static chain stiffness parameter ™! was obtained for the above three
polymers as an independent evaluation of the static chain stiffness by a comparison between the
RIS model and the helical wormlike chain model established by Yamakawa and his co-workers,
and a correlation between 2~ ! and T,, was also found. The conformational character of PiPMA
is remarkably different from that of PMMA and PEMA, resulting in greater chain stiffness for

PiPMA than for PMMA and PEMA.
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Recently, local chain dynamics of flexible
polymers has been studied in detail by the
fluorescence depolarization technique as well
as by other experimental tools. An advantage
of the fluorescence depolarization method lies
in the direct observation of the time-dependent
orientation auto-correlation function (second
order) of a finite bond vector, when the sample
polymer is labeled with anthracene group in
the middle of the backbone chain. This method
provides a critical comparison between theory
and experiment, and therefore, diagnostic
information for the theory can be obtained.
Viovy et al.! tested various theoretical models
for the local chain dynamics by the fluorescence
depolarization measurements on anthracene-
labeled polystyrene in dilute solutions. Recen-

tly, we investigated the local motions of
anthracene-labeled poly(methyl methacrylate)
(PMMA) in some solvents.?* Our previous
result® showed that the local conformational
motions belonging to the low-friction limit of
Kramers can be well explained by the discrete
models in which the discrete motional modes
are taken into account.

On the other hand, various theoretical
approaches have been developed to understand
the local conformational relaxations of poly-
mer chains. These approaches may be divided
into two types. The first type is to simulate a
real polymer chain by a fairly simplified
(idealized) model with some characteristic
parameters which can be determined exper-
imentally (phenomenological parameters). The
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individual characters of various polymers are
reflected on those phenomenological para-
meters, and one can evaluate chain stiffness
from these parameters. The second one is to
construct a model that contains information
about detailed conformational characters of
individual polymers. Such a theoretical ap-
proach usually meets some mathematical
difficulties, so that crude approximations must
be employed. However, this type of approach
is becoming of importance as the interests in
polymer chain dynamics have been con-
centrated to how the motions of macro-
molecules reflect their chemical structures.
Though it seems complicated to describe the
Brownian motions of real polymer chains in
terms of their exact chemical structures, the
subject is fascinating, and especially, it is
remarkable that local conformational motions
are considered to be significantly affected by
the individual ehain characters (local chemical
structures) compared with large-scale motions.
From an experimental point of view, it is
important to investigate local motions of
various polymers by the fluorescence depolar-
ization method with precise analysis for the
elucidation of the relation between the local
motions and the chemical structures. The
fluorescence emission anisotropy data may be
analyzed by the theories of the first type in
order to obtain the phenomenological model
parameters and the mean relaxation time for
various systems. In this case, the obtained
parameters reflect the individual chain char-
acters, so one can evaluate the chain stiffness.
Nevertheless, the fluorescence depolariza-
tion studies on the local main chain dynamics
by the time-resolving method have been done
for limited kinds of polymers until now, i.e.,
polystyrene," PMMA,?3 polybutadiene,* and
polyisoprene.® Anufrieva and her co-workers®
investigated the effect of the ester alkyl group
of various poly(alkyl methacrylate)s on the
local relaxation time, and found that the local
relaxation time is enhanced with the increase
of the length of the ester group. However, their
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experimental data were obtained by a conven-
tional method of continuous excitation, thus,
an exact evaluation of the mean relaxation time
or the chain stiffness was not given.

In the present paper, we studied precisely the
effect of the ester group on the local chain
mobility and the chain stiffness of three
poly(alkyl methacrylate)s, i.e., PMMA, poly-
(ethyl methacrylate) (PEMA), and poly-
(isopropyl methacrylate) (PiPMA) by the
nanosecond time-resolving technique. The
samples used in this study are well defined ones,
which are labeled with anthracene group in the
middle of the backbone chain as

@ CHg

|
+CH2—c]-—)—n cH, @ CHZ{—(I:—CHZ-)E
COOR @ COOR

where R denotes methyl, ethyl, or isopropyl
group. The transition moment indicated by
the arrow lies parallel to the backbone of the
polymer chain. In this case, we can observe
directly the auto-correlation function of the
main chain bond at the middle position by the
fluorescence depolarization measurements.’
We first discuss the dynamic chain stiffness
of the three polymers, i.e., PMMA, PEMA,
and PiIPMA, are discussed in terms of the mean
relaxation time obtained from the time-
resolving measurements of fluorescence depo-
larization. The static chain stiffness parameter
s~ ', which is evaluated from the phenomeno-
logical parameters of the Hall-Helfand (HH)
model,® is also discussed. Next, the result of
conformational energy calculations are pre-
sented to reveal the conformational characters
of the three polymers. From the results of the
energy calculations, we evaluate the static chain
stiffness parameter A~ !, as another estimation
of the static chain stiffness by a comparison
between the rotational isomeric state (RIS)
model® and the helical wormlike (HW) chain
model established by Yamakawa and his
co-workers.'® Further, we discuss the relation-
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ship between the static and dynamic chain
stiffness parameters.

EXPERIMENTAL

Anthracene-labeled PMMA was prepared in
the same manner as described previously.>
Anthracene-labeled PEMA and anthracene-
labeled PIPM A were also prepared in a manner
similar to that for the PMMA. Anionic
polymerization of ethyl methacrylate (EMA)
orisopropyl methacrylate iIPMA) was initiated
with (1,1-diphenyl 3-methylpentyl)lithium in
THF at —78°C. After the exhaustion of the
monomer was completed, the living ends were
deactivated by a small amount of the bi-
functional terminator, 9,10-bis(bromometh-
ylanthracene at —78°C. The anionic poly-
merization of EMA and iPMA were affected
significantly by the impurities contained in the
monomers, so that they had to be purified
carefully by use of triethylaluminium.!! The
obtained polymers were precipitated in hexane
several times, and then, they were dried in
vacuo. For PEMA and PiPMA, further
purification by GPC fractionation had to be
done to eliminate the end-labeled fraction.

The absorption and emission spectra of the
anthracene labels revealed no photophysical
interactions between the attached chains and
the chromophore. Also, the fluorescence
intensities decayed with single exponential
functions for all the samples. The obtained
fluorescence lifetimes are listed in Table I.
Molecular weights and triad tacticities (racemo
fraction f,) of the obtained polymers were
determined by GPC and '*C NMR, respec-
tively, as listed in Table II. As shown in this
table, the obtained polymers are predominantly
syndiotactic.

The sample polymers were dissolved in ethyl
acetate and methylcellosolve (2-methoxyetha-
nol). The concentration of all these solutions
was kept to be 0.1wt%, and at this
concentration, the chromophore (anthracene
group) concentration was less than 10~ > mol -
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Table I. Fluorescence lifetime of the samples (ns)
Solvent
Sample _
Ethyl acetate Methylcellosolve
(25°C) (26°C)
PMMA-1 10.7 10.9
PEMA-1 10.6 10.8
PiPMA 10.8 10.7
Table II. Molecular weights and racemi
fractions of the samples
Sample M,x107* M, x107* f
PMMA-1 2.1 2.3 0.93
PEMA-1 2.1 2.5 0.89
PiPMA 2.5 2.8 0.87
PMMA-2 12.8 15.0 0.93
PEMA-2 15.7 17.7 0.89
171, These solutions were degassed before

measurements were taken.

Time-resolving measurements of fluores-
cence depolarization were done by the
nanosecond single-photon counting system in
our laboratory.®> The obtained data were
analyzed by the method of nonlinear least-
squares fitting as described in the previous
paper.® ‘

RESULTS AND DISCUSSION

We first present the result of the averaged
anisotropy ratio r as a rough estimation of the
chain mobility, though it also contains
information of the fluorescence intensity decay.
The averaged anisotropy ratio can be obtained
from the data of the time-resolving measure-
ment as'?

j L0 — GL(0]dr

0

F=20 (1)
f [1,(1)+2GI,(H]dr

0

where /() and I,(7) are the parallel and
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Table III. Averaged anisotropy ratio 7

Solvent

Sample e
Ethyl acetate Methylcellosolve
(25°C) (26°C)

PMMA-1 0.048 +£0.004 0.128 +£0.005
PEMA-I1 0.042 +0.004 0.120 £0.006
PiPMA 0.055+0.004 0.137£0.009
PMMA-2 0.062 +0.002 0.150 +0.006
PEMA-2 0.053 +£0.003

0.147+0.006

perpendicular components of the fluorescence
emission intensity, respectively, and G is the
compensating factor for the anisotropic sensi-
tivity of the photon detector. We obtained the
averaged anisotropy ratio by summing up the
single-photon counting data according to eq 1.
As shown in Table I11, the averaged anisotropy
ratio obtained here slightly depends on the
molecular weight. The data for the lower molec-
ular weight samples (PMMA-1, PEMA-1, and
PiPMA) show that #(PiPMA)>/#PMMA)>
APEMA). One can also notice that {(PMMA) >
F(PEMA) for the higher molecular weight
samples.

Now, we estimated two kinds of chain
stiffness (dynamic and static ones) from our
data. The dynamic chain stiffness represents
how long the memory of the initial orientation
of a segment persists (time). On the other hand,
the static chain stiffness represents how far the
orientational correlation extends along the
chain (length).

An exact estimation of the dynamic chain
stiffness (local chain mobility) can be done in
terms of the mean relaxation time 7, defined

as’

Tmzro_lj‘wr(z)dt (2)

0

where r(7) is the time-dependent fluorescence
anisotropy ratio defined by

_h-6L«)
r(’)_l,‘(z)ucuz) 3
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and r, is the initial anisotropy ratio, i.e., ro=
r(0). It is unable to estimate 7,, by the con-
ventional method of the continuous excitation
measurement. To estimate the value of T,,
we first found an experimental function made
up of the sum of exponential decay terms for
each observed anisotropy decay by the least-
squares fitting method. Then, the integration
of this function in eq 2 was calculated. The
results are listed in Table TV. Again, we sce
that 7, (PiPMA)>T,(PMMA)> T, (PEMA),
namely, the dynamic chain stiffness is PiP-
MA >PMMA >PEMA. Anufrieva er al.®
showed that the relaxation time increases
slightly with the length of the ester group in
polar media, and this may be inconsistent with
the present result. However, their result does
not contain the data for PEMA and PiPMA.

The mean relaxation time 7, also contains
information about the solvent quality. Some
experimental results® ~ !5 showed that the local
mobility in dilute solution is larger in good
solvents than in the theta solvent. Waldow et
al.'® attributed this phenomenon to a higher
local segment density in poor solvents than
in good solvents. In general, poly(alkyl meth-
acrylate) becomes more soluble in the solvents
used in this study as the ester group becomes
larger. Therefore, the fact that 7,(PMMA)>
T, (PEMA) may be partially due to such
solubility difference. In either case, the dif-
ference in bulkiness of the ester group be-
tween PMMA and PEMA does not seem to
have a significant effect on the dynamic chain
stiffness.

Next, we estimated the static chain stiffness
from the anisotropy decay data. Our previous
study?? on the local chain dynamics of PMMA
showed that the discrete models such as the
HH model, the generalized diffusion and loss
(GDL) model (improved HH model),! and the
Jones—Stockmayer (JS) model*® well explain
the local conformational transition processes.
The expression for the auto-correlation func-
tions of these models involve the modified
Bessel function (the JS model provides the
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Table IV. Stiffness parameters obtained from the time-resolved data of fluorescence depolarization

Ethyl acetate

Methylcellosolve

(25°C) (26°C)
Sample - S
T,/ns 571 T,./ns 5!
PMMA-1 2.62+0.31 1.114+0.11 10.1+0.6 1.72+0.22
PEMA-1 2.09+0.44 1.1140.16 8.3+0.8 1.4840.27
PiPMA 2.8440.44 1.2540.16 11.8+1.1 1.7440.38
PMMA-2 3.61+0.22 1.3240.07 15.640.8 2.20+0.27
PEMA-2 2.7940.25 1.344+0.09 15.1+0.8 1.96+0.27
T ' a phenomenological parameter, and therefore,
should depend on the solvent viscosity, poly-
15k ° ° 4 mer compatibility with solvents, and temper-
ature. The obtained values of s™' are also
-~ listed in Table IV. We plotted T, against s~*
g ° in Figure 1. As shown in this figure, there is
1of ° 1 an apparent correlation between the static and
° dynamic chain stiffness. Recently, Yamakawa
£ et al.'® showed the correlation between the
static and dynamic chain stiffness, and they
5f ] presented an explanation for the result.
o The fact that both the static and dynamic
g °° chain stiffness parameters of PMMA are larger
than those of PEMA suggests that the
% s 20 25 difference in the ester group between these
+! polymers should not be simply attributed to
Figure 1. Plot of the mean relaxation time 7,, against

the static stiffness parameter s~'. (@), methylcellosolve;
(O), ethyl acetate.

modified Bessel function within a certain
limit'7). We proposed the parameter s~ as a
measure of the static stiffness,® and this is
expressed in terms of the dynamic (phenomeno-
logical) parameters of the HH model as

s™'=1/[cosh™'(1+T,/T})] @

where T, and T, are the correlation times
corresponding to the independent (isolated)
and correlated transitions, respectively. The
parameter s~ ! represents the extent of motional
correlation (coupling range), namely, s~ ! is a
measure of the static chain stiffness scaled by
the number of motional units. This is essentially
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the difference in their steric bulkiness. Hence,
consideration on detailed chemical structure is
necessary to explain the present result. For this
purpose, as will be shown in the next section,
we first performed the conformational energy
calculations for the diad model compounds of
the corresponding polymers. Based on these
results, we calculated the characteristic ratios
by the method of the RIS model, and then, we
estimated the parameter 4! as another static
chain stiffness parameter from an independent
source, using the theory of the HW chain
model. We employed such a calculation
method to estimate the value of A™! for
convenience, because the experimental de-
termination is not so easy. The other model
parameters of the HW chain were also
determined simultaneously.
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CONFORMATIONAL ENERGY
CALCULATIONS AND ESTIMATION
OF THE STATIC CHAIN STIFFNESS

Conformational Energy Calculations

We calculated the intramolecular energies of
the diad model compounds of MMA (methyl
methacrylate), EMA, and iPMA. The calcu-
lated energies consist of the contributions from
non-bonded interactions between atoms, bond
angle deformations, inherent torsional po-
tentials, and the Coulombic interactions
between partially charged atoms contained in
the ester groups. As for PMMA, the con-
formational energy calculation was already
performed by Sundararajan and Flory'® (the
paper is referred to as SF henceforth). The
present calculations were done according to
their manner as will be described below. All
the calculation procedures were performed on
digital computers FACOM M-382 and M-780
at the Data Processing Center in Kyoto
University.

Non-bonded interactions between atoms
were calculated by the Lennard—Jones potential
function E;;=a;;r~'*—b;r °, where the
constant a;; was determined in such a way that
E;; takes the minimum value when the
interatom distance r is just the sum of the van
der Waals radii for atoms i and j. The constant
b;; was estimated by the Slater—Kirkwood
formula.?°

The energy due to the deformation of the
bond (valence angle) was calculated by the
formula E(0)=A(40)>, where 40 is the
distortion of the bond angle 6, and 4 is a force
constant. The inherent torsional potential
energy for the backbone bond was calculated
according to the three-fold potential with
barrier height of 2.8 kcalmol™!.° The Cou-
lombic interaction was estimated for the bond
dipole moments of C-O and C=0.

The geometrical parameters for the diads of
MMA used in the calculations were the same
as those employed in the SF. The geometrical
parameters of the most stable conformations
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Table V. Geometrical parameters of the ester
groups found by energy calculations

Bond angle* deg
Ethyl group £.0CC 110.0
Isopropyl group £ C*04C® 117.3
[ 08CeCre 108.6

£ (CPO4CE)(0CC™%)  104.0, 133.0

* Superscripts affixed to the atoms are specified in Figure
2.

CHy \/CHz\/ CHa
- AN /“’i °i.1\c/
X /

; i /
cﬁlHa \%h chy \c ~
c// \Od // O\
° \c'H~c‘H3 CH—CHg
(;éH3 C/H3

Figure 2. Geometrical structure of the isotactic poly-
(isopropyl methacrylate) chain in the trans—trans (tt) state.

Table VI. Conformations and energies at their
minimum points for the diad model compounds

Diad ¢;/deg ¢, /deg E.;./kcalmol ™!

MMA meso 20(—15) —15(20) 19.4
racemo 10 10 19.3

EMA meso 20(—15) —15(20) 18.2
racemo 10 10 18.1
iPMA meso 105 10 16.5
10 105 16.6

racemo 5 5 14.5

for the ethyl and isopropyl groups were ob-
tained by energy calculations as listed in Table
V. For MMA, the carbon and oxygen atoms
of C*C*CP0Q°Q4C* lie in the same plane (y;=0°
in Figure 2), and the ester carbonyl bond
lies in the eclipsed position with the a-methyl
group. The latter is consistent with the result
of the SF that such eclipsed conformation for
the ester carbonyl is more stable than the
opposite conformation (y;=180°). We have
confirmed from energy calculations that this

Polym. J., Vol. 23, No. 2, 1991



Local Motions of Poly(alkyl methacrylates)

tendency was also the case for EMA and iPMA.

Table VI shows the locations and energies
at the minimum points. The rotation angles ¢;
and ¢, are taken according to the manner
specified in ref 21 [¢;=¢;,,=0° for the
trans—trans (1t) state]. As for the meso diad of
iPMA, the lowest energy minimum appears at
(i b:+1)=(105°, 10°) [the gauche—trans (gf)
conformation], and merely shallow hollows
appear in the region of the #f conformation.
This remarkable feature is due to the strong
repulsion between the isopropyl groups at the
tt conformation. As shown in Table VI, the
lowest energy for the racemo diad of iPMA is
lower than that for the meso diad.

Statistical Weights

The results of the conformational energy
calculations clearly showed that the conforma-
tional energies in the gauche(—) (g) region are
fairly high compared with the ¢ and g con-
formations, therefore, the ¢ conformation can
be omitted as pointed out in the SF.

However, recent studies on the conforma-
tional energy calculations®?:2® which reana-
lyzed the conformation character of PMMA
considering the torsional rotation of the ester
group (varying the angle x;), showed that the
g conformation is stabilized when the ester
group rotates to a certain proper position. The
energy parameters obtained by such analyses
were also scrutinized in comparison with the
experimental data,?? and the statistical weights
of the RIS model were calculated according to
the three- or six-state model including the g
state, then the characteristic ratios were
estimated.?2'2® These analyses concluded that
it is more desirable to consider the g con-

formation than to use the two-state model
of the SF. In this study, however, we employ
the simple two-state model, which seems to be
sufficient for the purpose to evaluate the static
chain stiffness parameter A~!. For more
detailed discussion on the conformational
character of poly(alkyl methacrylate)s, the
precise model containing g state must be
employed, and this is now under investigation.

The elements of the statistical weight matrix
of the RIS model were calculated in the same
manner as that of the SF for PMMA and
PEMA. Partition function z, (subscript s
denotes 1, m, gt, m, etc.) for each conforma-
tional state of the diad was obtained by taking
the sums of Boltzmann factors of the energies
at intervals of 5° over the respective domain.!®
Here, we chose the temperature to be 300 K.
The obtained values are listed in Table VII.
For PMMA and PEMA, the partition
functions are divided by z,, .. The normalized
statistical weight matrixes for the two-state
model become!®-2!

U= <l 1) )
1 0

. 1 «

Un= (oc a2/5> ©
._(B

vr= (zx ozz/B) @

where

0= Z gt ml Ztt.m 8
B=2zuslZutm ©)

The values of the partition functions for
PMMA obtained here, are slightly different

Table VII. Partition function for each conformational state at 300 K
Ztt,m th.m “tg.m zgg.m zu,r Zgl,r 9g.r
PMMA 10.59 0.56 0.56 0.02 15.93 0.55 0.02
PEMA 9.65 0.53 0.53 0.01 16.28 0.62 0.02
PiPMA 0.16 10.12 11.99 0.38 4729 20.16 0.37
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from those of the SF, but this disagreement
may be due to trivial errors which caused in
the practical procedures on the computers, and
this does not make any significant problem.

The temperature dependence of o and f can
be assumed as'®?!

a=oyexp(— E,/RT) (10)
B=Boexp(—Ey/RT) (1)

where Ea = <Egl,m> - <Ett,m>7 and Ep = <En,r> -
{Eymy- <Esy can be calculated according to
the equation*®

<E5 =Zs_l Z E, iq¢i+1exp(_E¢i’¢"+1/RT)
PisPi+1
(12)

Using eq 8—12, we obtained «, and f,. The
summation in eq 12 for the calculation of {E,)
was done at an interval of 5° both for ¢; and
¢;+ - These results were used to calculate the
characteristic ratios as described below.

Characteristic Ratios

Characteristic ratio C, defined as C,={R?>,/
nl?, was calculated by the usual method® with
the statistical weight matrixes obtained above.
Here, {R*», denotes the mean-square end-to-
end distance, and n and / are the number of
bonds and the bond length, respectively. The
calculations of C, were performed by use of
the FORTRAN program based on the RIS
model written by Yamakawa and his co-
workers.

For PMMA and PEMA, as was done in
the SF, we adjusted the values of E, and E;
so as to coincide the limiting values of

the characteristic ratio C,,, with those obtain-
ed by experiments (intrinsic viscosity measure-

‘ments?*72%). In this case, o, and f, were

fixed to the values obtained above. The result
of the adjustment is shown in Table VIIL.

For PiPMA, these are no experimental
determinations of C, both for the isotactic and
syndiotactic ones so far. So, we employed the
values of o and f obtained directly from eq 8
and 9 (with no adjustment); a«=70, and
B=3.0x10° at 300K.

In this way, we calculated C, for n=1 to
1000 at 300 K for the three polymers of isotactic
and syndiotactic ones. Next, we generated the
Monte Carlo chains of heterotactic for the three
polymers, and calculated C, in the same way.
This Monte Carlo procedure is also contained
in the FORTRAN program mentioned above.
In this calculation, the values of racemo
fraction f, were fixed to those of our samples,
i.e.,0.93 for PMMA, 0.89 for PEMA, and 0.87
for PIPMA.

Determination of the Static Chain Stiffness

Parameter

The model parameters of the HW chain are
the curvature constant and the torsion constant
of the characteristic helix x, and t,, respect-
ively, the static chain stiffness 4!, the Poisson
ratio g, and the shift factor M, (the molecular
weight per unit contour length). These pa-
rameters can be determined by a comparison
with some physical quantities such as the
characteristic ratio and the angular correlation
functions calculated from the RIS model. The
parameters for various kinds of polymers have
been determined by this method.?” Recently,

Table VIII. Energy parameters used in the RIS calculations
at 300 K
% E,/calmol ! Bo Eg/calmol ™!

a B
PMMA 1.6 1150 1.4 —600 0.232 3.83
PEMA 2.4 1090 1.9 —600 0.389 5.20
PiPMA 70 3000
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an attempt of experimental determination has
been done,?® and the obtained parameters are
considered to be more reliable than those
estimated from the comparison between the
RIS and the HW theories. Indeed, the
calculated characteristic ratios based on the
RIS model do not always agree with the
experimental data, so, we adjusted the energy
parameters. As a result, our obtained char-
acteristic ratios for PMMA and PEMA contain
some phenomenological information. This
means that the physical quantities obtained
direcily from the RIS model with no
adjustment have some uncertainty. The origin
of this uncertainty may be brought by a
somewhat crude approximation of the two-
state model. Indeed, recent conformational
energy calculations of PMMA considering the
torsional rotation of the ester carbonyl give
consistent result with experiments for the
characteristic ratio.??

In any way, the most desirable way to
determine those model parameters seems to be
the one depending only on experimental data
such as the anisotropic light scattering.?®
However, such experiments must be carefully
performed, and also the sample preparation is
not so easy. Thus, we have made up our minds
to employ the calculation method as a
convenient way.

The RIS calculation with the statistical
weight matrixes gives not only C, but also
the angular correlation function.>® One can
also estimate the model parameters from the

analysis of this quantity. In this study, however,
we analyzed only the characteristic ratio merely
for the sake of convenience. We plotted C,/C,,
from the RIS calculation against log x (x =n/2),
and also plotted the theoretical values of the
HW chain model varying the model parameters
to achieve the best fitting.

Table IX shows the obtained best-fit model
parameters at 300K. The parameters of
PMMA have been already obtained by the
calculation method,’®?” and our present
values do not show a significant inconsistency
with the previous results. The values of 17!
show that the static chain stiffness becomes
larger in the order PMMA, PEMA, PiPMA
for the isotactic chains (f,=0), PEMA,
PMMA, PiPMA for the syndiotactic chains
(f,=1). Also, it is worth noticing that the
syndiotactic chain is stiffer than the isotactic
one for all the three polymers.

The values of partition function listed in
Table VII qualitatively indicate that the racemo
diads of both MMA and EMA are more likely
to take the ¢f conformation in the equilibrium
state than their meso diads, leading to the larger
static chain stiffness for the syndiotactic chains
than the isotactic ones. In addition, the
tendency to take the ¢ conformation leads to
the helical nature for the syndiotactic chains.
The values of k, and 7, show that the
syndiotactic PMMA and syndiotactic PEMA
belong to the domain 7 defined in ref 27, which
corresponds to a region for the typical HW
chain.

Table IX. Best-fit parameters of the HW chain model and characteristic ratio C,, at 300 K

Sample f; Ko To A7YA M A C,
PMMA 0 1.3 1.0 23.4 38.1 10.0
1 4.0 1.0 58.5 38.3 7.65
PEMA 0 1.6 1.1 27.8 46.0 9.88
1 3.6 0.9 52.5 433 8.00
PiPMA 0 0.8 2.0 71.8 56.4 322
1 11 1.0 135 49.7 3.24
PMMA 0.93 3.1 0.7 47.2 37.7 8.52
PEMA 0.89 2.7 0.8 422 42.8 9.33
PiPMA 0.87 33 13 55.3 51.8 10.0
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As for the racemo diad, we can see also
qualitatively from the partition functions that
the tendency of taking the 7 conformation is
slightly stronger for MMA than for EMA,
ie. Zy /20, MMA)>z, /2, (EMA). The rel-
atively high probability of taking the 1t
conformation for the racemo diad of MMA is
due to the instability of the gt state compared
to the ¢t state. However, the reason for this is
not clear at present. This leads to the result
that the static chain stiffness of the syndiotactic
PMMA is larger than that of the syndiotactic
PEMA.

The static chain stiffness of PIPMA is fairly
larger both for the isotactic and syndiotactic
ones compared with that of PMMA and
PEMA. This may reflect a considerably high
steric effect of the isopropyl group which brings
about an expansion of energy difference
between each conformational state. The meso
diad of iPMA is most stable at the gt
conformation, and of course, the values of
partition function indicate stronger tendency
of taking the ¢t conformation for the racemo
diad than the meso diad, leading to A~ '(iso-
tactic) < A~ !(syndiotactic). However, even the
isotactic chain of PiIPMA is relatively stiffer
than PMMA and PEMA of the isotactic ones
in spite of its relatively low probability of taking
the ¢t conformation. This suggests that the long
sequence of even the rg (or gf) conformation
also increases the static chain stiffness.

Figures 3, 4, and 5 show plots of the reduc-
ed characteristic ratio C,/C,, against logx for
the PMMA, PEMA, and PiPMA, respectively,
of the racemo fractions adjusted to those of
the present samples. Table IX also shows the
best-fit model parameters for these three
polymers. We can see that there is a fairly good
agreement between the RIS model and the HW
chain model. The curve for PMMA shows an
apparent peak near x=15 which is peculiar to
the syndiotactic chain.?! This is due to a cyclic
conformation produced by a sequence of the
tt conformation. This tendency seems to be
reduced for PEMA and PiPMA (for PiPMA,
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log x

Figure 3. Reduced characteristic ratio C,/C, plotted
against log x for the Monte Carlo PMMA chain (f,=0.93).
Values obtained from the RIS model are plotted with
circles. Solid curve indicates the theoretical values from
the HW chain model.

log x

Figure 4. Reduced characteristic ratio plotted against
log x for the Monte Carlo PEMA chain (f,=0.89).
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Figure 5. Reduced characteristic ratio plotted against

log x for the Monte Carlo PiPMA chain (f,=0.87).

merely a small peak is discernible). However,
it can be said that these three polymers of the
adjusted racemo fractions essentially have the

Polym. J., Vol. 23, No. 2, 1991
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helical nature. The values of «, and 1, for these
polymers indicate that these three polymers
belong to the domain I defined in ref 27.

FURTHER DISCUSSION

The values of 27! listed in Table IX show
that the static chain stiffness is PiPMA >
PMMA >PEMA for the polymers of the
adjusted racemo fractions. This result is
roughly consistent to our experimental result
for s, and also means that there is a
correlation between A~' and T,. Figure 6
shows a relationship between these parameters.

Thus, we made sure of a correlation between
the static and dynamic chain stiffness for our
poly(alkyl methacrylate)s from another source,
i.e., 271, though the correlation is rather weak.
This correlation for poly(alkyl methacrylate)s
may be understood by considering two factors,
i.e., bulkiness effect of the ester group, and the
tacticity effect. Bulkiness of the ester group

Tm (ns)
——t
s |

35 40 45 50 55 60
A (%)

Figure 6. Plot of the mean relaxation time 7, against
the static chain stiffiness parameter A~ '. (A), PMMA-I,
PEMA-I, and PiPMA (low molecular weight) in
methylcellosolve; (O), PMMA-1, PEMA-1, and PIiPMA
(low molecular weight) in ethyl acetate; (A), PMMA-2
and PEMA-2 (high molecular weight) in methylcellosolve;
(@), PMMA-2 and PEMA-2 (high molecular weight) in
ethyl acetate.

Polym. J., Vol. 23, No. 2, 1991

enhances the asymmetrical feature of the
geometry of the segment of poly(alkyl
methacrylate)s, and this may lead to an
expansion of the energy difference between the
stable conformational states. As a result, the
population of the specified (most stable)
conformation increases in the chain, and
therefore, the static chain stiffness increases.
On the other hand, the bulkiness of the ester
group also increases the steric hindrance for
the conformational transition, i.e., the energy
barrier for the transition becomes higher, and
therefore, T, becomes larger. Thus, the
bulkiness of the ester group increases both the
static and dynamic chain stiffness.

Tacticity (racemo fraction) of the polymer
has a significant effect upon the chain stiffness.
If the difference in the bulkiness is not so
effective as we have already seen for the case
of PMMA and PEMA, the tacticity de-
pendence on the chain stiffness plays a
significant role. From the result of A~ ! (Table
IX), we can see that the relative chain stiffness
of PMMA and PEMA is strongly dependent
on the tacticity. We should care about the
configurational character of the polymer chain
when we estimate the chain stiffness.

At this stage, we discuss the relationship be-
tween the two static chain stiffness parameters,
s~ !t and A71. Of course, we have determined
s~ ! experimentally, so our obtained values of
s~ ! involve phenomenological information.
On the other hand, the values of A~ ! estimated
above are semi-empirical as mentioned before.
However, a remarkable point of difference is
that s~ ! is derived from the HH model which
assumes that the local motions of polymer
chain consist of two idealized modes of tran-
sition, i.e., the isolated and correlated transi-
tions. These two transitions are based on an
implicit assumption that the smallest motional
unit of a certain size exists. The dimension of
s~! is the number of motional units (di-
mensionless), and s~! means the number of
motional units along the chain to which the
motional correlation extends from the observed
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segment. On the contrary, the parameter 417!,
which is in the dimension of (absolute) length,
means directly a correlation length along the
chain, and can be derived with no assumption
of the motional unit. Thus, comparing the two
static chain stiffness parameters, we need to
take into account the above difference.
Information on the size of the motional unit
assumed in the HH model is necessary to
convert s~ ! to the quantity of length.

In the present study, the mean relaxation time
T, obtained from the time-resolving fluo-
rescence depolarization measurements shows
that T,(PiPMA)> T, (PMMA)> T (PEMA),
the racemo fractions of which are 0.87, 0.93,
and 0.89, respectively. We plotted T, against
s~ ! which represents a static chain stiffness on
the basis of the HH model, and a correlation
between these two parameters was observed.

We also obtained the values of 17! as
another static chain stiffness parameter from a
different source, i.e., a comparison of the RIS
model with the HW chain model. Plot of T,
against A~ ! also shows a correlation, and this
fact convinces us that a correlation between
the static and dynamic chain stiffness exists for
the treated polymers in this study.

Furthermore, it is revealed that the static
chain stiffness depends fairly strongly on the
tacticity of the polymer chain. The stiffness
difference between PMMA and PEMA, the
conformational characters of which resemble
each other, may be subject to the racemo
fraction. This means that characterization of
the chain configuration is inevitable for the
discussion of chain stiffness. For PiPMA, the
bulkiness of the ester group has a remarkable
effect especially on the conformational char-
acter of the meso diad (high energy for the #¢
conformation). This feature is clearly different
from that of PMMA and PEMA. As a result,
the stiffness parameter of PIPMA is larger (both
static and dynamic) than the other two
polymers.

The observed correlation between the static
and dynamic chain stiffness for the present
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polymers may reflect not only the bulkiness
effect, but also the tacticity effect. It has already
been pointed out!'® that in general, the
correlation between the static and dynamic
chain stiffness can be drawn if the activation
energy for the conformational transition is
almost independent of the kind of polymer
chains. At present, there seems to be little
unambiguous experimental evidence for this
assumption, and therefore, further experi-
mental investigations on various polymer
chains with different experimental tools are
required to solve this problem.
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