Macromolecules 1983, 16, 1495~1499 1495

dominate the motion of the star for large molecular weights
of the star.

Note Added in Proof. An f-armed star must bring f
- 2 arms to the branching point for a diffusive step. But
the arm ends need not arrive at the branching point si-
multaneously so we might expect D to have a weaker f
dependence than suggested in the text.
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ABSTRACT: Anisotropic rotational motion of the side chain in poly(methyl methacrylate) (PMMA) is inferred
from the detailed analysis of the ESR spectrum of spin-labeled PMMA. Rotation about the axis parallel to
the N-O bond of the nitroxide label bonded at the end of the ester side chains was twice as fast as that about
the axes perpendicular to this bond in the incipient motional narrowing region. This axially symmetric rotation
is discussed in terms of the molecular motions of PMMA.

I. Introduction

It has been well established that both spin-probe and
spin-label techniques are very useful to characterize mo-
lecular motions in synthetic polymers! as well as bio-
polymers.? ESR studies of molecular motion of spin-la-
beled polymers have two advantages: (1) easy detection
of rapid motion on the time scale of nanoseconds to pi-
coseconds and (2) selective detection of particular molec-
ular motion of a part of the polymer, such as the end of
a side chain that is labeled by a stable paramagnetic free
radical. Poly(methyl methacrylate) (PMMA) is one of the
polymers on which molecular motions have been studied
by ESR combined with either the spin-labeling or the
spin-probe method. For example, Miller and Veksli®*
reported ESR studies of spin-labeled PMMA, and Bullock
and Cameron® and Shiotani and Sohma®’ also investigated
the molecular motions of PMMA by ESR. These au-
thors®7 have analyzed the observed spectra based on the
assumption that the rotational reorientation was isotropic.
Evaluation of the correlation time, 7g, of the rotational
motion involved in spin-labeled PMMA relied upon the
simplified expression of 7y proposed by Freed et al.#!! for
isotropic rotation in the slow-motional region (107°s < 7y
< 1078 s) and Kivelson’s expression!? for isotropic rotation
in the motional narrowing region (10's < 75 < 107 s).

In previous studies,®” the present authors also used these
expressions as well as other simple expressions”!? for
partial averaging to analyze the spectra. However, later
investigation has shown that such an assumption is too
simplified. There is no good reason to assume isotropic

motion for a labeling radical at the end of the ester chain
of PMMA. It is more reasonable to allow for anisotropy
in this particular molecular motion. In fact, Pila¥ et al.}*®
observed ESR spectra of the spin labeles attached to the
side chain of poly(methacrylamide)-type copolymers and
concluded that the rotational reorientation was quite
anisotropic and depended on the type of side chain. Freed
and his collaborators!! have developed an extensive theory
of ESR spectra of nitroxides, which allows one to calculate
the line shape for ESR spectra with a broad range of
correlation times (1072 s < 75 < 107 s) and to treat various
models of anisotropic rotational reorientation.

In this paper we report results obtained for spin-labeled
PMMA with an analysis carried out in terms of the theory
of Freed et al., and we compare these results with our
earlier ones.

II. Experimental Section

PMMA, which was spin labeled by a nitroxide radical at the
end of the ester side chain, is the same sample used for the
previous experiments.%” One out of every 100 side chains was
labeled by the nitroxide radicals. The details of the preparation
of the polymer are described in the previous papers. A JEOL
PE-X spectrometer was used with 100-kHz modulation, and the
temperature control unit was used for temperature variation
experiments.

ITI. Analysis of ESR Line Shape

Temperature variations of the ESR spectra of the
spin-labeled PMMA are shown in Figure 1. No change
in the line shape was found at temperatures below 9 °C.
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Figure 1. Temperature-dependent ESR spectra of spin-labeled
PMMA.
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Figure 2. Structure of spin-labeled PMMA with 2,2,6,6-tetra-
methyl-4-hydroxypiperidinyl-1-oxy and the assumed conformation
of spin labe! bounded at the end of the side chain.

ESR parameters § and A were determined as the values
that gave the best fitting simulation to the spectrum ob-
served in the frozen state at temperature below 9 °C. They
are gy = 2.0092, gy = 2.0062, g, = 2.0022, Ax = 7.6 G, Ay
=6.4G, A; = 32.8 G, and 4.0 G for the line width 1/T,°.
The subscripts X, Y, and Z represent the principal axes
of these tensors, as shown in Figure 2 with reference to the
molecular structure.

(1) Isotropic Molecular Motion. The spectral simu-
lations were carried out based on a Brownian motional
model!! for isotropic rotational diffusion. The best sim-
ulated spectra are shown with dotted lines in Figure 3.
The simulations of these spectra represent the main fea-
tures of the observed spectra at various temperatures, but
the agreement between the simulated and the observed
spectra at each temperature is not entirely satisfactory.
Especially in the higher temperature region, i.e., incipient
motional narrowing region, a qualitative difference was
found in the relative intensities of the triplet; the central
peak appears the highest in the theoretical spectrum based
on the isotropic molecular motion, while the peak at the
lower field is the highest in the observed spectrum (Figure
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Figure 3. Line shape of experimental spectra compared with
that of calculated spectra using an isotropic Brownian diffusion
model.

(

3B). This disagreement clearly suggests that the molecular
motion of the labeling molecule at the end of the ester side
chain in PMMA is not isotropic.

(2) Axially Symmetric Rotation. Anisotropic rotation
is described by a rotational diffusion tensor, the principal
values of which are written as Ry, Ry, and Rz. More
simply, the rotational reorientation of nitroxides is char-
acterized by an axially symmetric rotational diffusion
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Figure 4. Theoretical spectra of anisotropic rotation about its
Z axis (B), Y axis (C), and Z axis (D). The spectra were calculated
for the Brownian rotational diffusion model using R = 5.3 X 108
s, R, =53%10"s (i.e, N=R /R, =10; g = [6(R,R )™
=1x10%sg),and 1/T,° = 0.5 G. For isotropic rotation (A) R,
=R, =~ 1.67 X 10% 57! was used.

tensor, Ry = Ry = R, and Ry = R,. The degree of an-
isotropy of the rotational reorientation is expressed by the
relation N = R, /R . It is assumed in the first approxi-
mation that the symmetry axis of the rotational diffusion
tensor, Z’, is identical with one of the molecular axes of
the nitroxide molecule (Figure 2). Theoretical spectra were
calculated with a Brownian rotational diffusion model!
in order to demonstrate how the line shape varies when
the molecular axis about which rapid rotation takes place
is changed from the Z to the X or Y axis (Figure 2). For
the calculation the degree of anisotropy was assumed to
be N = 10 with a constant correlation time of 75 = 1 X 107®
s (mean correlation time for anisotropic rotation being
defined by g = [6(R;R,)'/%]"! for Brownian rotational
diffusion).!! When the symmetry axis is parallel to the X
axis of the molecular coordinates, the theoretical spectrum
derived from Freed’s theory appears as pattern B in Figure
4. Similarly, when the symmetry axis is taken parallel to
either the Y or the Z axis, the theoretical spectrum is either
pattern C or pattern D, respectively. The important
characteristic of the observed spectrum is the highest peak
occurring at the low-field side in the triplet. This char-
acteristic appears only in pattern B among the four the-
oretical line shapes shown in Figure 4. Therefore, it is
reasonable to conclude that the rotational symmetry axis
is parallel (or almost parallel) to the X axis of the mo-
lecular coordinates. Before searching for the best fit
pattern by varying 7y and N, we want to show how sen-
sitively the ESR line shape varies with the value of N,
which is the parameter expressing anisotropy in the ro-
tational diffusion. The theoretical spectra shown in Figure
5 were calculated for Brownian diffusion with the Y axis
as the symmetry axis using a typical value of 7g = 1 X 107°
8 (i.e., the incipient motional narrowing region), N being
varied from 1 to 10. By comparison of the line shape
observed at 210 °C with the theoretical patterns, one may
find that the line shape derived from N = 2 is close to the
observed spectrum. Further analysis was tried to obtain
more accurate values of 7 and N from the spectrum ob-
served at each temperature, especially in the incipient
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Figure 5. Theoretical spectra of anisotropic rotation about its
X axis illustrating the change in the line shape as a function of
degree of anisotropy, N. The spectra were calculated for the
Brownian diffusion model using a constant rotational correlation
time, 7 = 1 X 10 s, and 1/7,° = 0.5 G.

motional narrowing region. By incipient motional nar-
rowing we mean 7y = 107 s, where slow-motional effects
may be present but should not be large. ESR spectra of
nitroxides in the motional narrowing region consist of a
triplet due to the N hyperfine splitting with different line
widths and consequently with different amplitudes. The
intrinsic peak-to-peak derivative line width, 1/ 7T, of triplet
may be fitted to the expression®!!

1/T2(M[) = A+ BM] + CM12

where M, is the spectrum index number; M; = +1, 0, and
-1 for low-field, central, and high-field lines, respectively.
Using the inverse proportionality of the line widths to the
square root of their first-derivative peak-to-peak heights,
one can determine the relative magnitudes of A, B, and
C to a higher accuracy from the measured peak-to-peak
heights. Then the line width of one of the peaks, usually
the central line, is used for absolute magnitudes. In the
present studies, we determined the ratios B/A and C/A
from the peak-to-peak heights. The determination of the
absolute widths (including effects of inhomogeneous
broadening) was obtained in the detailed spectral simu-
lations as described below. The theoretical values of B/A
and C/A were determined from theoretical spectra calcu-
lated for a Brownian rotational diffusion model in the
incipient motional narrowing region as a function of the
correlation time g, degree of anisotropy N, and symmetry
axis of the rotational diffusion tensor R characterizing the
rotational reorientation. (These calculations include any
slow-motional effects.) It should be noted that (1) the
contribution of unresolved hyperfine splitting to the line
width was simply introduced at this stage in the analysis
as an additive contribution to the A term, (2) small cor-
rections for incipient slow motion (i.e., 7 > 1 X 10 g) are
automatically introduced, and (3) the ESR spectra are
independent of model in the region of (incipient) motional
narrowing.®!! The theoretical values of C/A and B/A
determined for anisotropic rotation along the X axis are
plotted as a function of 7z and N in Figure 6. By com-
paring the experimentally determined C/A vs. B/ A tem-
perature dependence, it is possible to determine the N and
the respective correlation time as shown in the figure. The
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Figure 6. Comparison of experimental (®) and calculated (—)
C/A vs. B/A dependence.
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Figure 7. Motional narrowing experimental spectra compared
with the best fit theoretical ones. The intrinsic line width of 1/T;°
used in the calculation was 2.0 G for the upper spectrum, but 1.0
G for the middle and lower spectra.

experimental data appear to be fitted well by the curve
for N = 2.

To confirm the validity of this analysis the theoretical
spectra were then simulated by using the best fit values
from the C/A vs. B/A relation and compared with ex-
perimental ones at each temperature in Figure 7. The
good agreements between the experimental and calculated
spectra convince us that the simple analysis using the
ratios C/A and B/A with small incipient slow-motional
corrections and simple introduction of effects of inhomo-
geneous broadening leads to rather good estimates of the
correlation time and the degree of anisotropy. Further-
more, by comparing the case of anisotropic rotation (N =
2 in Figure 7) with that of the isotropic one (N =1 in
Figure 3B), it is clearly seen that the fit is much improved
by introducing anisotropy in the rotational reorientation.
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Figure 8. Plots of 75 (s) vs. 1/T (K™).

Arrhenius plots of 7g’s are shown in Figure 8, in which
filled circles are the data determined from the spectra
shown in Figure 7 (N = 2) and open circles are those
obtained from the patterns in Figure 3B (N = 1). The
dotted curve is an Arrhenius plot of the correlation times
derived from the isotropic rotation.” The activation energy
was estimated as 9.3 keal/mol for the g derived from the
anisotropic rotation, while the activation energy in the
same temperature region was 9.7 kcal/mol derived from
the isotropic rotation in the former paper.” Thus, no
marked differences were found in both the correlation time
and the activation energy once anisotropy is introduced
in the analysis of the spectra. This fact plus the small
value of N seems to suggest that isotropic rotation is a good
first approximation for the molecular motion at the ends
of ester side chains in PMMA at these temperatures. The
7r’s in the temperature region below T, are also on a
straight line, which gives an activation energy similar to
either one of the values mentioned above. It is hard to
determine that these rg’s are on an extension of either one
of the Arrhenius plots in the higher temperature region,
taking account of errors involved in both the measure-
ments and the extension. Moreover, another model, a
jump-type model,!* might fit the experiments better than
the Brownian model assumed in this analysis. On this
point further analysis is in progress, and we omit the
discussion on 7g’s in the lower temperature region in this
paper.

However, it should be stressed that the analyses of the
observed ESR spectra based on the Freed theory provide
us with interesting information on the anisotropy in the
molecular motion in PMMA, which is hardly detected by
experimental techniques other than ESR. Thus, the
quantitative detection of anisotropy in molecular motions
of labeling molecules in the incipient motional narrowing
region is an important feature of ESR studies of molecular
motions.

IV. Discussion

Molecular motions detected by ESR are at the sites that
are labeled by nitroxides. There are many degrees of
freedom for rotations in polymeric systems, and therefore
the rotational motion of the nitroxides at the ends of the
ester side chains of PMMA molecules is a superposition
of the various rotational motions at the temperature of
observation. In such a case, the rotational diffusion tensor
determined by our ESR study is really a composite. This
composite or effective R tensor may be related to the
various internal and overall modes of motion along lines
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previously suggested by Freed and co-workers.!*® In that
work, a number of special cases leading to simplified in-
terpretations of this effective R tensor are pointed out.
Although there exist many internal rotational modes in
a polymeric molecule because of the many degrees of
freedom for rotation about each C-C bond, the main
modes of rotation are the following three: (i) rotation of
the molecule as a whole, (ii) micro-Brownian motion of the
C—C bonds in the main chain, and (iii) rotations of the side
chains. Although overall rotational motion of the mole-
cules is possible even in the solid phase, it is hard to im-
agine that the rate of the rotation is as high as of the order
of a nanosecond as determined by our experiments; the
Einstein-Stokes law indicates that the rotational rate of
a bulky molecule such as a polymer is very small in a
viscous matrix like solid PMMA. Thus, it is reasonable
to neglect the contribution of the overall rotation of the
molecule to the observed rate of the rotation. The second
possible mode of rotation consists of the rotations of the
C-C bonds in the PMMA main chains. The anisotropy
in motion was inferred from a comparison of the theoretical
line shapes with those observed in the temperature range
160-210 °C. The glass transition of PMMA occurs at
about 110 °C.!®* Micro-Brownian motion of the PMMA
main chain is very active in this temperature range, and
the rate of the rotation could be as high as 10° s™1. How-
ever, micro-Brownian motion of polymer molecules is
isotropic,'® and the rotation resulting from the micro-
Brownian motion should be isotropic. This is not what
we observe: the detected rotation is anisotropic. Thus,
it is quite possible that the micro-Brownian motion of the
main chain is not the detected rotational motion, although
motion of the main chain may provide a background
contribution. The last mode of rotation, i.e., rotations of
the ester side chains, is believed to be the dominant motion
detected in our experiments. The activation energy for
rotation, 9.3 kcal/mol, determined by this experiment is
smaller than that for micro-Brownian motion (40-150
kcal/mol)'7 but closer to that typically observed for side-
chain motion (ca. 19 kcal/mol).’8,** This smaller value of
the activation energy supports our belief that the primary
detected motion is the rotational motion of the ester side
chains. There are three possible rotational modes in a side
chain: rotations about bond 1, bond 2, or bond 3 (cf. Figure
2). The conclusion derived from the analysis of the ex-
perimental results is that the faster rotation is about an
axis parallel to the N-O bond in the nitroxide and the
slower rotation about the axes perpendicular to the N-O
bond. Rotation about bond 2 is more hindered than those
about the other two axes because of the partial double-
bond nature. Thus one may rule out this rotation. Ro-
tation about bond 1 should require more activation energy
than that about bond 3, because more free volume is re-
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quired for rotation about bond 1. Actually 19 kcal/mol
is estimated as the activation energy for the rotation of the
ester side chain as a whole.!*?® The smaller value, 9.3
kcal /mol, for the observed activation energy suggests that
the dominant rotation detected by ESR is a part of the
ester side chain. Therefore, it is reasonable to assume that
the observed changes of the ESR line shape in the tem-
perature range 160-200 °C is mainly affected by rapid
rotation about bond 3 in the ester side chains, yet we must
invoke some coupling to the other modes of motion in
order to explain the rather small motional anisotropy (N
= 2). It appears, therefore, that the molecular motion
detected by the ESR of spin-labeled PMMA is the rota-
tional motion of the labeling molecule at the end of the
ester side chains, but which is modified by other modes
of the polymer.
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