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ABSTRACT: Proton spin-lattice relaxation and proton spin-lattice relaxation in the rotating frame were
observed in the solid polycarbonate of 1,1-dichloro-2,2-bis(4-hydroxyphenyljethylene from 150 to 400 K. This
polymer is suited to this type of study since it contains only a single type of proton. The relaxation times
are quantitatively interpreted as a function of temperature using a correlation function—spectral density approach.
Two types of correlation functions that are somewhat successful result from the one-dimensional defect diffusion
model (DDM) and the correlated states model (CSM). Both can adequately simulate the proton relaxation
data but the CSM also successfully accounts for the temperature dependence of the second moment and
accurately predicts the location and much of the width of the low-temperature mechanical loss peak. The
activation energy of the fundamental process in the CSM is also close to that observed in dilute solutions
of the same polycarbonate and close to that calculated by MNDO (modified neglect of diatomic overlap) applied
to model compounds. The Hartree-Fock calculations in conjunction with the earlier proton line width study
are used to consider the repeat unit level geometry of the motion causing both spin relaxation and mechanical

loss.

Introduction

Examination of relaxation processes and molecular
motion in aromatic polycarbonate glasses has been wide-
spread and fruitful.!® The presence of considerable mo-
lecular motion in these glasses and the high impact re-
sistance of molded specimens under certain circumstances
have attracted many investigators, including ourselves.

In an earlier proton line shape study® of the poly-
carbonate of 1,1-dichloro-2,2-bis(4-hydroxyphenyl)-
ethylene, or chloral polycarbonate, the geometry of the
predominant intramolecular motion affecting phenylene
groups was clearly established as phenylene group rotation
or rotational oscillation about or parallel to the 1,4 axis.
At the time of the line shape study, the only motion put
forth was simple phenylene group rotation but in this
paper the prospect of other motions that preserve the
orientation of the C,C, axis is considered. The determi-
nation of geometric information from the line shape was
expedited by the location of the principal intramolecular
dipole—dipole interaction between the 2,3 protons of the
phenylene ring parallel to the chain backbone (see Figure
1). Since there is essentially only a single type of proton
in the chloral polycarbonate and since a detailed line shape
study has already been completed, a proton spin relaxation
study is reported here to characterize the time scale and
energetics of the motion of the phenylene group.

To attain this goal with some certainty, proton spin-
lattice relaxation times, T’s, were measured at two Larmor
frequencies, 20 and 90 MHz, over a temperature range
from about 150 to 400 K. Spin-lattice relaxation times
in the rotating frame, T),’s, were also added to these data
over the same temperature range. Some complications and
limitations are avoided in this single type of proton study,
where there are no overlapping resonances and there is no
spin diffusion to other types of protons. Also the dipolar
field is much less than the applied radio-frequency field
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at all temperatures, the value of the motionally modulated
second moment is already known, and a wide range of
temperature and frequency is being examined.

A quantitative interpretation of these relaxation data
is sought based on a homogeneous correlation function for
motional modulation of the dipole-dipole interaction. If,
as will be shown, the time scale and energetics can be
quantified in a correlation function, it is natural to explore
the possible relationship to the dynamic-mechanical
studies on the glass. The temperature-dependent spectral
densities obtained from the spin relaxation studies will be
used to calculate the response at the temperature and
frequency of the mechanical experiments. Again both the
position of the loss peak and the shape of the loss peak
will be of interest, and considerable success is found when
the correlation function developed from spin relaxation
is used.

However, the extent of mechanical activity due to a
molecular relaxation depends on factors other than the
amount of spectral density at the frequency of the applied
stress. It is necessary that the motion produce a local
strain in the solid. Thus the rotation of a symmetrical
group such as CH; produces no mechanical loss in first
order. The small loss peaks sometimes attributed to CH,
arise from higher order terms in the stress or from a cor-
related motion of the rest of the molecule which produces
a net strain. The mechanical loss peak at —100 °C at 1 Hz
in polycarbonates, called the vy peak here, is quite large
and is accompanied by a sizeable bulk component.® It is
unlikely, then, that the motion causing this peak could
arise from a symmetrical moiety hopping between equiv-
alent sites. Such a motion or an oscillation in place would
show little bulk loss.

Since both the NMR and mechanical studies suggest
that the phenylene ring motion occurs in the solid, Har-
tree-Fock calculations were performed for model com-
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Figure 1. Structure of the repeat unit of the polycarbonate of
1,1-dichloro-2,2-bis(4-hydroxyphenyl)ethylene. Two model com-

pounds used for calculations are diphenyl carbonate (I) and
1,1-dichloro-2,2-diphenylethylene (II).

pounds related to chloral polycarbonate. These calcula-
tions elucidate the nature of the conformational energy
surfaces and provide a definitive link to the question of
the geometry of the motion. The conformational energy
surfaces can be compared to the results of solution NMR
studies, where relaxation is dominated by intramolecular
interactions; also one of the interpretational models used
for bulk relaxation provides an activation energy for the
fundamental process occurring in the glassy polymer.

Experimental Section

The chloral polycarbonate for this study was synthesized at
General Electric and the intrinsic viscosity of the polymer was
about 0.5 dL/g in methylene chloride. A carefully dried sample
of powdered polymer was compression molded at 210 °C into a
solid cylindrical plug 10 mm in diameter and 15 mm in height.
The plug was allowed to cool to room temperature in the mold
without quenching and was ground down to fit into a 10-mm glass
NMR tube, where it was sealed under vacuum after vacuum
drying.

Proton spin-lattice relaxation times were measured at Larmor
frequencies of 20 and 90 MHz on a Bruker SXP 20-100 varia-
ble-field, multinuclear, FT NMR spectrometer. The x/2 pulse
width was 2 us and a standard =—7—=/2 pulse sequence was used
with a cycle time greater than 10 times 7. Proton spin-lattice
relaxation times in the rotating frame were measured at a ra-
dio-frequency field strength of 1.0 mT using a standard =/2-
phase-shifted locking pulse sequence. Temperature control was
maintained to within £2 K with a Bruker B-ST 100/70 tem-
perature controller.

Results

The proton T, data at 20 and 90 MHz are well charac-
terized by a linear least-squares analysis of In (A, — A4,)
vs. 7, where the A’s are signal amplitudes and the 7’s are
delay times. No dispersion of relaxation times is observed
and the T, data are summarized as a function of tem-
perature in Figure 2. The uncertainty in a given T, value
is £10%.

The proton T, data are again adequately characterized
from a linear least-squares analysis of In A, vs. 7 as can
be seen in Figure 3. Here, A is still signal amplitude but
7 is now the length of the locking pulse. Since the devi-
ations from simple exponential decay are small in Figure
3 and not indicative of a dispersion of relaxation times,®’
a fit of the whole curve to single-exponential decay is em-
ployed. These proton T, data are also summarized in
Figure 2 as a function of temperature, but the error is
somewhat larger, £15%, mostly reflecting the accuracy of
setting the radio-frequency phase shift and the accuracy
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Figure 2. Spin-lattice relaxation time and the spin-lattice re-
laxation time in the rotating frame vs. inverse temperature. Dot
size approximates experimental error. The dashed line corre-
sponds to the best simulation of the relaxation behavior using
eq 1-5, which are based on one-dimensional defect diffusion and
a second, independent single-exponential process. The solid line
corresponds to the best simulation of the relaxation using eq 1,
6, and 7, which are based on the correlated states model.
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Figure 3. Amplitude of the signal vs. spin lock time.

of determining the radio-frequency field magnitude from
successive maxima and nulls.

Interpretation

As discussed in the Introduction, the approach will be
to write both T’ and T, as a function of spectral densities
produced by motional modulation of the proton dipole—
dipole interaction. A single correlation function and the
associated spectral density will then be used to quantita-
tively simulate both T and T}, as a function of temper-
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ature. The standard 7, and T, expressions are’®!!
1/Ty = (2/3)y*S[J1(wn) + 4J5(2wy)]

1/T;, = (2/3)v2S[1.5J.(2w,) + 2.5 (wn) + J(2wn)]
1)

where w, = yuH,; and S is the second moment.?

For a spectral density interpretation based on motional
modulation of dipole—dipole interactions to be valid, spin
diffusion must be negligible. Since there is only a single
type of proton in the repeat unit and since the molecular
mass of the polymer is high (~5 X 10* daltons), leaving
few end groups, spin diffusion to another type of proton
is unlikely. This is especially unlikely in this sample since
there is also considerable molecular motion over most of
the temperature range as evidenced by line narrowing® and
quite short 7)’s. Spin diffusion could be occurring to only
a few motionally active phenylene groups but again the
line shape is not indicative of a few active phenylene
groups but rather shows the majority of the phenylene
groups to be undergoing fairly substantial rotation or ro-
tational oscillation about or parallel to the 1,4 axis above
220 K. There is little evidence of some few phenylene
groups enjoying other degrees of freedom, which would
lead to a narrow line on top of the observed broad line,
though surely some phenylene groups could be rotating
or oscillating with somewhat greater freedom than others
in the glassy matrix. On the other hand, since the line
shape, T}, and T, data do not display such sample hete-
rogeneity, it shall not be included in the interpretation.
A limited heterogeneity could be averaged by spin diffusion
among the phenylene protons. For this polycarbonate, T,
is of the order of 100 us, which would allow for spin ex-
change among protons on a few phenylene groups in, say,
the first millisecond of the Ty, decay. This might be
sufficient to obscure some heterogeneity but not a large
heterogeneity. In the absence of evidence for a significant
heterogeneity, a homogeneous correlation function will be
used with the qualification that limited heterogeneity may
be present.

The applicability of a spectral description for T, also
requires that H,# > H;?2, where Hy is the local dipolar field.
This is one of the strong points of this particular inves-
tigation since the large distances between phenylene pro-
tons result in a small H;. Using the relation H;? = 1/;S,
one finds that even in the rigid-lattice limit, S equals 0.046
mT? and therefore H;? equals only 0.015 mT2 Thus in
our case, with H,¢? equal to 1 mT?, the condition H,? >
H;?is valid even in the low-temperature, rigid-lattice limit
and then becomes increasingly favorable as temperature
is raised.

For both T; and T, below temperatures of about 220
K, an approach based on motional modulation of the di-
pole—dipole interaction may begin to fail since motion will
eventually become too slow. Therefore we can anticipate
the largest discrepancies between the interpretation and
the data to be at the lowest temperatures. However, we
do have data over a 200 K range above 220 K, leaving a
substantial data base for interpretation.

The value of S, the second moment, employed in eq 1
should correspond to the motionally modulated component
of the second moment characterized in the earlier line
shape study.? This motionally modulated dipole-dipole
interaction corresponds to part of the intermolecular di-
pole—dipole contributions since the predominant motion
causing modulation is phenylene group rotation or rota-
tional oscillation, which does not reorient the largest in-
tramolecular dipole-dipole interaction. By and large, S
is not given an explicit temperature dependence except
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through the spectral density, and, from that viewpoint, S
will be compared with the spectral density near zero fre-
quency.

If we are to employ a spectral density approach and have
some knowledge of S, the main interpretational problem
remaining is to develop a temperature-dependent ex-
pression for the spectral density or, equivalently, the
correlation function. The temperature dependence will
be introduced through an assumed Arrhenius dependence
for the correlation times or times in any expression for the
spectral density or correlation function. In those cases
where there are adjustable parameters both for the cor-
relation times and for the distribution of correlation times,
no temperature dependence of the distribution will be
invoked. This is just a simplification but it is preferable
if we can account for the temperature dependence of the
relaxation. .

Within this general approach of a known motionally
modulated S, Arrhenius behavior for correlation times, and
a temperature independence of parameters controlling the
distribution of relaxation times, we can begin to try to
account for the data in Figure 2. A single-exponential
correlation function!? is inadequate since it cannot account
for the frequency dependence or the temperature depen-
dence at one frequency. Models involving two-exponential
correlation functions such as the Woessner model!? are
inadequate for similar reasons. Models involving various
mathematical distributions of exponential correlation times
employed by others to interpret spin relaxation were tried,
including rectangular,’* Cole~Cole,® log x%,® and Fuoss-
Kirkwood!” models, and were found not to account for the
shape as a function of temperature.

The first traditional model that was somewhat successful
in our hands is based on one-dimensional defect diffusion.
In the final analysis, this approach fails to meet the goals
of this paper. It is only included here to show the lengths
taken to try to account for the data with conventional
models. The basic function is

¢pp(Tp) = exp(r/7p) erfc (r/mp)'/? @)

where 7 is the defect diffusion correlation time, which is
assumed to have an Arrhenius behavior.

mp = 7" exp(E,PP/RT) 3)

Actually the defect diffusion equation alone describes only
the high-temperature region and the addition of a second
process characterized by a single-exponential correlation
time, 7, is required to match the low-temperature be-
havior. We shall denote the single-exponential correlation
time correlation function!? as ¢gpp; then the product
correlation function is written as

¢ = ¢pp(7p)¢Bpp(70) (4)
where
dgpp = exp(-7/7,)
70 = 70" exp(E\°/RT)

To allow for the most general situation, the actual cor-
relation function used to account for the data is written
as

¢(t) = (A + Bogpp)(C + Dopp) =
AC + BCéoppp + BDéppémpr + AD¢pp (5)

This form provides for all cases from modulation of in-
dependent second-moment contributions by the two pro-
cesses to modulation of the same second-moment contri-
bution by the two processes. If ¢(t) is normalized to 1 at
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t = 0, then AC corresponds to the fraction of S that is not
motionally modulated and BC + BD + AD corresponds
to the fraction of S that is motionally modulated. Fur-
thermore, BC corresponds to the fraction modulated by
the BPP process only, AD to the fraction modulated by
the direct diffusion process only, and BD to the fraction
modulated by both processes. The fraction AC and the
sum BC + BD + DD can be compared directly with the
results of the line shape analysis.

The spectral densities or Fourier transforms of ¢gpp, ¢pp,
and ¢gpp¢pp are all known and the components of the
second moment associated with the various processes de-
scribed by the fractions AC, BC, BD, and AD can be la-
beled S,, Sgpp, Sepp-pp, and Spp, respectively. These
spectral densities and second moments can then be sub-
stituted in eq 1 to calculate Ty’s and T',’s. The values of
these S’s, 70°, 7p~, EA°, and E,PP are then adjusted to
produce the best simulation of the data (Figure 2). The
values of the model parameters producing the simulation
are S, = 3.0 X 102 mT?, Spp = 1.1 X 102 mT?, Sgpp =
0.092 X 102 mT? E,PP? = 34 kJ, E,° = 11.2kJ, 7p= = 1
x 10713 s, 7’0m =5 X 10712 S, and SBPP-DD = (0.034 mT?2.

The values of S are consistent with the line shape
analysis. The change in S between the rigid-lattice value
and just before T, is 1.5 £ 0.4 while the sum Spp + Sgpp-pp
+ Sppp = 1.2; the value of § in the high-temperature limit
just before T, is 3.1 & 0.2, which compares well with S.

The stimulation of the data as shown in Figure 2 is
adequate at high temperatures (above about 250 K), with
the largest deviations at low temperatures. This is con-
sistent with the limitations of the spectral density ap-
proach. The defect diffusion process modulating a second
moment of 1.1 X 1072 mT? is the principal process. The
low-temperature BPP process modulates much less second
moment though it is necessary to avoid extremely large
deviations between the simulation and the data at low
temperatures. In terms of connecting these two relaxation
processes to a molecular level description, the main process
of defect diffusion is associated with cooperative phenylene
ring rotation or reasonably large amplitude rotational
oscillation. This is the predominant intramolecular motion
deduced from line shape analysis.® The second minor
process described by a BPP correlation function might be
low-amplitude vibration though neither relaxation time nor
line shape data can definitely characterize this since so
little second moment is involved.

However, we could employ a more realistic description
of the low-amplitude motion in the correlation function
by replacing ¢gpp with a correlation function specifically
developed to describe low-amplitude motion short of
passage over a barrier. For this case, angular excursions
would be about £15° or less while large-amplitude motion
over a barrier will be continued to describe one-dimen-
sional defect diffusion. GronskiZ*? has developed an ap-
propriate correlation function for restricted rotation, but
combining this result with the DDM produced an inter-
pretation about as good as the one just displayed so it will
not be presented.

In all fairness, the DDM simulation of T} and T, is
heavily parametrized. Furthermore, efforts to extend this
interpretation to the temperature dependence of S and the
mechanical loss fail nearly completely. Thus, though the
DDM is the most successful of the conventional correlation
functions in our hands, it falls well short of the goal of a
quantitative interpretation of spin relaxation and me-
chanical loss.

A second, fundamentally different model that proves
more capable corresponds to a fractional exponential
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correlation function proposed by others on empirical
grounds??” and developed by one of us (K.L.N.) on the
basis of correlated state excitations in condensed mat-
ter.2830 Tt is referred to herein as the correlated state
model (CSM). The correlation function is

o(t)cem = ¢(0) exp[—(t/‘rp)l‘"] 6)

where 0 < n < 1 and the loss peak frequency is located at
w, « 7,7, where

7p = [(1 = n)emE ro]1/0m Q)

p

with 7y = 7. exp(E,/RT), the microscopic correlation time,
E, the bath cutoff energy, and v = 1.577 Euler’s constant.
As set forth in eq 6 and 7, the CSM has four parameters,
Ty Ea, n, and E,. The first two fix the microscopic dy-
namics and energetics of the fundamental process in the
absence of strong correlations; n and E, determine the
width of frequency dispersion and the renormalized time
scale due to medium effects. When n # 0, 7, is quite
different from 7g and 7, = 7.* exp(Es*/RT), where E *
is the apparent activation energy, given by Ex* = E, /(1
- n) and the apparent preexponential: 7.* = [(1 - n):
exp(ny)E /" r.]/1™, Figure 2 shows the fit of the CSM
spectral density to the chloral polycarbonate T;’s and T},
using the parameters E5 = 10 kJ/mol, n = 0.8, and 7.*
= 2.29 X 10718 5, Even though fewer parameters are used
than for DDM (defect diffusion model), the agreement
with experiment seems superior.

The physical picture connecting the CSM to motion in
chloral polycarbonate begins with identifying the funda-
mental process as phenylene group rotation or rotational
oscillation. This fundamental process could be detected
in the absence of strong matrix effects in dilute solution
but a value of n = 0.8 indicates that in the bulk glass the
fundamental process is strongly affected by the medium.
The activation energy in the absence of medium effects
is 10 kJ and the apparent activation energy in the glass
is substantially larger, 50 kJ, reflecting the strong medium
influence. The apparent preexponential 7.* is too short
to be a physically sensible preexponential itself. However,
in the CSM, the true preexponential 7. could be sub-
stantially longer and thus fall into a physically reasonable
region. A knowledge of E, is required to calculate ., but,
with the solid chloral data in hand, E, and 7. cannot be
separately determined—only the composite quantity 7..*
can be obtained.

It is perhaps worthwhile to point out that an equally
good account would be given by the “alternative” Wil-
liams/Watts?® correlation function:

dww(t) = #(0) exp[—(t/TVW)F] (8)

with 8 = 0.2, %W = 7, WW exp[EWW/RT], 7. %W = 2.29 X
105, and EYW = 50 kJ/mol. It is in fact apparent that
eq 6 and 8 are mathematically identical and that the
difference consists in the interpretation of the parameters.
In the Williams/Watts picture, 8, E¥V, and 7.%"V are
unrelated. In the case of CSM, E, and 7., are renormalized
by n and E, but approach their isolated values as n — 0.

The largest deviation between the CSM fit and the data
occurs at low temperatures, where in the case of the DDM
we added terms for low-amplitude oscillation. These terms
could be combined with the CSM but the complexity of
the mathematics has prevented completion of this task.
The amount of motionally modulated second moment
employed in the CSM fit is 2.0 X 1072 mT% This is
somewhat larger than the experimental value of (1.5 &+ 0.4)
X 1072 mT? observed at the highest temperatures of the
study. However, the CSM fitting value could be somewhat
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larger since it corresponds to a very broad distribution of
exponential correlation times, some of which could be too
large to contribute to line narrowing even at the higher
temperatures of the experimental study.

A direct interpretation of the line narrowing study re-
ported earlier® can be made by using the CSM spectral
density expression developed here. This can be made as
a test without further parameter adjustment and will em-
ploy the spectral density expression around zero frequency,
already developed to account for T; and T, at higher
frequencies. The dependence of the line width, év, on the
spectral density in a motionally narrowed situation can be
written!?

+Ebv
(6v) = (3/167)v*h2I (I + 1) f o S0 & ©)

The constant £ is of the order of unity and it arises from
uncertainties in the integration limits and from inaccu-
racies in the definition of év.

In order to avoid these uncertainties we will use a rel-
ative second moment (S/Sgp), where Sgy is the rigid-lattice
second moment, as a measure of (év)? and derive an ex-
pression for the dependence of this parameter on the
spectral densities J,(v) integrated over the frequency range
near zero corresponding to the overall line width range (5v).

We have from eq 9

s=zf :6"J0(V) dv (10)

where Z is the preintegral factor in eq 9 and contains any
proportionality constants between S and (5v)%
Now

+év
Se= , Jolv) dv in the limit 7 — =
=ZI (11)

If, as in the general case, part of the rigid-lattice second
moment is unmodulated and not narrowed by the motion,
then eq 10 becomes

s=a+zf P Jo) dv (12)
-6y

where A? is that part of the second moment unaffected by
the motion.
Combining eq 11 and 12 yields

+dv
¢ f , Jo) dv

§;=Z—I+——I— (13)

which may be written as
S/8 +MJ d
=q+
/SgrL =@ m.I:a, o(v) dv

where a and m are constants and the integration is carried
out over the frequency range of the absorption line.
Equation 13 has a form identical with that used by Gu-
towski and Pake for an exponential correlation function
to analyze motion in solid 1,1,1-trichloroethane. Numerical
evaluation of the J;(v)’s over the spectral range of interest
(£6v) for a given correlation function will thus permit the
evaluation of the integral in eq 13. With the tempera-
ture-dependent spectral densities developed to account for
T, and T, the observed temperature dependence of S can
be interpreted with eq 13.

The spectral densities at each temperature correspond-
ing to the second-moment data® are evaluated numerically
by using a fast Fourier transform program with the CSM
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Figure 4. Second moment vs. temperature. The solid line is a
simulation using eq 6, 7, and 13, which are based on the correlated

states model. The model parameters are the same as those used
to produce the CSM simulation in Figure 2.

correlation function (eq 7) with n = 0.8 and the 7,’s cal-
culated for an Arrhenius temperature dependence with 7.*
=229 X 107%s and E * = 50 kJ/mol (the parameters used
to account for the T, and T, data). The integrals in eq
13 are evaluated over the spectral range of interest (20
kHz) and a reasonable fit to the reduced experimental
second moments (S/Sg;) over the temperature range of
interest is obtained with @ = 0.648 and m = 0.022 in eq
14. This fit is illustrated in Figure 4. It should be noted
that the temperature dependence of [ Jy(v) dv evidences
the same general shape as the second-moment data, re-
maining constant below about 200 K, i.e., in the rigid-solid,
long-7, region, where the expected frequency range of the
spectral density is very narrow. Also, the continued slow
decrease in second moment at higher temperatures is ac-
counted for by the model.

The successful simulation of the temperature depen-
dence of S with an apparent activation energy of 50 kJ /mol
contrasts with the earlier interpretation® using the Bray-
Hendrickson analysis, which showed the presence of two
processes with significantly differing activation energies,
20 and 4 kJ/mol. The discrepancy between the CSM
result and the earlier analysis may only result from the
limitations of the simplistic approach originally applied.
Also, while the CSM interpretation is fairly consistent with
the second-moment data, the model parameters could not
be determined from the second-moment data alone. It can
also be briefly noted again that the defect diffusion model
does not lead to a reasonable simulation of the temperature
dependence of S using this same approach.

Comparison with Mechanical Relaxation

Having found a reasonable description of the spin re-
laxation results which also accounts for the temperature
dependence of S, we turn now to the mechanical loss
studies to see whether the same underlying process might
be responsible.

Low-temperature mechanical loss peaks have been
studied for many polycarbonates®3! and attention usually
focuses on the very large dispersion located at about —100
°C at 1 Hz, which we call the v peak.® The v peak in
chloral polycarbonate has been measured by one of us®
(A.F.Y.), and the attempt is therefore made to see if the
correlation functions used for the magnetic relaxation data
can also account for the ¥ peak. It is well-known3? that
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Figure 5. Dynamic mechanical spectrum. The dashed line is
the simulation employing eq 16 and the correlated states model
parameters used to produce the simulations of NMR data in
Figures 2 and 4.

the frequency-dependent moduli of a solid are given by
the Fourier transform of the autocorrelation of the ap-
propriate stresses. Therefore, for the shear modulus G

0w = — [ et(-o5t)oc@) dt  (14)

kﬁT 0
where o is the shear stress and the angular brackets de-
note the ensemble average. If the molecular motion seen
in the spin relaxation experiments is also stress sensitive,
then part of the instantaneous stress can be relaxed by the
“phenylene-type” motion as described by the previous
correlation functions. Thus

G 2O e g 4 15
o) = =, eberde as)
where G, is the part of the shear modulus relaxed by the
motion, ¢, is the stress arising from the molecular changes,
and ¢’(t) is the derivative of either the DDM or CSM
correlation function ¢(¢t). The mechanical loss G.,(w)‘°“s is
given by the imaginary part of eq 15:

(0,(0)%)

1088 = oo
Gyle) ksT

omsin (wt)o/t) dt  (16)

The defect diffusion correlation function with the pa-
rameters determined from fitting the T and T, data can
be used to predict a mechanical loss peak using eq 17 and
the appropriate frequency for the mechanical measure-
ment,® 1 Hz. The observed loss peak is at =100 °C and the
predicted peak is at =125 °C, using the defect diffusion
parameters derived when the low-temperature, low-am-
plitude process is described by a BPP correlation function.

This prediction is not very good. However, the results
of computing eq 16 for the CSM at the temperature and
frequency of the measurements in ref 8 are shown in Figure
5. In Figure 6 is the relaxation map constructed with the
T) minima, the T;, minimum, and the mechanical loss
peak. It is seen that the NMR minima and mechanical
loss peaks are quite consistent with an apparent activation
energy of 50 kJ/mol. The shape as well as the position
of the mechanical loss peak is fairly well predicted. The
magnitude of the calculated loss peak is controlled by
(0(0)?), which is adjusted to match the data in Figure 5.
The observed loss peak is broader than the prediction
though the « loss peak has been said to be composed of
up to three peaks.?! The phenylene ring motion charac-
terized by NMR appears to be at least one of these peaks
and is located near the position of greatest loss.
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Figure 6. log (frequency)-inverse temperature grid or relaxation
map.?3% The NMR minima and the mechanical loss peak
maximum are plotted on a frequency-temperature grid. The
frequency is characteristic of the experiment and the temperature
is that of the minimum or maximum. The solid line corresponds
to the 50 kJ/mol activation energy used to produce the simulation
in Figure 2. The 20-MHz T; minimum and the T, minimum are
fairly well located by the data but the position of the 90-MHz
T; minimum is only a rough estimate.

Taken together with other evidence in the literature,>®
the results of Figures 2, 4, 5, and 6 are a rather convincing
indication of the connection between the spin relaxation
and the mechanical relaxation measurements. As men-
tioned in the Introduction, the participation of the
“phenylene ring” motion in a mechanical loss process poses
interpretational problems from the molecular standpoint,
which are partially addressed in the next section.

Hartree-Fock Calculations for Chloral
Polycarbonate Models

The discovery® that the molecular motion in glassy
chloral polycarbonate which diminishes the second mo-
ment also preserves the angle which the 1,4-phenylene axis
makes with the applied field sharply reduced possible
molecular conformational interpretations. Since the sec-
ond-moment study® and the present spin relaxation study
are both looking exclusively at the ring proton motion, it
must be concluded that the dynamics described by the
time correlation functions likewise preserves the orienta-
tion of the 1,4 axis.

Rather subtle chemical modification of the poly-
carbonate structure sometimes results in dramatic changes
in bulk mechanical properties.*® Partly for this reason one
of us (J.T.B.) undertook empirical and quantum calcula-
tions on model compounds related to polycarbonate.
These calculations support the earlier findings of Tonelli®
that phenylene ring motion occurs quite easily, both at the
carbonate unit (~13.0 kJ/mol activation energy using
MNDO) and at the isopropylidene unit in BPA-PC (the
activation energy is 13.8 kJ/mol at the gem-dimethyl side
according to molecular mechanics).®

In light of the present results, suggesting that the motion
seen in the magnetic and mechanical relaxation is identical
or closely related, we decided to repeat these calculations
for the model compounds of chloral polycarbonate: di-
phenyl carbonate (I) and 1,1-dichloro-2,2-diphenylethylene
(IT) (Figure 1).

The earlier study of I using MNDO? showed that the
most stable form had both rings A and B perpendicular
to the plane of the carbonate unit, with both ring-oxygen
bonds 2-3 and 7-6 in the plane of the carbonyl unit 4-5.
As the A ring—carbonate dihedral angle 8-7-6-4 is moved
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away from 90° to 0° and then to —90°, an activation of 13.8
kJ/mol is encountered and the 7-6 bond is driven to the
trans position with respect to the carbonyl. (All results
are for complete geometrical optimization.) The activation
energy for this lowest energy motion of the 8-7-6-5 ring
dihedral angle past the carbonate group is in reasonable
accord with the “microscopic” E, found for the CSM fit
after eq 6 and for the solution activation energy for phe-
nylene ring motion.?® There are, though, two problems
with the result. First, the X-ray crystal data indicate that
the equilibrium value of the dihedral angle 8-7-6-4 is
nearer to 60° than 90°.37 Second, the direction of the
phenylene axis, connecting atoms 7 and 10, is moved
through nearly 87° by this conformational change, in
contradiction to the glassy-state second-moment results,’
which require that the direction of this axis be at least
nearly preserved.

We decided, therefore, to repeat the study of I, this time
looking at the direct isomerization involving the cis/trans
dihedral angle 7-6—4-5 and using MNDO and the ab initio
Hartree-Fock program GAUSSIAN 80%® at the STO-3G
minimal basis level. The activation energy for the 7-6-4-5
motion given by MNDO (10 kJ/mol) is in reasonable
agreement with the E, of the CSM fit (see eq 7 and 8) and
the solution results.® The GAUSSIAN 80 activation energy
is about twice as large (22 kJ/mol) as the MNDO value
or the experimental result. This difference may be due
to the minimal basis set (ST'0-39) or incomplete geome-
trical optmization. In addition, GAUSSIAN 80 gives 8-7—6-5
about 66° (and therefore closer to the X-ray result).”’
Another significant aspect of the calculated cis/trans
isomerization is that it nearly retains the spatial orientation
of the C,C, phenylene axis. An axis of rotation inclined
by 15° or less from the C,C, axis would not be experi-
mentally distinguishable from simple phenylene rotation
by the line shape study, and this condition is met by the
calculated cis/trans isomerization.

To compare this segmental motion with simple ring
rotation in chloral polycarbonate, an MNDO calculation
was performed on the dichloroethylene unit in II, which
yielded a barrier of 42 kJ. On this basis, simple rotation
about the C,C, axis seems less likely in chloral than in BPA
and less likely than the cis/trans isomerization. However,
a larger portion of chain should be considered in evaluating
the isomerization as well as translation of the ends of the
portion following isomerization before this assignment is
made. Also both the isomerization and the rotation cal-
culation were made for complete motions and not for os-
cillations though reasonably large amplitude oscillations
could account for our NMR data.

Other recent deuterium?® and carbon-13 results
dicate simple 180° ring flips and ring oscillation in BPA
polycarbonate, and, because of the simplicity of these
motions, they are still attractive possibilities for chloral.
At this time, our results do not decisively distinguish be-
tween simple rotation and cis/trans isomerization or the
amplitude of either motion.

40,41 §py.

Conclusions

The proton relaxation times determined in this struc-
turally specific, single type of proton study provide a
suitable basis for a quantitative description employing a
correlation function—spectral density approach. The same
spectral density reflecting the same motions accounts for
both T; and T;,. The observation of spin relaxation over
a wide range of frequency and temperature provides a test
of potential interpretations; however, two were found to
be at least somewhat satisfactory. The first model, based
on one-dimensional defect diffusion, is barely adequate
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while the second model, based on correlated states, is
better, especially since it reproduces the asymmetric de-
pendence of T, on temperature around the 7', minimum
and accounts for the temperature dependence of S.

Both the DDM and the CSM were used to predict the
position and shape of the dynamic mechanical loss peak.
Again the CSM is more successful in predicting the loca-
tion of the loss peak as a function of temperature close to
experimental error while the DDM misses by about 25°.
The breadth of the loss peak is also fairly well described
by the CSM though it appears there may be motions
contributing to mechanical loss in addition to those which
affect the phenylene protons as determined by spin re-
laxation.

With regard to the CSM, the values of the model pa-
rameters are physically sensible. The activation energy
of the fundamental process, E,, is 10 kJ, which is close to
the dilute solution value® for phenylene rotation of 15 kJ.
The same geometrical restrictions apply in solution as in
the solid so the same dynamic process should be under
consideration. The solution activation energy should be
slightly higher than E, since even in a 10 wt % solution
the surroundings will affect the fundamental process. The
value of 0.8 for n in the glass indicates a strong interaction
of the surroundings with the fundamental process.

The MNDO calculations also give a comparable barrier
of 10 kJ/mol for the cis/trans isomerization about the C-O
bond connecting the carbonate and phenylene groups in
diphenyl carbonate. This is a motion which should at least
be considered as an alternative to simple ring rotation in
chloral polycarbonate since it meets geometrical require-
ments indicated by the proton line shape study. Our
current considerations leave both as possibilities, and either
motion could also be present in the form of a fairly large
amplitude oscillation short of complete rotation or isom-
erization.

It should be added that any other motion contributing
to the broad v mechanical loss peak seems likely to be
somehow related to the phenylene group motion since the
loss peak and the frequency-temperature superposition
of phenylene group motion are both derived from NMR.
Such other motions might contribute more to mechanical
activity than a symmetric motion of the phenylene group,
yet superposition argues for some relationship.
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ABSTRACT: The changes in thermal and mechanical properties produced by complexation with NaSCN
of a poly(ethylene oxide-b-isoprene-b-ethylene oxide) (PEQ-PI-PEO) block polymer are described. The
number-average molecular weight of the PEO-PI-PEO polymer was 1.67 X 105, and its PEO weight fraction
was 0.14. It is shown that complexation, which occurs selectively with the PEO end blocks, can yield a
semicrystalline thermoplastic elastomer that melts at about 450 K. The main characteristics of the complexed
block polymer are a crystallization temperature, which occurs 90 K lower than that of complexed homo-PEQ,
and good dimensional stability at high temperature. However, the tensile strength of the complexed material
appears to be considerably reduced with increasing temperature. A pronounced supercooling was also observed
for the uncomplexed PEO-PI-PEO block polymer. This phenomenon seems to be a general feature of two-phase
block polymers in which the crystallizable component is finely dispersed into isolated microdomains.

Introduction

Elastomeric ABA block polymers with crystalline end
blocks have received increasing interest during the last
decade.l”” Most investigations dealing with this class of
block polymers have been oriented toward the develop-
ment of novel thermoplastic elastomers possessing me-
chanical properties that compare favorably with those of
the more conventional completely amorphous ABA block
polymers, such as styrene—diene three-block polymers, but
having a better dimensional stability at high temperature
and/or a better resistance to solvents. Typical examples
of such materials are those based on poly(ethylene sul-
fide),! polypivalolactone,* and hydrogenated 1,4-poly-
butadiene®® end blocks. Also reported in the literature are
data concerning ABA materials based on poly-
thiacyclobutane? (PTCB) and poly(ethylene oxide)® (PEO)
end blocks. Though the melting temperatures of PTCB
and PEOQ are not high enough for considering elastomeric
applications of the block polymers, these latter materials,
which dissolved in aromatic solvents at moderate tem-
perature, were good model systems for studying the role
of the casting solvent and temperature on the morphology
of the crystalline microdomains in specimens prepared by

solvent casting.>® In both cases it was shown that well-
defined spherical or cylindrical crystalline microdomains
were formed when the casting solvent and temperature
were such that liquid-liquid phase separation occurred
before crystallization.??

In the present paper, we describe the changes in physical
and mechanical properties produced when a poly(ethylene
oxide-b-isoprene-b-ethylene oxide) (PEO-PI-PEOQ) block
polymer having a number-average molecular weight of 1.67
X 10% and a PEO weight fraction of 0.14 is complexed with
NaSCN. It is known that PEO forms crystalline ionic
complexes with a range of compounds including alkali
metal and ammonium salts.>® Wright® reported that
ammonium, potassium, and sodium thiocyanate form
crystalline complexes with PEQ whose melting tempera-
tures increase with decreasing cation size (T, = 343, 373,
and 468 K for NH,*, K*, and Na®, respectively). The
admitted stoichiometry for these complexes is 4 mol of
PEO monomer unit for 1 mol of cation.®® The high
melting temperature of the PEQ-NaSCN complex together
with its observed stability upon melt recrystallization were
the major reasons for investigating the present system.
The materials were studied under the form of films pre-
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