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transitions and two melting points (Figure 4). These
findings are fully consistent with our X-ray results, and
together they demonstrate clearly the existence of mo-
lecular mixing between two polymers inside a crystal lat-
tice.

As seen in Figures 24, specimens of blends crystallized
at 120 °C have higher melting temperatures but lower
Curie temperatures than their rapidly quenched coun-
terparts. This is in exact agreement with the behavior
found earlier by Green et al.!® for individual copolymers.
The dependence of the Curie transition on crystallization
conditions is different between M1 and M2. In mixture
M1, a single symmetric DSC peak appears for the sample
that was crystallized at high temperature, i.e., above the
Curie point, whereas an additional shoulder is seen after
a rapid quench. On the other hand, in M2 a shoulder is
seen when the sample had been crystallized above the
Curie point, but not in the case of rapid quenching. In the
latter case, the 65/35 mol % VF,/F;E copolymer is
known?*?! to exhibit a double-Curie endotherm when
crystallized at temperatures above ca. 100 °C; therefore,
the appearance of the shoulder in curve D of Figure 3 is
probably unrelated to the state of mixing of the two co-
polymers. In general, these various mixing effects are
expected to depend upon the crystalline structures of the
constituents, as well as upon kinetic factors. With respect
to the first, we should note that crystallization at high
temperatures occurs in the paraelectric phase, so that the
ferroelectric lattice seen in the diffractograms of Figure
1 is adopted by the molecules only as a result of a solid-
state transformation during cooling. Therefore, the dif-
ference in crystalline structures between the ferroelectric
and paraelectric phases of both copolymers, as well as the
associated differences in dipole-dipole interactions, will
also play a role in the type and extent of mixing. These
effects are being investigated.

In Figures 2-4 we also observe that the Curie temper-
ature of mixture M1 is very close to that of the 52/48 mol
% copolymer, and significantly sharper, whereas that of
M2 is in the middle of the range between those of the
individual constituents. The lattice spacing of M1 ob-
tained by X-ray diffraction is located somewhat nearer to
that of the 52/48 mol % copolymer, while that of M2 is
very close to the spacing of the 65/35 mol % sample.
These results are consistent with the expectation that the
structure of the mixed crystals would be dictated primarily
by the more disordered component.

The existence of two types of crystal in the M3 mixture
(Figure 4) indicates a threshold in chemical and lattice
differences with regard to cocrystallization. The slight
decrease of the upper Curie temperature suggests that a
small amount of the 52/48 mol % copolymer is contained
in the crystals of the 73/27, thus introducing additional
disorder. In this context, we found no compatibility in
50/50 wt % blends of these copolymers with homopolymer
PVF, even in the melt.

In conclusion, our results from X-ray diffraction and
DSC demonstrate cocrystallization within the same lattice
by two polymers that possess similar chemical and crys-
talline structures. This similarity has to be close, as in-
dicated by the formation of separate phases in blends of
the 52/48 and 73/27 copolymers. Nevertheless, demon-
stration of such cocrystallization even among very similar
macromolecules is remarkable, inasmuch as it has not been
obtained in blends of other very similar polymers. For
example, blends of ethylene/vinyl chloride copolymers
studied over the full range of composition have been
found? to be incompatible when one or both of the con-
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stituents is crystalline, even for compositions that differ
by only a few percent. Even deuteriated polymers are
generally incompatible with their protonated counterparts
and form separate crystals (as, e.g., in polyethylene®),

We have also clearly demonstrated that solid-state
transformations such as Curie transitions are very sensitive
to the mixing state in crystals and therefore constitute
potentially an ideal probe of cocrystallization in the same
lattice. Modification of phase transitions, such as fer-
roelectric, ferromagnetic, or superconducting, induced by
cocrystallization of two materials may be general in the
condensed state.

A more detailed study of the compositional and tem-
perature dependence of compatibility in our ferroelectric
polymers, of their phase diagram, and of the dielectric and
ferroelectric properties of their blends will be published
elsewhere.

We are grateful to D. D. Davis for assistance with X-ray
diffraction measurements and to Daikin Kogyo Co., Ltd.,
for provision of samples.

Registry No. (VFy)(F;E) (copolymer), 28960-88-5.
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Low Polydispersity Homopolymers and Block
Copolymers by Ring Opening of
5,6-Dicarbomethoxynorbornene

In general, classical metathesis catalysts will not tolerate
functionalities such as the carbonyl group.! In some cases

© 1987 American Chemical Society
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Table I
Polymers Prepared from Norbornene and
endo,endo-5,6-Dicarbomethoxynorbornene®

equiv of monomer M, (theory) M, (found) polydispersity
50 NBE 4870 13500 1.11
100 NBE 9580 22100 1.06
200 NBE 19000 48600 1.04
100 NBE 9580 21900 1.07%
50 DCNBE 10700 17400 1.11
100 DCNBE 21200 37700 1.12
200 DCNBE 42200 63300 1.22
50 + 200°¢ 29500 59900 1.09
200 + 50¢ 29500 57200 1.06

¢ All reactions were performed in the same manner.> Molecular
weights are relative to polystyrene; approximate true molecular
weights can be obtained by dividing by 2.2.'° bReaction per-
formed in the presence of 10 equiv of ethyl acetate. °50 equiv of
endo,endo-5,6-dicarbomethoxynorbornene followed by 200 equiv of
norbornene. 4200 equiv of norbornene followed by 50 equiv of
endo,endo-5,6-dicarbomethoxynorbornene.

it has proven possible to ring-open polymerize function-
alized norbornenes, although it has never been shown that
none of a given catalyst is destroyed during the course of
the reaction.!d Recently we have shown that catalysts of
the generic type W(CHR’)(NAr)(OR), (Ar = 2,6-diiso-
propylphenyl; R and R’ = alkyl groups?) will react with
norbornene when OR = tert-butoxide to give polynor-
bornene with a polydispersity approaching 13 and that
analogous molybdenum complexes of the type Mo-
(CHR')(NAr)(OR), are active for the metathesis of ordi-
nary olefins at rates that vary from very fast when OR =
OCMe(CF;), to virtually zero when OR = tert-butoxide.*
We have found that W(CH-t-Bu)(NAr)(O-¢-Bu), will po-
lymerize endo,endo-5,6-dicarbomethoxynorbornene, but
the catalyst is destroyed rapidly and molecular weight
therefore cannot be controlled. We suspected that the
metal-carbon bond in Mo(CHR)(NAr)(O-t-Bu), might not
be as strongly polarized as it is in W(CHR)(NAr)(0-¢t-Bu),
and therefore that molybdenum complexes would not react
as readily with the ester functionality as tungsten com-
plexes. We show here that Mo(CH-¢-Bu)(NAr)(O-¢-Bu),
is an initiator in a living polymerization reaction in which
at least 100 equiv of the ester carbonyl (50 equiv of mo-
nomer) is tolerated on the time scale of a typical polym-
erization (~15 min).

The addition of norbornene to a solution of Mo(CH-¢-
Bu)(NAr)(O-t-Bu),* (1) under standard reaction condi-
tions® yielded low dispersity polynorbornenes with mo-
lecular weights proportional to the quantity of monomer
employed (Table I, entries 1-3). If only 10 equiv of nor-
bornene is added to an NMR sample of 1 in C¢Dg (H, at
11.23 ppm) a new alkylidene H, signal can be observed at
11.52 ppm, a doublet characteristic of Mo[[CH(C;Hg)-
CH],CH-t-Bu](NAr)(0-t-Bu), (2) (cf. H, at 8.05 ppm in
W(CH-t-Bu)(NAr)(O-t-Bu),; and 8.36 ppm in W[[CH-
(CsHg)CH],CH-t-Bu}(NAr)(O-t-Bu),?); the ratio of 1 to 2
is 1:9, and the total is equal to the initial amount of 1
(versus an internal standard). If only 1 equiv of nor-
bornene is employed then 83% 1 remains. These results
suggest that the rate of initiation by 1 is slightly slower
than the rate of propagation by 2,° presumably for steric
reasons. All polynorbornene obtained by employing 1 at
25 °C is ~55% trans. A sealed NMR sample that had
been prepared with 20 equiv of norbornene (91/9 ratio of
2 to 1; 54% trans) changed little in 2 weeks (93:7 ratio of
2 to 1; 57% trans), signifying that the living polymer does
not isomerize C=C bonds in the polymer chain. (Isom-
erization of cis to trans (~85%) in such polymers is ob-
served if catalysts that are active for metathesis of ordinary
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Figure 1. 'H NMR spectrum of a sample of Mo(CH-¢-Bu)-
(NAr)(O-t-Bu), after addition of 20 equiv of endo,endo-5,6-di-
carbomethoxynorbornene.

olefins, e.g., Mo(CH-¢-Bu)(NAr)[OCMe(CF;),],,* are add-
ed; 1 is virtually inactive for the metathesis of cis-2-
pentene.)

We first showed that norbornene could be polymerized
in the presence of 10 equiv of ethyl acetate. Entry 4 in
Table I shows that polynorbornene prepared from 100
equiv of NBE is virtually identical with that obtained in
the absence of ethyl acetate, good evidence that the Mo=C
bonds are not destroyed to any significant extent by 10
equiv of the ester during the polymerization reaction
(10~-15 min).

Addition of 20 equiv of endo,endo-5,6-dicarbometh-
oxynorbornene (DCNBE) to 1 in C¢D; quantitatively
converted it (versus an internal standard) into a living
polymer (3; Figure 1) that has an alkylidene H,, signal at
11.64 ppm. The olefinic proton resonances in what we
presume to be a mixture of cis and trans polymer at 5.75
ppm could not be resolved. If only 1 equiv of DCNBE is
added to 1, 68% 1 remains. Therefore we can say that 1
is converted more efficiently to the living polymer in the
case of DCNBE than in the case of NBE, although initi-
ation is the slower step in both cases.é®8 When 50 and 100
equiv of DCNBE are added to 1 in a manner analogous
to the reactions in which polynorbornene is prepared, the
resulting polymer has a low polydispersity, characteristic
of a living polymerization catalyst system (T'able I). The
fact that the polydispersity with 100 equiv is not quite as
good as that for the analogous polynorbornene suggests
that there may be some slow destructive reaction between
the catalyst and the ester carbonyl group. This is sup-
ported by the fact that the polymer prepared by using 200
equiv of DCNBE, although it has the expected molecular
weight relative to the polymer prepared by employing 100
equiv of DCNBE, has an even higher polydispersity.
Poly-DCNBE is much less viscous that polynorbornene,
and systems in which it is prepared therefore are more
easily manipulated. Full characterization of it and related
polymers will be reported in due course.

If a living polymer containing 20 equiv of NBE is pre-
pared and 20 equiv of DCNBE is added to it, an 'H NMR
spectrum shows that the H, resonance for 2 is completely
replaced by one characteristic of 3 and that the remainder
of the spectrum is a virtual composite of that for 2 and that
for 3 (Figure 2). An analogous sample prepared by adding
20 equiv of DCNBE first, followed by 20 equiv of NBE,
has an identical spectrum, except the chemical shift of the
H, resonance is close to that of 2. The carbon NMR
spectra of the 2/3 and 3/2 block copolymers also are
virtual composites of the spectra for the individual hom-
opolymers when the chain is relatively long (>20 units).
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Figure 2. 'H NMR spectrum of a sample of Mo(CH-¢-Bu)-
(NAr)(0-t-Bu), after addition of 20 equiv of norbornene followed
by 20 equiv of endo,endo-5,6-dicarbomethoxynorbornene.

The results of two critical experiments are shown as the
last two entries in Table I. Living copolymers were pre-
pared via the sequential addition of 50 equiv of DCNBE
and 200 equiv of NBE (and vice versa) to 1 over a period
of ~15 min, cleaved off with benzaldehyde, and charac-
terized in the standard manner.® The number-average
molecular weights and the polydispersities of the two block
copolymers are virtually identical. (The slightly higher M,
and polydispersity in the 50/200 block could be ascribed
to a small amount of destruction of alkylidene catalyst
centers since chain-propagating species are exposed to ester
for a longer period.) Therefore no significant amount of
catalyst is destroyed in either experiment, and we must
conclude on the basis of these and the results described
above that at least 100 equiv of ester functionality (in 50
equiv of monomer) is tolerated absolutely on the time scale
of a typical experiment (15 min).

To our knowledge this is the first report of a controlled
polymerization of a norbornene that is derivatized with a
relatively reactive functionality. We believe these results
have important practical implications for the preparation
of functionalized homopolymers and block copolymers and
are in the process of determining what other functionalities
can be tolerated. These results also point out that dif-
ferences in reactivity between analogous molybdenum and
tungsten alkylidene complexes can be relatively important
from the practical point of view of being able to prepare
low polydispersity polymers.
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Fractal Geometry in Branched Epoxy Polymer
Kinetics

The concept of fractal geometry? has shown to be a
useful approach to describe the structure of random sys-
tems, such as aggregates of colloidal silica,®® branched
silica condensation polymers,® cross-linked poly(di-
methylsiloxane),”® aggregating proteins,? and gold col-
loids,!0 as well as diffusion-limited!%!? polymerization of
the conducting polymer polypyrrole!® and other growth
processes (e.g., pecolation’ and cluster—cluster aggrega-
tion!17). The two salient features of the new fractal
concept, i.e., to describe random structures in terms of
fractal dimension and to use fractal dimension to inves-
tigate polymerization kinetics, should be applicable to
investigations of even more complex systems, such as epoxy
network formation and polymerization kinetics. In this
paper, we want to report preliminary time-resolved
small-angle X-ray scattering (SAXS) measurements of
epoxy clusters before their gelation threshold using the
State University of New York (SUNY) beam line at the
National Synchrotron Light Source (NSLS).

The fractal dimension d; of a molecular cluster with mass
M and radius of gyration R, has the relation

M~R® Q)

Equation 1 applies only for distances small compared to
R, and large compared to a length related to the distance
between entanglement points £. The corresponding static
structure factor S(K) (~the scattered intensity I), which
is the Fourier transform of the pair correlation function,
has a power-law relation

S(K) ~ K% (2)
in the range KR, > 1 > K¢ where K = (47 /\) sin (6/2)
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