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ABSTRACT: The free-radical copolymerization of styrene (monomer 1) with a small amount (<3 mol %)
of 4,4'-divinylbiphenyl (monomer 2) was carried out at 125 °C with an oligomeric polystyryl adduct with
2,2,6,6-tetramethylpiperidinyl-1-oxy (PS-TEMPO) as an “initiator”. Owing to the “living” character of
the TEMPO-mediated polymerization of styryl monomers, this system is characterized by a slow and
simultaneous growth of the primary chains and an essentially constant number of primary chains
throughout the course of polymerization. The C, vs C; as well as C, vs C; curves of this system were
approximately describable by the simple polymerization theory based on a random distribution of
reactants, giving r1 = 0.38 and r, = 1.0 + 0.1. Here Cy, C,, and C, are the conversions of monomer 1,
monomer 2, and pendant vinyl, respectively, and r; = ki1/ki» and rp = ki1/k1p, With kip, for example, being
the rate constant for radical 1 to add to pendant vinyl. This system thus makes a sharp contrast to
conventional free-radical systems, where the determination of r, is extremely difficult due to the
intramolecular cyclization that can occur to a serious degree even at C; = 0.

Introduction

The free-radical copolymerization of a vinyl monomer
with a small amount of a divinyl monomer offers one of
the simplest routes to the preparation of polymer
networks and gels. However, a number of experimental
studies!~12 commonly suggest that the network forma-
tion by this method proceeds in a highly nonideal
fashion, showing a large discrepancy from the classical
theories of Flory and Stockmayer (FS).13716 A major
cause for the discrepancy is believed to be the formation
of cycles or intramolecular cross-links.” For example,
Mrkvickova and Kratochvil,1® who studied the copoly-
merization of methyl methacrylate with a dimethacryl-
ate monomer, observed that the majority of pendant
vinyls are consumed by an intramolecular reaction,
causing little increase in the molecular weight of the
system. For styrene systems, Haward et al.5” showed
that, even in the limit of zero conversion, tens of percent
of the pendant vinyls sparsely introduced in the chain
had reacted, hence forming a number of cycles in the
primary chain. These observations indicate that the
spatial distribution of pendant vinyls (around the
polymer radical) is highly heterogeneous. From a
viewpoint of kinetic studies, this suggests an extreme
difficulty of determining the intrinsic reactivity of
pendant vinyls, i.e., the reactivity that would be ob-
served for a hypothetical random distribution of the
reactants.

An experimental criterion of random distribution
would be the independence of the reactivity ratio rp on
conversion and feed monomer ratio (excepting extreme
cases such as very high conversions), where

rp = Ku/kyp @
with ki1 and ki, being the rate constants of the polymer
radical 1 to add to monomer 1 and pendant vinyl p,
respectively. Since cross-linking is a second-order reac-
tion with respect to polymer (or polymer radical) con-
centration, no cross-links should be formed in a random
system in the limit of zero conversion. The nonzero
conversions of pendant vinyls observed in the limit of
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zero monomer conversion®712 would therefore lead to
the erroneous conclusion that ki, = « or r, = 0, if the
system is treated as if a random one. This is more or
less true at any level of conversion, and there is no a
priori rigorous method to correct for the nonrandomness
of the distribution. For this reason, the determination
of rp, has been considered to be an extremely difficult
problem, and many workers have simply introduced the
assumption of equal reactivity of monomeric and pen-
dant vinyls without experimental justification. Landin
and Macosko!? have tackled this problem by introducing
some simplifying assumptions on cyclization processes
and postulating the validity of the FS theory at the
critical conversion of gelation. Their results indicated
that the pendant vinyl reactivity in the methyl meth-
acrylate/ethylene glycol dimethacrylate system is about
half that of the monovinyl reactivity.

In this work, we attempt to evaluate the r, of the
styrene (S)/4,4'-divinylbiphenyl (DVBP) system by a new
approach. Itis based on the use of 2,2,6,6-tetramethyl-
1-(oligo—polystyroxy)piperidine (PS-TEMPO) as an ini-
tiator. At high temperatures, this compound reversibly
dissociates into an oligomeric PS radical and a TEMPO
radical.’® Thus, in the presence of the monomer (S), the
PS radical undergoes propagation until deactivated
again by a TEMPO radical, forming a new polymer—
TEMPO adduct. A number of such activation—deacti-
vation cycles allow all the primary chains to grow slowly
at the same mean velocity, producing polymers with a
narrow polydispersity.1® We have examined the kinetic
details of the TEMPO-mediated polymerization and
copolymerization of styryl monomers and showed that
the system may be approximated, at least under limited
conditions, by a living system with a nearly constant
number of polymer chains throughout the course of
polymerization?°—24 (see, e.g., Figure 2 in ref 21 for
typical experimental results). This method, when ap-
plied to the vinyl/divinyl copolymerization, would make
a new system that is entirely different from the con-
ventional one: since in the TEMPO-mediated system
all (primary) chains grow slowly and simultaneously
starting with the oligomeric initiator, the spatial dis-
tribution of the pendant vinyls would be much more
homogeneous (random) than that in the conventional
system at all stages of polymerization, if compared at a
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Figure 1. Schematic presentations of the assumed differences
between the conventional and living radical polymerization
systems.

common level of the (final) molecular weight of the
primary chain (Figure 1).25 With this new system, one
can thus expect to evaluate the r, of the S/DVBP system,
if still approximately, without introducing any assump-
tions about the pendant vinyl distribution or cross-
linking processes. We will show below that this system,
in fact, meets the above-mentioned criterion of random
distribution (constancy of rp), albeit approximately.

Experimental Section

Materials. Styrene, benzoyl peroxide (BPO), azobis(isobu-
tyronitrile) (AIBN), 4,4'-diisopropylbiphenyl (DPBP), and
TEMPO (Aldrich, Milwaukee, WI) were purified by distillation
or recrystallization.

4,4'-Divinylbiphenyl (DVBP) was synthesized according to
the literature procedure,?®3° which starts with biphenyl and
proceeds via the preparation of 4,4'-bis(chloromethyl)biphenyl
and then biphenylyl-4,4'-bis(methyltriphenylphosphonium chlo-
ride). We used 1,4-dioxane instead of CCl, used in the
literature.?®

4-Ethyl-4'-vinylbiphenyl (EVBP) was synthesized from 4-eth-
ylbiphenyl by the same procedure as for DVBP.

An oligomeric polystyryl adduct with TEMPO (PS-TEMPO)
was prepared by heating a styrene solution of BPO (70 mmol
L~%) and TEMPO (84 mmol L) at 125 °C for about 5 h.?* After
purification, it was found to have an M, of 910 and a My/M,
ratio of 1.15, where M, and M,, are the number- and weight-
average molecular weights, respectively. A chain-extension
test?! suggested that the fraction of the inactive species
(molecules without a TEMPO moiety at the chain end) is less
than 5%, if there is any.

Copolymerization. Known amounts of the initiator ad-
duct (PS-TEMPO) and DVBP were dissolved in styrene. The
mixture, charged in a glass tube, degassed with several
freeze—thaw cycles, and sealed off under vacuum, was heated
at 125 °C for a prescribed time, allowing copolymerization to
proceed. The styrene conversion was determined by gel
permeation chromatography (GPC) and/or gas chromatography
(GC). The polymer was purified by reprecipitation with a
chloroform (solvent)/methanol (nonsolvent) system, thoroughly
dried, and used for the ultraviolet spectroscopic (UV) analysis
for the contents of reacted and unreacted pendant vinyls (see
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Figure 2. Chemical structures of the monomers (1 and 2),
the polymerization products (p and x), and the model com-
pounds for p and x (EVBP and DPBP) used in the UV analysis.

below). This procedure was followed up to a conversion just
below the gel point of each mixture.

For reference, conventional copolymerization runs were
carried out at 50 °C with AIBN as an initiator instead of the
PS-TEMPO adduct. p-Methoxyphenol was added to the
system as a chain-transfer agent to adjust the molecular
weights of the produced polymers so that they are ap-
proximately the same as those of the TEMPO-mediated living
copolymerization runs at the critical conversions of gelation.

Analyses. The GPC measurements were made on a high-
performance liquid chromatograph HLC-802UR (Tosoh, Tokyo,
Japan) with tetrahydrofuran used as the eluent (40 °C). The
GC analysis was made on a GC-8A model installed with a
PEG6000 column (Shimadzu, Kyoto, Japan).

The UV analysis’” was made with a Shimadzu UV2200A
model by using a quartz cell with an optical path length of 1
cm. Spectroscopic-grade 1,4-dioxane (Dotite Spectorosol) was
used as a solvent, and the measurements were made at
concentrations of the sample polymers ranging from 0.5 x 1073
t0 1.0 x 1072 wt %.

Results and Discussion

Our system involves three kinds of vinyl groups,
which are monovinyl (1), divinyl (2), and pendant vinyl
(p), as illustrated in Figure 2. Within the framework
of the terminal model,3* we therefore have three kinds
of polymer radicals and a total of nine rate constants
kij (i, j = 1, 2, or p) to be distinguished,2 where kij is
the rate constant for radical i to add to vinyl j. In this
work, we are interested in the special case where My >
M. (and My > M), with M; being the mole concentration
of vinyl j. In such a case, the kinetic behavior of the
system is practically independent of the values of ky;
and kp; (j = 1, 2, or p), since the concentrations of
radicals 2 and p are much smaller than that of radical
1. For this reason, we may approximately write kij; =
ki1, ki = ki2, and kip = kyp (i = 2 or p), when the rate
equations reduce into the following three:

dM,/dt = —k,;M;R @)
dM,/dt = —k,,M,R 3)
dM/dt = (k;,M, — kMR 4)

where R is the total radical concentration at time t.
These equations can be solved, by appropriately elimi-
nating R from them, to yield

M,/M,% = (M,/M,%)Y" (5)

M /M,° = [r/(r, = r)][(M/M, )M — (M, /M) (6)
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Figure 3. Example of UV spectra.
where
r, = kg, /Ky (7

with r, as defined by eq 1 and the superscript “0”
denoting the initial state (t = 0).

Equations 5 and 6 give the conversion C, of divinyl
monomer and the conversion C, of pendant vinyl as a
function of the feed monomer composition 9, the
monovinyl conversion C;, and the reactivity ratios r; and
rp, where

£,0 = M,%(M,° + M,0) (8)
C,=1-M,/M,° (9)
C,=1— M,/M,° (10)

Cp, = M,/(M, + M,) (11)

In eq 11, My is the mole concentration of cross-links,
i.e.,, the divinyl monomers with both of the vinyls
reacted:

M, =M,"—M,—M (12)

p
Thus, the measurements of M, and My at varying values
of f,% and C; allow us to evaluate r; and rp and test the
validity of the theory that is based on the random
distribution of the reactants.

The determination of M, and My in the S/DVBP
system was made by UV spectroscopy,” with EVBP and
DPBP used as model compounds for p and X, respec-
tively (cf. Figure 2). Figure 3 gives an example of the
spectrum from a copolymer solution, which, by referring
to the spectra of the model compounds, can be divided
into the two components p and x, as shown in the figure.
Knowing the molar absorption coefficients of EVBP and
DPBP of 2.77 x 10* L mol~! cm~! (at 282.6 nm) and
2.34 x 10* L mol~t cm™1 (at 257.2 nm), respectively, we
thus determined My and My (and M from eq 12).

Figure 4 shows the plot of log(M2/M°) vs log(M1/M;°)
for various values of f,°. The concentration of the
initiator PS-TEMPO was fixed at 34 mmol L. The
data points may be represented by a single straight line,
whose slope gives r; = 0.38, according to eq 5. Since
DVBP has two vinyl groups, the value of (2ry)™1! = 1.3
measures the reactivity of a vinyl group in DVBP
relative to that of styrene. This shows that DVBP is
somewhat more reactive to PS radical than styrene is.

The value of r; obtained here well agrees with the
value of 0.39 estimated by Holdaway et al.” for the
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Figure 4. Plot of log(M2/M;%) vs log(M1/M;%) for the living
radical copolymerization at 125 °C with [PS-TEMPO] = 34
mmol L™t f° = 0.020 (m), 0.017 (@), 0.015 (a), 0.014 (V),
0.0099 (O0), 0.0089 (O), 0.0070 (v), 0.0050 (2), and 0.0026 (<).
The straight line is theoretical with r; = 0.38.
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Figure 5. Plot of C,, vs C; for the living radical copolymeri-
zation at 125 °C with [PS-TEMPO] = 34 mmol L~! and various
values of f,° (see the caption to Figure 4 for symbols); the
broken curve is theoretical with r, = 1.0 and r; = 0.38; the M,
of the primary chains may be given approximately by M, =
910 + 17000C;. The figure includes the experimental data for
the conventional systems obtained by Holdaway et al.” (x: in
15 vol % toluene solution at 95 °C with f,° = 0.0048—0.030)
and by us (*: [AIBN]/[monomer] = 0.015, f,° = 0.0049—0.013;
the M, of the primary chains ranged from about 10 000 to
about 19 000 depending on the amounts of the added chain-
transfer agent, p-methoxyphenol, which ranged from 16 to 30
wt %).

conventional copolymerization of the same monomers
in a 15 wt % toluene solution at 95 °C. Fukuda et al.??
have shown that a styrene—acrylonitrole random co-
polymer prepared by the nitroxide-controlled living
radical method has the same microstructure as the one
prepared by the conventional method. These indicate
that the reactivity ratio determined in the nitroxyl
system may be used in the conventional system and vice
versa. This, of course, applies also to the r, value
discussed below.

Figure 5 shows the plot of C, vs C;. For comparison,
the figure includes similar data for the conventional
systems obtained by Holdaway et al.” (toluene solution
at 95 °C) and in this work (see the Experimental
Section). As was already suggested, the data of Hold-
away et al.” give C, ranging from about 0.2 to about 0.4
at C; = 0, depending on f,°. Our data for the conven-
tional system also indicate a similar range of C, values
at C; = 0. Since, for small Cy, it holds that

C,=Cj2r, (C;<1) (13)

the experimental results for the conventional systems
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suggest that r, is very small and strongly dependent
on C;. The behavior of the living radical system is
entirely different, as Figure 5 shows. Even though
experimental points are somewhat scattered, they can
be described by the theoretical curve with r, = 1.0 +
0.1 (and r; = 0.38) in the whole ranges of f,° and C;
examined. Thus, this system meets the above-men-
tioned criterion of the random distribution of pendant
vinyls, though approximately.

The value of rp™! of about 1.0 obtained here is
significantly smaller than the value of 1.3 for (2r;)™1,
indicating that the reactivity of the pendant vinyl is
lower than that of the free vinyl of the divinyl monomer.
This suggests that the polymer chain to which the
pendant vinyl is connected reduces the reactivity of the
pendant vinyl, perhaps working as a steric barrier.1?
The concentration of polymer segments around a grow-
ing radical would be more or less higher than the bulk
(mean) concentration at any level of conversion, because
of the presence of the chain to which the radical belongs.
We have seen that the effect of this local inhomogeneity
appears most drastically in the intramolecular cycliza-
tion in the conventional system with low conversions.
In the living radical system, this effect is largely
suppressed by an increased chance of intermolecular
reactions relative to that of intramolecular reactions,
resulting in the well-defined value of r,. However, we
cannot expect that the estimated ry, value is perfectly
free from this local inhomogeneity effect. It is still
possible that we are somewhat underestimating rp.
Then the true reactivity r,~! of the pendant vinyl can
be even smaller than 1.0.

Conclusions

The free-radical copolymerization of styrene with a
small amount (=3 mol %) of DVBP was carried out with
an oligomeric PS-TEMPO adduct as an initiator. Owing
to the living character of this system, the C, vs C; as
well as C;, vs C; curves were approximately describable
by the simple polymerization theory based on a random
distribution of reactants, giving r, = 0.38 and r, = 1.0
£ 0.1. This system thus makes a sharp contrast to the
conventional systems, in which the determination of rp
is extremely difficult due to the intrachain cyclization
that can occur to an often serious degree even at C; =
0. These results suggest that the gels prepared by this
method may be much more homogeneous with less
intrachain cross-links than those prepared by the
conventional free-radical method. This will be the topic
of a forthcoming paper.3?

Nitroxide-Controlled Free-Radical Copolymerization 4271

Acknowledgment. This work was supported by a
Grant-in-Aid by Scientific Research from the Ministry
of Education, Science, Sports and Culture, Japan (Grant-
in-Aid 05453150).

References and Notes

(1) walling, C. 3. Am. Chem. Soc. 1945, 67, 441.

(2) Spurr, R. A.; Hanking, B. M.; Rowen, J. W. J. Polym. Sci.
1959, 37, 431.

(3) Wesslau, H. Angew. Makromol. Chem. 1967, 1, 56.

(4) Malinsky, J.; Klaban, J.; Dusek, K. J. Macromol. Sci., Chem.
1971, A5, 1071.

(5) Braun, D.; Brendlein, W. Makromol. Chem. 1973, 167, 217.

(6) Soper, B.; Haward, R. N.; White, E. F. T. J. Polym. Sci.,
Polym. Chem. Ed. 1972, 10, 2545.

(7) Holdaway, I.; Haward, R. N.; Parsons, 1. W. Makromol. Chem.
1978, 179, 1939.

(8) Dusek, K.; Spevacek, J. Polymer 1980, 21, 750.

(9) Whitney, R. S.; Burchard, W. Makromol. Chem. 1980, 181,
869.

(10) Mrkvickova, L.; Kratochvil, P. J. Polym. Sci., Polym. Phys.
Ed. 1981, 19, 1675.

(11) Hild, G.; Okasha, R. Makromol. Chem. 1985, 186, 93.

(12) Landin, D. T.; Macosko, C. W. Macromolecules 1988, 21, 846.

(23) Flory, P. J. 3. Am. Chem. Soc. 1941, 63, 3083, 3091, 3096.

(14) Stockmayer, W. H. J. Chem. Phys. 1943, 11, 45.

(15) Stockmayer, W. H. J. Chem. Phys. 1944, 12, 125.

(16) Flory, P. J. Principles of Polymer Chemistry; Cornell Univer-
sity Press: Ithaca, NY, 1953.

(17) Gordon, M.; Roe, R.-J. J. Polym. Sci. 1956, 21, 27, 39, 57, 75.

(18) Solomon, D. H.; Rizzardo, E.; Cacioli, P. U.S. Patent 4,581,
429, March 27, 1985.

(19) Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer,
G. K. Macromolecules 1993, 26, 2987.

(20) Fukuda, T.; Terauchi, T. Chem. Lett. (Tokyo) 1996, 293.

(21) Fukuda, T.; Terauchi, T.; Goto, A.; Tsujii, Y.; Miyamoto, T.;
Kobatake, S.; Yamada, B. Macromolecules 1996, 29, 6393.

(22) Fukuda, T.; Terauchi, T.; Goto, A.; Tsujii, Y.; Miyamoto, T.;
Shimizu, Y. Macromolecules 1996, 29, 3050.

(23) Ohno, K.; Tsuijii, Y.; Fukuda, T. Macromolecules 1997, 30,
2503.

(24) Goto, A.; Terauchi, T.; Fukuda, T.; Miyamoto, T. Macromol.
Rapid Commun., in press.

(25) A similar situation can be expected for living anionic copo-
lymerization. However, anionic systems studied previously
were limited to dilute solutions, where intramolecular cross-
linking (cyclization) was observed to predominate in any
Case_26728

(26) Worsfold, D. J. Macromolecules 1970, 3, 514.

(27) Eschwey, H.; Burchard, W. J. Polym. Sci. Symp. 1975, 53, 1.

(28) Schmidt, M.; Burchard, W. Macromolecules 1981, 14, 370.

(29) Drefahl, G.; Plétner, G.; Rudolph, F. Chem. Ber. 1960, 93,
998.

(30) Subramaniam, G.; Gilpin, R. K. Synthesis 1992, 92, 1232.

(31) See, e.g.: Fukuda, T.; Kubo, K.; Ma, Y.-D. Prog. Polym. Sci.
1992, 17, 875.

(32) Ide, N.; Fukuda, T., to be published.

MA9700946



