682 Macromolecules 1982, 15, 682-684

for stimulating discussions, and to J. W. Kennedy for
making the manuscript of ref 5 available prior to publi-
cation.

References and Notes

(1) Gibbs, J. W. Trans. Conn. Arts. Sci. 1876/1878, 3, 108, 343
(reprinted in: “The Scientific Papers of J. W. Gibbs”; Dover:
New York, 1961; Vol. 1).

(2) Tompa, H. “Polymer Solutions”; Butterworths: London, 1956.
Koningsveld, R.; Staverman, A. J. J. Polym. Sci., Part A-2
1968, 6, 349,

(3) Derham, K. W.; Goldsbrough, J.; Gordon, M. Pure Appl.
Chem. 1974, 38, 97. Kennedy, J. W.; Gordon, M.; Alvarez, G.
A. Polimery (Warsaw) 1975, 20, 463.

(4) Koningsveld, R. “On Liquid-Liquid Phase Relationships and
Fractionation in Multicomponent Polymer Solutions”, Thesis
(P. M. Van Hooren), Heerlen, 1967.

(5) Irvine, P.; Kennedy, J. W. Macromolecules, submitted.

(6) Huggins, M. L. “Physical Chemistry of High Polymers”; Wiley:
New York, 1958. Flory, P. J. “Principles of Polymer
Chemistry”, Cornell University Press: Ithaca, N.Y., 1953.

(7) Gordon, M.; Irvine, P.; Kennedy, J. W. J. Polym. Sci., Polym.
Symp. 1977, No. 61, 199.

(8) Irvine, P.; Gordon, M. Macromolecules 1980, 13, 761.

(9) Irvine, P. Thesis, University of Essex, 1979.

(10) Onclin, M. H. Thesis, Antwerpen University, 1980. Onclin, M.
H.; Kleinstjens, L.; Koningsveld, R. Br. Polym. J., in press.

(11) Irvine, P.; Gordon, M. Proc. R. Soc. London, Ser. A 1981, 375,
397.

(12) Rao, C. R.; Mitra, S. K. “Generalized Inverse of Matrices and
Its Application”; Wiley: New York, 1971.

(13) Orofino, T. A.; Flory, P. J. J. Chem. Phys. 1957, 26, 1067.
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Chemical fixation of carbon dioxide is a very attractive
subject in view of resource utilization.! We have studied
in detail the alternating copolymerization of carbon dioxide
and epoxide, mainly by using a diethylzinc-based system,
to give polycarbonates of high molecular weight? but very
broad molecular weight distribution.

Recently, we found that the reaction product between
equimolar amounts of some porphyrins and diethyl-
aluminum chloride ((porphinato)aluminum chloride)
caused very effectively the living polymerization of
epoxides to give homopolyethers and block polyethers of
controlled molecular weight.3® The structure of the
propagating end was demonstrated to be a (porphinato)-
aluminum alkoxide, formed by the insertion of epoxides
into the Al-Cl bond of the catalyst;® for example

CH3 CHz

('/:AI—CI + CH—CHp — [(Al—0—CH—CHz—Cl ==
3 N N

TPPAICI

PO CH3

814 0—CH—CHp3c
living polymer

This paper reports the possibility of the co-
polymerization of carbon dioxide and propylene oxide in-
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itiated by this alkoxide, a living polyether, for the purpose
of synthesizing polyether—polycarbonate type block co-
polymers with narrow molecular weight distributions.

Experimental Methods

Propylene oxide and dichloromethane were purified by the
previously described method.? Dioxane was purified by bubbling
nitrogen gas through a mixture of commercial dioxane and dilute
hydrochloric acid, washing with an aqueous solution of potassium
hydroxide, and distilling first over potassium hydroxide and then
over metallic sodium under nitrogen. Commercial high-purity
carbon dioxide was dried by passing it through a column packed
with molecular sieve and then through a column packed with
phosphorus pentoxide.

Preparation of the Catalyst. Equimolar amounts of
5,10,15,20-tetraphenylporphine (TPPH,) and diethylaluminum
chloride were used and allowed to react as described before.?
Polymerization of propylene oxide, for preparation of “living”
prepolymer, was carried out in dichloromethane at room tem-
perature in a glass ampule at a monomer-to-catalyst ratio of 30
(0.03 mol (1.74 g) of propylene oxide) or 60 (0.06 mol (3.48 g) of
propylene oxide). After the monomer was completely polymerized,
the volatile materials were removed under reduced pressure, and
then dichloromethane or dioxane was added to the residue, the
living prepolymer of propylene oxide, which was then used in the
next step.

For the block copolymerization, measured amounts of carbon
dioxide and propylene oxide were charged into the ampule con-
taining the living prepolymer solution and cooled with liquid
nitrogen. Then this ampule was sealed under reduced pressure,
and the reaction mixture was stirred at room temperature. Co-
polymerization under a CO, pressure of 50 kg-cm™ was carried
out in a stainless steel autoclave. After a period of 15 or 40 days
the volatile materials were removed from the reaction mixture
under reduced pressure, and the resulting product was dissolved
in benzene and freeze-dried in vacuo.

Average molecular weight and molecular weight distribution
of the prepolymer and of the final product were evaluated by gel
permeation chromatography (GPC) on the basis of calibration
curves obtained by using standard poly(ethylene oxides) for the
high molecular weight region and standard poly(propylene glycols)
for the lower molecular weight region. Standard poly(ethylene
oxides) were obtained from Toyo Soda Manufacturing Co., Ltd.:
M, = 22000 (M,/M, = 1.14), M,, = 39000 (M, /M, = 1.03), and
M, = 172000 (M,/M, = 1.02). Standard poly(propylene glycols)
were obtained from Lion Fat and Oil Co., Ltd.: M, = 1000 and
M, = 2000 (M,,/ M, ~ 1). The GPC measurements were performed
on a Toyo Soda Model HLC-802UR gel permeation chromato-
graph equipped with a differential refractometer detector, using
tetrahydrofuran as eluent. The content of oxycarbonyl units in
the final product was calculated from the 'H NMR signals of
methine and methylene protons next to the ether linkages (¢
3.2-3.7) and to the carbonate linkages (¢ 3.9-4.9). Signals due
to propylene carbonate, which was detected in trace amounts in
the infrared spectrum, were negligible in the !H NMR spectrum.

Results and Discussion

The results of the block copolymerization and the
characterization of the prepolymer and of the final product
are summarized in Table L

Figure 1 illustrates the GPC profiles of the prepolymer
and the final product (runs 1 and 4). In each case, the final
product showed a unimodal and sharp elution curve in a
higher molecular weight region relative to that of the
prepolymer used, with a ratio of weight-average molecular
weight to number-average molecular weight (M, /M,) of
1.1-1.2. This result clearly indicates the absence of pre-
polymer in the final product.

Furthermore, all of the final products showed infrared
absorption bands attributable to linear carbonate linkages
(1740, 1260 cm™) (Figure 2). Considering the absence of
the prepolymer in the final product, this result confirms
that copolymerization of carbon dioxide and epoxide ac-

© 1982 American Chemical Society



Vol. 15, No. 2, March-April 1982

Notes 683

Table I
Copolymerization of Carbon Dioxide and Propylene Oxide (PO) with Living Poly(propylene oxide) as Prepolymer®
copolymerization
prepolymer co final product
2
prepolymer o solvent, time, charged pressure, yield, _ —  _ Tco,plocks

run  used, g M, M, My, mL days PO,g kg-em™ g My My/M, mol%
1 3.2 3100 1.08 40 40 11.6 8 6.4 5600 1.11 22
2 1.3 1200 1.09 30 15 174 50 6.8 5100 1.18 32
3 1.4 1500 1.07 30% 15 17.4 8 7.4 6700 1.10 e
4°¢ 1.4 1200 1.08 20 15 17.4 8 11.5 9000 1.22 e
54 1.4 1200 1.09 20 15 17.4 8 7.3 6200 1.18 e

¢ In dichloromethane at room temperature in diffused light.

time =71 h. ¢ In the dark.
(a)
(1)
61 (count)
(b)
(H}
49 84 {count)
count M(GPC)
52 20,200
55 5,800
58 2,100
61 1,000

Figure 1. GPC profiles of the copolymerization of carbon dioxide
and propylene oxide with living poly(propylene oxide): (a) run
1in Table I; (b) run 4 in Table I. I, prepolymer of propylene
oxide; II, final product.

| 1
1740 1260

1200 1000 800 600 400

160C 1400
wave number ( cmi')

4000 3500 3000 2500 2000 1800

Figure 2. Copolymerization of carbon dioxide and propylene
oxide with living poly(propylene oxide). IR spectrum of the final
product (run 2 in Table I).

tually took place from the propagating end of the epoxide
polymerization to form a polyether—-polycarbonate type
block copolymer:

CHs CHs CHs

+ CHg—CH—0 =45+ C—0—CHz— CH ~0 ¥;4+CH,—CH—0 3=

prepolymer blocked chain

b In dioxane.
€ Considered to have an oxycarbonyl content of about 20 mol % from the IR spectrum.

¢ In visible light (xenon lamp); irradiation

CHy cH3 CHy | 1

|
I
,
CHZ CH- o}—-{c o- CHZ CH o}—«-CHZ CH- °+'T_, |

T-xir

b b

oupm

Figure 3. Copolymerization of carbon dioxide and propylene
oxide with living poly(propylene oxide). 'H NMR spectrum of
the final product in CDCl; (run 1 in Table I).

The content of oxycarbonyl units in the blocked chain
(fco,plock) Was determined by using the equation

n,whole
fco,biock = /i coz,wholemmle_—anre (1)
where foo, wnole 18 the content of oxycarbony! units in the
final prociuct calculated from the 'H NMR spectrum
(Figure 3) and M, o, and M, . are the number-average
molecular weights of the fmaf product and of the pre-
polymer used, respectlvely

For example, fco, piock in run 1 (Table I) was calculated
to be 22 mol %, and the blocked chain is not alternating.
Similar oxycarbonyl contents were obtained, regardless of
whether the reaction was carried out in dichloromethane
or dioxane or whether in the dark or with irradiation by
visible light (runs 3-5). However, copolymerization under
higher pressure of CO, (50 kg-cm™, run 2 in Table I)
yielded a copolymer with a higher fco, bioc value (32 mol
%).

Although the copolymerization of carbon dioxide and
epoxide with an organozinc catalyst system gives alter-
nating copolymer, attempted reactions with 1:1 triethyl-
aluminum-water or a 1:0.5:0.5 triethylaluminum-water—
acetylacetone system were reported to give a polymer with
a very low oxycarbony! content, virtually a polyether.”
However, the addition of triphenylphosphine or 2,2'-bi-
pyridine to triethylaluminum increased the oxycarbonyl
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content to 22 mol % under a CO, pressure of 5 kg-cm™2.7
Thus, it is interesting to note that the chelating of a
porphyrin ligand with aluminum facilitated the attack of
the aluminum alkoxide (the living polyether) on carbon
dioxide and produced a block copolymer with a similar
oxycarbonyl content in its blocked chain under a CO,
pressure of 8 kg-cm™ (run 1). In this connection, the co-
polymerization of carbon dioxide (8.1 kg-cm™) and pro-
pylene oxide with (tetraphenylporphinato)aluminum
methoxide as catalyst was reported to give a copolymer
with an oxycarbonyl content of 40 mol % .8
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Fujita and Norisuye! have recently commented on a
modified blob model? developed in order to explain the
exprimental finding of an apparent excluded volume ex-
ponent »g higher than 0.60 in the crossover region between
the O regime and the asymptotic excluded volume regime.
vg is defined as

19 (S82) .
VG(N) = 2 olmN (1)
where S is the radius of gyration and N the number of

segments.

Their point is that a high value of vg implies a similar
high value of v,, the apparent excluded volume exponent
for the mean-square distance (r%(t)) between two segments
separated by ¢ units along the chain:

1 9 In (F(t))

y(t) = 3 7t (2)

This is quite correct since vq is a weighted average over
Vr

£ /N0 d

&)

Yg

) Y1 -t/ N ) de

This seems at first in contradiction with our starting
hypothesis:

(ri(e)) « >0 )

*To whom correspondence should be sent at Centre de Re-
cherches sur les Macromolécules, CNRS.
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Figure 1. »(N) and ».(N) as a function of log N for Ullman’s
expression of »(t) with v, = 0.05.

with 0.5 < »(t) < 0.6.
However, v(t) should not be confused with »,(t) since
from (4) and (2)

_ +1 o(t)
v(t) =v(t) +Int ot (5)

v,(t) may therefore exceed the limiting value 0.6 of »(¢) for
many choices of the t dependence of v(t).

However, Fujita and Norisuye jump to the conclusion
that “...according to the theories available to date for linear
flexible chains, ».(N) (=0 log (R?%)/d log N) is a mono-
tonically increasing function of N, where (R?) denotes the
mean-square end-to-end distance of the entire chain. We
believe that this feature holds for »,(¢) as well”.

We do not fully agree with these conclusions. What is
firmly established from a theoretical point of view is? (i)
the first-order perturbation expansion relating the swelling
ratios a, and «, to the excluded volume parameter z «
BN'/2, where 8 is the excluded volume integral,* and (ii)
the exact excluded volume exponent » in the asymptotic
excluded volume regime o « N*1/25

The original Flory formula a® — o = Cz gives a value
of v = 0.60, in good agreement with the more exact result
0.5885. But the value of C and the shape of the function
a(z) in the crossover region are not as well founded. The
original Flory formula with C = 2.60 does not fit the
perturbation expansion and it has been proposed® to retain
its a® - o® form and to readjust C to a value 1.276. But
it is quite evident on a log a~log z plot that a change in
C (which displaces the position of the asymptote) and/or
in the shape of a(z) can produce an inflection which is the
sufficient condition for », and vg > » in the crossover region.

Our choice of »(t) certainly overemphasizes this point
since the strict choice of @ = 1 inside a blob of size N¢
imposes a point of discontinuity in the log a-log N relation
but evidently does not fit the low-a perturbation expan-
sion. We want to show that other choices of »(t) which
respect this expansion lead also to values of v,(¢) > ».

Ullman has recently proposed” an empirical expression
of »(t) which satisfies the two limiting behaviors (i) and
(ii) for a

0.1
v(t) = 0.6 - m
P(t,N) = v f(t,N)/In t (6)

where v, = 52N"1/2 is proportional to 8 and f(t,N) is taken
as to fit the low-« perturbation expansion.® It therefore
depends both on the position of the ¢ segments inside the
chain and on the total length N of the chain.
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