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ABSTRACT: A two-component initiator system based on the in situ cleavage of phenyl
disulfide by a triarylphosphine has been developed for the ring-opening polymerization
of cyclic bisphenol-A (BPA) carbonate oligomers. This development has potential use
in composite applications such that the prepolymer can suitably wet the composite
material before being converted to high-molecular-weight polymer. The initiator precur-
sors (phenyl disulfide and triphenylphosphine) do not independently initiate significant
ring-opening polymerization of the oligomeric cyclic BPA carbonate mixture. A mixture
of cyclic BPA carbonate oligomers and one of the initiator components (phenyl disul-
fide), combined and heated at 3007C with a mixture of the cyclics and the other initiator
component (triphenylphosphine), does produce a high-molecular-weight polymer (Mw

Å Ç 70,000). The polymerization-initiating species is thought to be thiophenyltriphe-
nylphosphonium thiophenoxide. The effects of concentration of the initiator compo-
nents, reaction temperature, time, and so forth on polymerization were studied; in
general, the degree of polymerization ranged from about 65 to 75%. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 66: 2251–2255, 1997
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INTRODUCTION (which essentially precludes their facile impreg-
nation of the composite matrix), their direct use
in composite applications has not been realized.In certain composite applications (such as pultru-
This problem is potentially resolvable by the usesion), the use of thermoplastic bisphenol-A (BPA)

polycarbonate as the laminating resin for the fi- of the cyclic BPA carbonate oligomers, which have
brous matrix may offer particular advantages relatively low melt viscosity (Ç 102 poise at
compared with the thermoset polyesters currently 2507C).2 It can reasonably be expected that the
utilized extensively.1 For example, the BPA poly- cyclic BPA carbonate oligomers will first pene-
carbonates, because of their thermoplastic nature, trate and wet the composite fibers and then, after
would permit the postformability of the pultruded suitable initiation, undergo ring-opening poly-
parts. Because of the very high melt viscosity merization (ROP) to give high-molecular-weight
(Ç 105 poise at 2507C) of BPA polycarbonates polycarbonate.3–5

Considerable research has been carried out
over the past few years with the objective of pre-

Correspondence to: H. O. Krabbenhoft.
paring commercially important thermoplastic BPA

Journal of Applied Polymer Science, Vol. 66, 2251–2255 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/122251-05 polycarbonates via the ROP of the corresponding

2251

8EF6 5001/ 8EF6$$5001 11-05-97 08:29:32 polaa W: Poly Applied



2252 KRABBENHOFT, BRUNELLE, AND PEARCE

individual components (A, for example, an alkyl
bromide, and B, for example, a triarylphosphine)
would independently initiate significant ROP of
the cyclic BPA carbonate oligomers, when com-
bined together, A and B would react with each

Scheme 1 Two-component initiator approach for other to generate a third species (C, that is, an
ring-opening polymerization of cyclic oligomeric BPA alkyltriarylphosphonium bromide), which would
carbonates. Neither A nor B independently initiates initiate the ROP of the cyclics. Such a two-compo-
ROP, but they react with each other to form C, which nent initiator system should be ideally suited for
does initiate ROP. pultrusion applications. For example, two inde-

pendent resin feed lines would deliver separate
mixtures of the cyclic oligomeric BPA carbonateslow-molecular-weight cyclic oligomers.2 In order

to take advantage of the low viscosity of the cyclic and one of the two initiator components to the
impregnation/wetting zone of the pultrusion ma-oligomeric BPA carbonates, particularly in com-

posite applications, it is necessary to control pre- chine.10,11

In a subsequent study, we investigated an al-cisely the timing of the initiation of the ROP, that
is, the relatively low-viscosity oligomers should ternative two-component system based on the

cleavage of an aryl disulfide (phenyl disulfide,penetrate and wet the composite matrix before
ROP to relatively high-viscosity polymer begins. PDS) by a triarylphosphine (triphenylphosphine,

TPP) to generate the corresponding thioaryltriar-Thus, the choice of the ROP initiator system is
of paramount importance. It has previously been ylphosphonium aryl thiolate [eq. (1)] to initiate

the ROP of cyclic BPA carbonate oligomers.12 Theshown that ROP of cyclic oligomeric BPA carbon-
ates may be initiated in the melt by numerous an- results of that study are presented here.
ionic systems, including phenyllithium, lithium
phenoxide, lithium stearate, and tetrabutylam- (C6H5)3P / C6H5S-SC6H5 r
monium tetraphenylborate.3–5 All of these ‘‘one-
component’’ initiators bring about ‘‘instantaneous’’ (C6H5)3P/ -SC6H5 C6H5S0 (1)
ROP and thus do not provide for the control (delay)
of polymerization required in composite applica-
tions.

EXPERIMENTALAn approach to address this situation is to lib-
erate or generate the initiator after the cyclic
oligomers have penetrated the composite fibers. Materials
For example, Valence et al. reported on the use
of an initiator encapsulated in a polymer with a The preparation and purification of the cyclic BPA

carbonate oligomers have been described pre-glass transition temperature high enough to pre-
vent its release until the desired point in pro- viously.13 PDS and TPP were obtained from Ald-

rich Chemical Company (Milwaukee, WI) andcessing has been attained.6 Similarly, Stewart
discovered that while lithium phenylacetate is not used as received. Concentrates of the cyclic oligo-

meric BPA carbonates and the particular initiatorbasic enough to initiate ROP at modest tempera-
tures (Ç 2407C), heating to slightly higher pro- reagents were prepared by dissolving known

amounts of each material in methylene chloride,cessing temperatures (Ç 2807C) resulted in a de-
carboxylation reaction to generate the strongly concentrating to dryness with a rotary evapora-

tor, and then drying in a vacuum oven at Ç 707Cbasic benzyl anion, which did initiate rapid ROP.7

Also, in a previous report from this laboratory, a for 16 h. Appropriate quantities of these concen-
trates were then combined with pure cyclics so asnovel two-component initiator system based on

the in situ generation of alkyltriphenylphospho- to give 2.55 g (0.01 mol) of cyclics with the desired
levels of initiator components. The resulting cy-nium bromides (Wittig salts) via the nucleophilic

displacement reaction of an alkyl bromide (such clics–initiator mixture was placed in a 100-mL
round-bottom flask, dissolved inÇ 30 mL of meth-as hexadecyl bromide) and a triarylphosphine

(such as triphenylphosphine) for control of the ylene chloride, rotovapped to dryness, and vac-
uum dried in an oven (Ç 707C) for 16 h. Beforetiming for initiation of ROP of cyclic oligomeric

BPA carbonates was described (see Scheme 1).8,9 the ROP experiment was conducted, the mixture
was thoroughly pulverized and mixed in the flask.Thus, it was found that while neither of the two
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Polymer Characterization neither of the initiator components independently
initiated significant ROP (Table I, experiments 1

GPC analyses were performed with a Perkin Elmer and 2). Heating a mixture of cyclic oligomeric
410 LC pump coupled with three Waters m-styro- BPA carbonates (1) containing 0.26 mol % PDS
gel GPC columns (500, 1,000, and 10,000 Å) and at 3007C for 30 min resulted in virtually no ROP.
a variable-wavelength ultraviolet detector set at The ‘‘film’’ cast from the methylene chloride solu-
254 nm. All molecular-weight values reported for tion of the reaction product was uniformly grainy,
the polycarbonate ROP products are relative to just like the ‘‘film’’ obtained from the starting cy-
polystyrene standards. clics (after having been heated at 3007C for 30

min). Similarly, heating a mixture of 1 and 0.23
mol % TPP resulted in a poor ROP reaction. TheSmall-Scale Ring-Opening Polymerization of Cyclic
cast ‘‘film’’ was highly cracked (although gener-Oligomeric BPA Carbonates Initiated by PDS and
ally clear). GPC analysis of the ROP product indi-TPP (Experiments 1–23)
cated that the degree of polymerization was 26%;

The 100-mL reaction flask containing the cyclics the weight-average molecular weight of the poly-
and initiator components was first connected to a mer was 16,700 (Mw /Mn Å 1.56). In contrast,
vacuum line (Ç 125 mm Hg); after about a mi- however (experiment 3), heating 1 containing
nute, the flask was immersed in a molten salt both TPP (0.31 mol %) and PDS (0.33 mol %)
bath (1 : 1 sodium nitrate and potassium nitrate) resulted in an 81% conversion to high-molecular-
maintained at the desired temperature (typically, weight polycarbonate (Mw Å 72,700; Mw /Mn
3007C). After the specified reaction time, the flask Å 2.27). Clearly, the PDS/TPP system functions
was removed from the molten salt bath and al- as a potentially viable two-component initiator
lowed to air cool. After the vacuum was broken, system. Accordingly, several other experiments
about 30 mL of methylene chloride was added to were carried out to gain further insight of the
dissolve the polymeric material. After the solution utility of this system.
was filtered through a cotton plug, a portion of The effect of reaction time was indicated by
the filtrate was pipetted into a Petri dish and the carrying out the ROP of 1 with 0.2 mol % of both
solvent was allowed to evaporate, leaving behind PDS and TPP at 3007C from 5 to 30 min (experi-
a cast film; another portion of the filtrate was ana- ments 4–8). It was observed that the maximum
lyzed by GPC. (Control experiments demonstrated degree of polymerization (72%) was reached after
that there was no difference between conducting about 10 min, a value similar to that found for
the ROP under vacuum or at one atmosphere of the in situ generated Wittig salts.6
nitrogen pressure.) The pertinent results are col- The effect of reaction temperature (experi-
lected in Table I. ments 6, 9, and 10) was determined by conducting

the ROP of 1 with 0.2 mol % of both PDS and TPP
for 10 min at 270, 300, and 3207C. It was foundLarge-Scale Ring-Opening Polymerization of Cyclic
that while 2707C was clearly not sufficient (anOligomeric BPA Carbonates Initiated by PDS and
oligomer-to-polymer conversion of only 14% beingTPP (Experiment 24)
realized), 3207C was essentially as effective as

In a Helicone Vertical Mixer (Atlantic Richfield 3007C, the respective cyclics-to-polymer conver-
model 4CV), with the oil temperature set at sion values being 68 and 72%. However, as sug-
3007C, was placed 90 g of cyclic oligomeric BPA gested by considering experiments 11, 12, and 13,
carbonates; after stirring for 10 min, a mixture of at 3207C, a shorter time (7.5 min) could be uti-
1.70 g of PDS, 2.05 g of TPP, and 10 g of cyclics lized than at 3007C (10 min), even with a slightly
was added. Samples of the reaction mixture were lower initiator level (0.15 mol %).
taken after 15, 20, 25, 30, 35, and 40 min for GPC With regard to the effect of the level of the
analyses; the relevant results are presented in initiator components (experiments 12 through
Table II. 20), it was ascertained that while 0.05 mol % of

each component was not sufficient to effect satis-
factory ROP within 20 min at 3007C, the use of

RESULTS AND DISCUSSION 0.10 mol % of both PDS and TPP did give high-
molecular-weight polycarbonate (Mw Å 82,700)
after 20 min of reaction time at 3007C. By utiliz-The initial set of experiments carried out with the

TPP and PDS initiator components revealed that ing 0.20 mol % of each initiator component, high-
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Table I Small-Scale ROP of Cyclic BPA Oligomeric Carbonates Initiated by In Situ Cleavage of PDS
by TPP

Experiment PDS TPP Temperature Time Polycarbonate PC
No. (mol %) (mol %) (7C) (min) Film Characteristics Mw Mw/Mn (%)

01 0.23 0.00 300 30 Grainy — — —
02 0.00 0.26 300 30 Clear, cracked, brittle 16,700 1.56 26
03 0.33 0.31 300 30 Clear, integral, tough 72,700 1.94 81
04 0.20 0.20 300 5 Grainy — — —
05 0.20 0.20 300 7.5 Clear, integral, brittle 46,100 2.36 46
06 0.20 0.20 300 10 Clear, integral, tough 68,200 1.74 72
07 0.20 0.20 300 15 Clear, integral, tough 62,400 2.37 57
08 0.20 0.20 300 30 Clear, integral, tough 64,200 2.35 66
09 0.20 0.20 270 10 Clear, cracked, brittle 13,600 1.30 14
10 0.20 0.20 320 10 Clear, integral, tough 66,400 2.28 68
11 0.15 0.15 300 10 Clear, integral, tough 58,800 1.90 63
12 0.15 0.15 320 5 Clear, cracked, brittle — — —
13 0.15 0.15 320 7.5 Clear, integral, tough 59,700 1.96 61
14 0.05 0.05 300 10 Clear, cracked, brittle 18,600 1.41 19
15 0.05 0.05 300 20 Clear, integral, brittle 40,000 1.83 34
16 0.10 0.10 300 10 Clear, cracked, brittle 28,100 1.60 26
17 0.10 0.10 300 20 Clear, integral, tough 82,700 2.28 70
18 0.20 0.20 300 10 Clear, integral, tough 75,200 2.25 63
19 0.20 0.20 300 20 Clear, integral, tough 93,100 2.34 74
20 0.40 0.10 300 10 Clear, integral, tough 74,400 2.09 65
21 0.20 0.20 300 10 Clear, integral, tough 65,400 2.09 61
22 0.20 0.20 300 10 Clear, integral, tough 76,500 2.18 62
23 0.20 0.20 300 10 Clear, integral, tough 87,200 2.18 76

For the polycarbonate (PC) film characteristics, grainy indicates a noncontinuous film with numerous grains; cracked indicates
a noncontinuous film with several cracks such that the entire film could not be removed from the Petri dish; integral indicates a
continuous film that could always be removed in its entirety from the Petri dish; brittle indicates that the film cracked during
attempted removal from the Petri dish; tough indicates that the film was removed in its entirety from the Petri dish and that the
film could be creased and repeatedly flexed back and forth without breaking.

molecular-weight polycarbonate (affording a by the PDS/TPP two-component initiator system,
experiment 19 was carried out three additionalclear, integral, tough film) was produced after just

10 min at 3007C. Finally, it is noted that by using times (experiments 21–23). The results show
that the conversions to polycarbonate ranged from0.4 mol % of PDS and 0.1 mol % TPP, high-molecu-

lar-weight polycarbonate (Mw Å 74,400) was gen- 61 to 76%, and the weight-average molecular
weight ranged from 65,000 to 87,000. Thus, thereerated after only 10 min at 3007C.

To evaluate the reproducibility for the ROP of 1 was substantial batch-to-batch variability in the

Table II Large-Scale ROP at 3007C of Cyclic BPA Oligomeric Carbonates
Initiated by In Situ Cleavage of PDS by TPP (Experiment 24)

Time (min)a Polycarbonate (%) Mw Mw /Mn

15 61 59,600 1.97
20 84 61,800 2.36
25 79 68,200 2.02
30 73 72,100 2.04
35 77 64,400 2.19
40 85 67,000 2.07

a Time includes the 10 min of heating before the addition of the mixture of 1 and the initiator
components PDS and TPP.
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ROP initiated by the PDS/TPP system. Nonethe- short reaction time (Ç 10 min) at a process tem-
perature of about 3007C. Furthermore, integral,less, in each case, a clear, integral, tough film was

obtained from the methylene chloride solutions of tough films were obtained with the polycarbonate
produced via the PDS/TPP two-component initia-the reaction products.

Finally, a relatively large-scale ROP reaction tor system (in spite of the incomplete conversion),
which suggests the suitability of the polycarbo-(experiment 24) was carried out in which 0.2 mol

% of both PDS and TPP were utilized; Table II nate for composite applications.
gives the results. The ROP was essentially com-

The authors gratefully thank Dr. Thomas L. Evans forplete within 10–15 min after the initiator compo-
helpful discussions throughout the course of the investi-nents (admixed with a portion of the cyclic carbon-
gation.ate oligomers) were added to the bulk of 1. The

cyclics-to-polymer conversion remained at Ç 80%
during the latter 25 min of the 30-min run. Sig-

REFERENCESnificantly, on the basis of the molecular-weight
measurements, the polycarbonate produced was

1. D. C. Leach, in Advanced Composites, I. K. Par-stable to 3007C for at least 30 min.
tridge, Ed., Elsevier Science Publishers, London,The fact that the conversion of cyclic oligomers
1989, Chap. 2 and references therein.

to polycarbonate generally did not proceed beyond 2. D. J. Brunelle, in Ring-Opening Polymerization,
70–75% with the PDS/TPP two-component initi- D. J. Brunelle, Ed., Hanser, Munich, 1993, Chap.
ator system is an item of some concern. It is noted 11.
that a similar situation was obtained with the 3. D. J. Brunelle, T. L. Evans, T. G. Shannon, et al.
two-component in situ Wittig initiator system.8 Polym. Prep., 30, 569 (1989).

4. T. L. Evans, C. B. Berman, J. C. Carpenter, D. Y.Efforts to increase the cyclics’ oligomer-to-polymer
Choi, and D. A. Williams, Polym. Prep., 30, 575conversion in that system by using a second addi-
(1989).tion of the initiator components were not success-

5. K. R. Stewart, Polym. Prep., 30, 575 (1989).ful. At this time, we do not have a satisfactory
6. M. A. Valence, T. L. Evans, and J. M. Kelly, U.S.explanation to rationalize why the reaction does

Pat. 4,755,588 (1988).not proceed beyond 70–75%.
7. K. R. Stewart, U.S. Pat. 4,778,875 (1988).
8. H. O. Krabbenhoft, J. Appl. Polym. Sci., 61, 1017

(1996).
CONCLUSION 9. H. O. Krabbenhoft, U.S. Pat. 5,132,398 (1992).

10. R. W. Meyer, Handbook of Pultrusion Technology,
Chapman and Hall, New York, 1985.We have demonstrated that the in situ cleavage

11. M. M. Schwartz, Composite Materials Handbook,of PDS by TPP [to presumably generate thiophe-
McGraw-Hill, New York, 1992.nyltriphenylphosphonium thiophenoxide, eq. (1)]

12. L. E. Overman, D. Matzinger, E. M. O’Connor, andis a viable alternative to the in situ generation of
J. D. Overman, J. Am. Chem. Soc., 96, 6081 (1974).Wittig salts for a two-component initiator system 13. D. J. Brunelle, E. P. Boden, and T. G. Shannon, J.

for the ROP of cyclic oligomeric BPA carbon- Am. Chem. Soc., 112, 2399 (1990).
ates.14,15 The PDS/TPP system initiates the ROP 14. H. O. Krabbenhoft and D. J. Brunelle, U.S. Pat.
such that a good conversion (up to Ç 80%) of the 5,212,284 (1993).
cyclic oligomer to high-molecular-weight polycar- 15. H. O. Krabbenhoft, D. J. Brunelle, and E. J. Pearce,

Polym. Prep., 38, 129 (1997).bonate (Ç 65,000 Mw) is accomplished with a

8EF6 5001/ 8EF6$$5001 11-05-97 08:29:32 polaa W: Poly Applied


