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These observations clearly showed that although two 
types of active species are formed initially, the carboxylate 
anions are eventually responsible for most of the growth 
of macromolecules in the anionic polymerization of @- 
propiolactone. 

Similar results were obtained in the polymerization of 
@-butyrolactone 2 initiated by potassium anions. This 
unexpected behavior of @-butyrolactone, which was be- 
lieved not to polymerize by anionic initiators but rather 
by coordinative is possibly due to the very fast 
initiation by potassium anions and the complexation of 
counterions by crown ether. 

The formation of an enolate in the initiation step of this 
polymerization (Scheme 11) might suggest that both car- 
banion and enolate sites of this intermediate are able to 
react with the next lactone molecule. However, the 'H 
NMR spectrum (Figure 1) indicates clearly that the 
polymer exhibits acetate and not @-diketo end groups. 
Moreover, the polymerization of @-propiolactone by the 
enolate of potassium acetate showed that the polymeri- 
zation reaction is much faster than possible Claisen ester 
condensation.14 Thus, the enolate of potassium acetate as 
well as the intermediate enolate carbanion formed in the 
initiation step of the @-lactone polymerization by potas- 
sium anions react regioselectively with P-propiolactones. 

The results of this work confirm previous observations 
that in the anionic15 as well as cationic16 polymerization 
of heterocycles, two different mechanisms may operate 
simultaneously and thus indicate the existence of a more 
complex process of ionic ring-opening polymerization than 
was suggested previously. 

Conclusions 
These results indicate that in the polymerization of 

@-lactones by potassium anions, the C-C cleavage a t  the 
a to @ position in a @-lactone molecule takes place in the 
initiation step. Then, both alkyl-oxygen and acyl-oxygen 
bond cleavage occur to form carboxylate and alkoxide 
anions. Finally, the alkoxide active species disappear, and 
carboxylate anions are responsible for most of the polymer 
chain growth. 

Registry No. K-, 1912896-2; H3CC02(CH&C02H, 26976-72-7; 
H3CC02CH2CO(CHJ20H, 119908-63-3; 0-propiolactone, 57-57-8. 
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ABSTRACT: The changes in morphology due to the formation of polyethylene in the pores of three sili- 
ca-supported, chromium oxide catalysts were followed by using mercury porosimetry and electron microscopy. 
Ethylene polymerization from 0.1 to 20 g of polymer/g of catalyst was carried out from the gas phase in a 
fluid bed reactor at  1-atm total pressure with a nitrogen diluent. A catalyst with 1.7 cm3/g pore volume 
fragmented due to the formation of polymer in the pores and thereby maintained an open structure. Catalysts 
containing 1.1 and 2.3 cm3/g pore volume did not fragment extensively, and the product polymer congested 
the pores and impeded the continued polymerization. Total pore volume and pore size are not the only 
controlling factors in the fracturing process. Mercury porosimetry showed that fracture of the 1.7 cm3/g catalyst 
started after a polymer yield of just 0.4 gpE/geat, maintaining monomer access to the active sites. The O.l-l-pm 
catalyst fragments contained a pore microstructure much like that of the starting material, thus demonstrating 
how the pore structure of the original catalyst particles may influence the polymerization process after 
fragmentation is complete. 

Introduction 
The morphology of supported, ethylene polymerization 

catalysts has a great influence on the polymerization 
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process. Several studies have shown that chromium and 
titanium deposited on supports with greater initial pore 
volume and larger average pore sizes exhibit greater po- 
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lymerization activity.14 I t  has also been shown that 
chromium oxide deposited on silica gels of higher pore 
volume produces a polymer of lower molecular weight, even 
though the formation of the polyethylene in the pores of 
the catalyst fractures the support to fragments more than 
3 orders of magnitude smaller than the original catalyst 
during the initial stages of r e a ~ t i o n . ~  Thus, not only does 
the morphology of the support influence the reaction, but 
it also changes during the reaction. Few prior studies have 
attempted to understand how the support influences the 
polymerization process. 

McDaniel studied the fracturing of silica-based, polym- 
erization catalyst supports by removing the polymer 
product in a muffle furnace a t  650 0C.2 The slurry po- 
lymerization was conducted in a stirred batch reactor. 
Nitrogen adsorption/desorption was used to characterize 
the fragments of the most active catalyst after polymeri- 
zation. He demonstrated that the large increase in the pore 
volume due to fragmentation occurred in pores larger than 
the 60-nm-diameter pores measurable by this technique. 
He concluded that the fracture occurred along pores larger 
than 60 nm in diameter. Recently, McDaniel published 
a similar study using mercury porosimetry (a better 
technique for the evaluation of the larger pores) to assess 
the pore structure of the catalyst and fragments after 
polyethylene r e m ~ v a l . ~  He found a correlation between 
the polymerization activity and the pore volume in pores 
between 10 and 100 nm in diameter as determined by 
mercury intrusion porosimetry. After removing the 
polymer, i t  was found that the catalyst fragments con- 
tained more pore volume in pores greater than 30 nm in 
diameter compared to the original catalyst, and McDaniel 
concluded that the fracture occurred along these pores 
during this process. 

In the first paper of this series, we reported the changes 
that occurred in the pore structure of three chromium 
oxidesilica catalysts due to the high-temperature activa- 
tion proced~re.~ I t  was found that the pretreatment of the 
most active catalyst resulted in a bimodal distribution of 
pores (and constrictions). In this work, the changes in the 
pore structure of the catalyst due to polymer formation 
are addressed. The reaction was conducted in a fluidized 
bed a t  1-atm total pressure with a nitrogen diluent. 
Mercury porosimetry of the partially polymerized and 
fragmented catalysts reveal where the polymer is forming 
in the catalyst and which pores may play an important role 
in the process. Porosimetry of the catalyst fragments after 
polymer removal indicate which pores were most affected 
by the polymer formation and which pores are necessary 
for fracture and fragmentation. 

Experimental Section 
Catalysts. The catalysts, supplied by the Phillips Chemical 

Co., were the same as those in our prior studies (and were pre- 
sumably similar to those employed by McDanielZ4): 1 % by weight 
chromium deposited on three silica supports of nominal pore 
volumes of 1.1-1.2, 1.6-1.7, and 2.2-2.3 ~ m ~ / g . ~  In addition to 
differences in pore volume, the supports were prepared by dif- 
ferent procedures and possessed different particle shapes; however, 
these factors were not investigated in these studies. Before ac- 
tivation and reaction, the catalyst particles were screened in 
63-125-pm sieves. The sieved catalyst (0.3-0.7 g) was activated 
for reaction in situ in a 20-mm-diameter fluid bed by the following 
procedure: (1) drying in nitrogen at  150 "C for 1 h; (2) heating 
at a rate of 200 OC/h in oxygen to 800 "C; (3) calcination in oxygen 
at 800 "C for 5 h; (4) cooling in oxygen to 400 "C over a 1-h period; 
(5) purging with nitrogen for 10 rnin at 400 "C; (6) reduction in 
carbon monoxide at 400 "C for 1 h; (7) cooling to 100 "C in 
nitrogen over a 1-h period. The activity that results from this 
procedure is found to exceed 10 gpE/(g,,.atm-h) as was also found 
in our prior studies! This activity compares favorably with that 
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published by Phillips and employs their optimum activation 
p r o ~ e d u r e . ~ ~ ~  

The high-temperature activation process caused changes in the 
pore structure of the catalysts due to a sintering of the silica? 
In addition to variation in the nominal pore volume, the three 
catalysts also contained different pore-size distributions as de- 
termined by mercury porosimetry: the 1.1 cm3/g catalyst con- 
tained most of its pore volume accessed through 9-12-nm-diameter 
throats; the 1.7 cm3/g catalyst also had throats in this size range, 
in addition to a significant amount of pore volume accessed 
through throats larger than 20-nm diameter; 2.3 cm3/g catalyst 
had most of its pore volume accessed through throats larger than 
20-nm diameter with a small amount accessed through throats 
of 4.5-5-nm dia~neter.~ 

Polymerization. The polymerization of ethylene was carried 
out in the same reactor immediately after cooling the catalyst bed 
to 100 OC in flowing nitrogen following the preredudion by carbon 
monoxide. Because the addition of monomer at  the active site 
is so exothermic (24 kcal/mo16), the polymerization had to be 
performed with a diluent. A solid diluent was not used due to 
the difficulty in removing the product from the inert substances. 
Therefore, the reaction was carried out using a gaseous diluent, 
nitrogen. The exothermicity of the reaction required that the 
monomer be introduced in small concentrations initially and then 
increased as the growing polyethylene acted as a source for dis- 
sipation of the heat of reaction. Thus, two schemes were used 
to introduce monomer to the catalyst bed during the initial stages 
of the reaction. 

In the first scheme, ethylene was bled into a 750 cm3/min (STP) 
nitrogen stream so that the monomer concentration was 1% for 
the first 5 min. The ethylene concentration was then slowly 
increased to 10% in another 15 min and to 40% in another 20 
min. During this period, the total gas flow rate was increased 
to maintain fluidization of the growing catalyst/polymer particles. 
In the second scheme, pulses of ethylene were added to a 670 
cm3/min (SW) nitrogen flow for 2 s every 10 s so that the stream 
entering the reactor contained 40% monomer. With this method, 
the feed stream could be switch to a constant 40% monomer after 
10 min of pulses. With either method, the temperature, as 
measured by a chromel-alumel thermocouple in the catalyst bed, 
was within f 2  "C of the 100 "C reaction temperature during these 
initial stages. The thermocouple could be adjusted to any position 
in the bed during the reaction, and no temperature nonuniform- 
ities were observed. 

The polymerization continued for a predetermined length of 
time, at which point the catalyst bed was starved of ethylene and 
cooled to room temperature. The polymer yield was determined 
by analyzing the product for carbon and hydrogen content. 
Polymer yields up to 20 g of polyethylene/g of catalyst (gpE/g&) 
could be determined by this method. 

Polymer Removal. To study the pore structure of the catalyst 
fragments, the polyethylene was removed from the chromium- 
silica catalyst by two methods: dissolution by a solvent and/or 
oxygen plasma ashing. Polymer extraction by 1,2,4-trichloro- 
benzene was done using a Soxhlet apparatus with a 4-pm ex- 
traction thimble. The temperature of the extraction was held 
at 140 "C for 6 h, then increased slowly to 190 "C over a 6-h period, 
and held at this temperature for another 36 h. This procedure 
removed 95% of the polyethylene from the catalyst, with some 
polymer chains holding the fragments together. The remaining 
polymer was removed by ashing in a Paar Cool Plasma Asher, 
which generates oxygen plasma at 2-4-mbar pressure by radio 
frequency excitation. By this method, the polyethylene could be 
gently burned away over a 12-24-h period. Further, we found 
no evidence that any of the catalyst was lost during these pro- 
cesses. 

Mercury porosimetry and microscopy showed that the above 
procedures affected neither porosity or structure of the unreacted 
catalyst particle nor that of a catalyst which had been filled with 
n-dodecane. 

Mercury Porosimetry. The pore structures of the catalysts 
were characterized by using a Quantachrome scanning mercury 
porosimeter capable of measuring pores sizes from 4 to lo4 nm 
in diameter by applying pressure up to 60 000 psi. The catalyst 
samples were first outgassed at  150 "C for 1 h at less than lo4 
Torr in a vacuum system for BET surface area determination and 
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Figure 1. Polyethylene growth on the chromium oxidedica 
catalysts 100 'C. 10% ethylene concentration. 

Figure 2. Electron micrographs of the 1.1 cm3/g catalyst I 
and after polymerization. The top picture is of the fresh 
tivated catalyst and the bottom picture represents a yiel 
P?E/P,t. 
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thentransferredtothepomim~c?Jl &foremercuryinkueion, 
the catalysts were outgassed at less than IO-' Torr for 15 min at 
room temperature. The void dimensions were related to the 
applied pressure by the Washhum equation: Pd = 47 om 8, where 
Pis  the applied pressure, d is the diameter of the pore, y is the 
surface tension of the mercury (484 dyn/cm). and 8 is the angle 
of contact between the mercury and the walls of the catalyst 
(assumed to be 140'). 

When using mercury pomimetry for the evaluation of catalyst 
pore structure, it is essential to understand the information given 
hy the intrusion and retraction branches of the hysteresis loop. 
A 'powthroat" structural model based on agglomerated spheres 
 ha^ been developed to explain hysteresis and mercury retention.' 
The mercury intrusion process is controlled by the size of the 
constrictions. or 'throats". in the pore network, while the mercury 
retraction proeess is controlled by the size of the opening, or 
'pores". Therefore mercury intrusion measures the size of the 
t h t  along with the volume of the pore behind it. A Monte Carlo 
simulation based on this model showed a relationship between 

Figure 3. Electron micrographs of the 2.3 cm3/g catalyst before 
and after polymerization. The top picture is of the freshly ac- 
tivated catalyst and the bottom picture represents a yield of 5 
gPE/gmv 

mercury retention and particle size and connectivity (degree of 
branching in the void network)! 

Results and Discussion 
We will first examine the changes in the pore structure 

due to the formation of polymer within the catalyxt pores. 
These changes will be compared to the pore structure of 
the active catalyst. We will then examine the changes in 
the pore structure tha t  are evident after the product 
polymer has been removed from the product solid. 

Polymer Growth. Of the three chromium-silica cata- 
lysts used in this study, only the catalyst with 1.7 cm3/g 
pore volume exhibited constant polymerization activity in 
the fluid bed reactor under these conditions. Figure 1 
shows the polymer yield in grams of polyethylene per gram 
of catalyst (gPE/gmJ for the three catalysts versus time of 
exposure to a 10% ethylene in nitrogen feed at 100 'C. 
The  formation of polyethylene in the 1.1 and 2.3 cm3/g 
catalysts slowed appreciably after formation of approxi- 
mately 1 and 2.5 gpE/g,,, respectively. Assuming a poly- 
mer density of 0.94 g/cm3, these yields correspond a p  
proximately to the amount of polyethylene needed to fill 
the available pore volume of the supports. The  electron 
micrographs in Figures 2 show no evidence for fracture in 
the 1.1 cm3/g catalyst. In Figure 3 some large cracks are 
evident in the 2.3 cm3/gram catalyst. In each ease enough 
polyethylene had been produced to fill twice the available 
pore volume of the respective supports. The 2.3 cm3/gram 
catalyst support seems to have fragmented into plates of 
lC-20 r m  in size. On the other hand, large cracks appear 
very early in the 1.7 cm3/g catalyst support as shown in 
Figure 4, and, after the formation of enough polymer to 
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Figure 5. Effect of polyethylene formation on the pomimetry 
plot of the 1.1 cm3/g catalyst with polymer. 1 

I 
Figure 4. Electron micrographs of the 1.7 cm3/g catalyst before 
and after polymerization. The top picture is of the freshly ac- 
tivated catalyst and the bottom picture represents B yield of 4 

fill twice the available pore volume, the particles appear 
to consist of an agglomeration of polymer coated catalyst 
fragments. 
Thus, the sustained activity of the 1.7 cm3/g catalyst was 

due to the fracture and fragmentation of the support, 
maintaining a network of pores in the particles that fa- 
cilitated the transport of the monomer to the active site. 
The decrease in polymerization activity of the other two 
catalysts vas due to the slow diffusion of the monomer 
through the polyethylene, which was clogging the initial 
pore structure. The transport limitations were especially 
severe in this reactor because of the small driving force for 
diffusion due to the low monomer concentration in the gas 
phase. Higher yields were achieved only by raising the 
ethylene concentration to 40 or 100% and allowing the 
reaction to continue for several hours. The low activity 
of the 2.3 cm3/g catalyst was surprising in light of the 
general trend of increasing activity with increasing pore 
volume and pore size. Indeed, we have evidence that po- 
lymerization a t  higher pressures (to 30 bar) can result in 
higher polymer yields than a t  these pressures (<l-bar 
monomer pressure) for both the 1.1 and 2.3 cm3/g cata- 

T o  determine the regions of the catalyst in which the 
polymer was forming, the progressive pore filling of the 
support with polyethylene was followed by using mercury 
porosimetry up to the point where the polymer completely 
filled the void space. A t  higher yields, compression of the 
polyethylene made the interpretation of the results dif- 
ficult. The porosimetry plots in Figure 5 show that there 
was a linear decrease in accessible pore volume of the 1.1 
cm3/g catalyst with the amount of polyethylene formed. 

gPE/gul. 

lysts? 

0.6 a/; 

0.9 111 

0 
5 10  IS 

Throat Diameter n m  

0 5 0  ( 0 0  1 5 0  2 0 0  
Pore Diameter nm 

Figure 6. Effect of polyethylene formation on the throat and 
pore-size distributions of the 1.1 cm3/g catalyst with polymer. 

It should be noted that for each of the seta of pomimetry 
data the lower m e  represents the intrusion measurement 
(as mercury pressure is increased) and the upper curves 
represent the retraction curves (as pressure is decreased). 
There is a noticeable change in the pressures over which 
retraction occurs (i.e., the distribution of pore size dis- 
tributions is shifting), but there is little change in the pore 
(constriction) size distribution from the intrusion curve. 
This is better illustrated by the distributions shown in 
Figure 6. The center of the throat size distribution as 
measured by mercury intrusion shifted to slightly larger 
dimensions, indicating that the smallest throats were 
blocked by the formation of polyethylene first. As ex- 
pected, the pore-size distribution from the retraction curve 
shows that the size of the openings in the support de- 
creased as the polymer formed. Thus, in the absence of 
fracture, the polyethylene formed in the openings (pores) 
of the catalyst where the accessible chromium surface 
exists. As the formation of polymer completely filled some 
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Figure 7. Effect of polyethylene formation on the throat- and 
pore-size distributions of the 2.3 cm3/g catalyst with polymer. 
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Figure 8. Effect of polyethylene formation on the porosimetry 
plot of the 1.7 cm3/g catalyst with polymer. 

pores, the smallest throats were blocked by the polymer 
first. 

The formation of polyethylene in the 2.3 cm3/g catalyst, 
the other catalyst that did not fracture extensively, affeded 
the pore structure as measured by mercury porosimetry 
differently than in the preceding case. Figure 7 shows that 
the formation of polyethylene effected a rapid decrease in 
the accessible pore volume. After a polymer yield of just 
0.4 gpE/geat, the pore volume of the catalyst decreased more 
than 40%, and the porosimetry plot and the distributions 
are essentially featureless. Polyethylene formation has 
blocked some of the pores in this support, occluding some 
of the initial pore volume. 

Figure 8 shows that the formation of polymer in the 1.7 
cm3/g catalyst, which fractured extensively even at these 
low yields, did not decrease the accessible pore volume in 
a linear fashion as i t  did in the 1.1 cm3/g catalyst. The 
void-size distributions in Figure 9 show that the fracture 
and fragmentation of this catalyst support maintained an 
open porous network in the particle. There was some 
blocking of the smaller throats as seen in the 1.1 cm3/g 
catalyst but very little change in the center of the pore-size 
distribution given by mercury retraction after a polymer 
yield of 0.4 gpE/gcat. As more polymer is formed, the pores 
do not decrease in dimensions since the whole particle is 
expanding to  accommodate the growing polymer. This 
indicates that  the fracture and fragmentation of this 
catalyst support has already commenced even at these low 
yields. 

Catalyst Fragments. The pore structures of the cat- 
alyst and catalyst fragments remaining after removal of 
the polymer were evaluated to identify the pores that were 
most affected by the polymer formation and, thus, to infer 
which pores were responsible for the fracture of the sup- 
port. As expected, there was no change in the pore 
structure of the catalysts that did not fracture extensively 
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Figure 9. Effect of polyethylene formation on the throat- and 
pore-size distributions of the 1.7 cm3/g catalyst with polymer. 
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Figure 10. Effect of polyethylene formation on the porosimetry 
plot of the 1.1 cm3/g catalyst fragments after polymer removal. 
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Figure 11. Effect of polyethylene formation on the porosimetry 
plot of the 2.3 cm3/g catalyst fragments after polymer removal. 

during the reaction. Figures 10 and 11 show that the pore 
structures of the 1.1 and 2.3 cm3/g catalyst supports were 
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McDaniel also found an apparent increase in the pore 
volume of pores greater than 100 nm in diameter as de- 
termined from mercury i n t r ~ s i o n . ~  The pore volume ac- 
cessed by these larger throats for the catalyst, which ini- 
tially contained 1.7 cm3/g pore volume, increased as the 
polymer yield increased from 12 to 1270 gpE/gcat.l Our 
study shows that significant fracture and fragmentation 
of this catalyst support has occurred by the time that just 
enough polyethylene has been formed to fill the pores. 
Moreover, we find that fracture is probably initiated at  
even lower yields. 

Conclusions 
In a fluid bed reactor, the polymerization of ethylene 

in the pores of the three chromium oxide-silica catalysts 
was strongly dependent on the fragmentation of the cat- 
alyst. Only the catalyst containing an intermediate amount 
of pore volume (1.7 cm3/g) fractured enough to maintain 
constant activity during exposure to a 10% ethylene feed 
for up to 3 h. The lack of extensive fracture and frag- 
mentation in the other two catalysts (1.1 and 2.3 cm3/g) 
with these reaction conditions resulted in a diffusion-lim- 
ited reaction after formation of enough polyethylene to fill 
the pores of these catalysts. The diffusion limitations of 
the reaction were accentuated by the low monomer con- 
centration in the reactor. These results show that the total 
pore volume and pore size are not the only controlling 
factors in catalyst fracture, but rather that the structure 
of the void network is the most significant factor. This 
is evidenced by the lack of complete fragmentation of the 
2.3 cm3/g catalyst which has a larger pore volume and a 
similar distribution of pore dimension as found for the 1.7 
cm3/g catalyst. 

Mercury porosimetry of the 1.7 cm3/g catalyst support 
with polymer (polymer yield C1.7 gpE/gcat) showed that 
the fracture of the support maintained an open network 
of pores and throats in the particle which facilitated 
transport of the monomer to the active sites. The average 
pore size in this catalyst did not change substantially after 
a yield of 0.4 gpE/gcat, showing that the fracture starts early 
in the reaction (i.e., prior to the total filling of the catalyst 
void volume). New polymer forming on the catalyst in- 
ternal surface forces the subparticles apart and does not 
just fill the pore space between fixed catalyst subparticles. 
A small shift is evident in the intrusion data due to ac- 
cumulation of polymer at  the constrictions in the void 
network. From mercury porosimetry of the catalyst 
fragments after removal of the polyethylene, the frag- 
mentation of the catalyst was not evident until the for- 
mation of enough polymer to fill the pores of the support. 
Partial fragmentation would be difficult to detect as the 
measurement by porosimetry tends to recompact the 
sample. Extensive fragmentation was reflected in an ap- 
parent increase in the pore volume accessed through 
throats larger than 100 nm. This increase was due to 
compression of the fragments by the mercury and filling 
of the spaces between the fragments. The region of com- 
pression and intrusion confirm that the fragments are on 
the order of 0.1-1 pm. 

The pore structure of the catalyst fragments is much like 
that of the original catalyst particles. Thus, the initial pore 
volume and pore size of the subparticles comprising the 
support are present in the final catalyst fragments and can 
influence the polymerization and resultant polymer 
product even after complete fragmentation, which occurs 
very early in the progress of the reaction. 

We conclude that the nature of the porous network 
controls the fragmentation. Pore volume alone does not 
dictate the potential performance of a polymerization 
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Figure 12. Effect of polyethylene formation on the porosimetry 
plot of the 1.7 cm3/g catalyst fragments after polymer removal. 

basically unaffected by the polymer formation (after 
polymer removal), as was the macrostructure seen in the 
electron micrographs of the catalyst/polymer particles in 
Figures 2 and 3. The fragmentation of the 2.3 cm3/g 
catalyst into the 10-pm plates, inferred from the micros- 
copy, is not expected to have a profound effect on the 
specific porosity as measured by mercury porosimetry. 

Likewise, there was little change in the pore structure 
of the polymer free product for the 1.7 cm3/g catalyst 
support up to a polymer yield that corresponds to a com- 
plete filling of the pores. However, a t  higher yields there 
are noticeable changes in the pore structure. Figure 12 
shows that there was an increase in the pore volume ac- 
cessed through throats larger than 100-nm diameter (i.e., 
those measured below 2000 psig mercury pressure), while 
neither the throat sizes smaller than 100 nm in diameter 
nor the retraction curve changed. Thus, the mesoporous 
structure of the catalyst support remained the same even 
after a polymer yield of 20 gpE/gcat and fragmentation to 
less than 1 pm in size. Complete fragmentation and sep- 
aration would decrease the specific intraparticle pore 
volume slightly if the initial pore structure provides the 
primary pathways for fragmentation. The increase in pore 
volume as determined from the mercury porosimetry ex- 
periments was due to compression of the catalyst frag- 
ments and filling of the spaces between the fragments by 
the mercury in the porosimetry cell. When the ashed 
fragments were compressed to near the original apparent 
bulk density of the starting material, the increase in the 
pore volume accessed through throats larger than 100 nm 
in diameter completely disappeared. The mesoporous 
region remained constant during the polymerization pro- 
cess, showing that the fracture of the catalyst occurred 
along the largest pores. The pore space that would be 
formed by the agglomeration of spherical 0.1-1 pm par- 
ticles should give intrusion a t  pressures corresponding to 
-20-200 nm (-10000-1000 psi Hg pressure) and re- 
traction corresponding to -50-500 nm (-4000-400 psi 
Hg pressure). These characteristics are evident in the data. 
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catalyst, as implied in prior studies. The pore dimensions 
and the distribution of these within the void network can 
control fragmentation and thereby the performance. To  
facilitate continued polymerization, the network should 
not become unduly congested by the polymeric product. 
Fragmentation of the catalyst depends on several inter- 
related aspects of the solid catalyst. These may include 
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ABSTRACT: The synthesis and characterization of polyesters derived from hydroxyproline (Hpr) were 
investigated. A series of new poly(trans-4-hydroxy-N-acyl-~-proline esten) were prepared in which the pendant 
acyl groups are ethanoyl (Ac), 2,2-dimethylpropanoyl (Piv), hexanoyl (Hex), decanoyl (Dec), tetradecanoyl 
(Myr), and hexadecanoyl (Pal). Weight average molecular weights (M,) over 40000 were obtained via ester 
interchange using 1 mol % titanium isopropoxide as a catalyst at 180 “C for 20-24 h. The different pendant 
groups on the monomers profoundly affect the polymerizability and the polymer properties. The molecular 
weight data obtained from gel permeation chromatography and vapor pressure osmometry suggest that these 
polymers assume a rodlet-like conformation in solution. When the length of the acyl group on the monomer 
increased, the molecular weight as well as the degree of polymerization increased. Differential scanning 
calorimetry analysis showed that poly(Ac-Hpr ester), poly(Piv-Hpr ester), poly(Hex-Hpr ester), and poly(Dec-Hpr 
ester) are amorphous, while poly(Myr-Hpr ester) and poly(Pa1-Hpr ester) are semicrystalline. A declining 
trend in the glass transition temperatures of polymers was observed with increasing pendant chain length. 
However, it was reversed due to the side-chain crystallinity when the pendant chain length reached 14 carbons. 

Introduction 
In continuing efforts to develop improved biomaterials, 

an approach for synthesizing a new class of poly(amino 
acids) was recently proposed.’ These polymers, named 
“pseudopoly(amino acids)”, are different from conventional 
poly(amino acids) in that the polymer backbone is formed 
by utilizing the side-chain functional groups on the mo- 
nomeric a-L-amino acids or dipeptides. Such an approach 
offers the opportunity to create polymers from naturally 
occurring metabolites but without some of the potential 
disadvantages of conventional poly(amino acids) resulting 
from the repeating amide bonds (e.g., poor mechanical 
strength and enzymatic degradation). 

T o  date, the syntheses of only three subclasses of these 
polymers have been reported:1p2 poly[ (benzyloxy- 
carbony1)tyrosyltyrosine hexyl ester iminocarbonate], 
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poly[truns-4-hydroxy-l-( 1-oxohexadecy1)-L-proline ester], 
and poly[ (benzyloxycarbony1)glutamylphenylalanine an- 
hydride]. In addition to the flexibility of designing poly- 
mers possessing various properties attributable to the 
polymer main-chain bonds, this approach also offers an- 
other advantage-the modification a t  the level of amino 
acid termini. In pseudopoly(amino acids), either the amino 
group or the carboxyl group or both can be chemically 
modified or used as sites for covalent attachment of drugs 
or bioactive molecules. I t  has been shown that pendant 
groups can significantly alter the physical properties of 
 polymer^.^ The effect of pendant groups on the polym- 
erizability of pseudopoly(amino acids) and on the prop- 
erties of these polymers has not been examined. 

In this paper we first report a study examining factors 
affecting the molecular weight of poly(Pa1-Hpr ester); 
specifically, temperature, amount of catalyst, reaction time, 
and type of catalysts were varied. Second, we describe the 
syntheses of several new poly(truns-4-hydroxy-N-acyl-~- 
proline esters) where the acyl group is systematically al- 
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