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ABSTRACT: This paper reports the first synthesis of & Bz highly branched polyesters with the minimal
formation of cyclics in the absence of a polymerization solvent. Highly branched poly(ether ester)s were synthesized
in the melt phase using an oligomerig A B3 polymerization strategy. Condensation of poly(propylene glycol)

(Mn ~1060 g/mol) and trimethyl 1,3,5-benzenetricarboxylate in the presence of titanium tetraisopropoxide generated
highly branched structures with high molar mass when the reaction was stopped immediately prior to the gel
point. Size exclusion chromatography (SEC) aHdNMR spectroscopy were used to monitor molar mass as a
function of monomer conversion and to determine the gel point. Monomer conversions at both the theoretical
and experimental gel points for an,:B; = 1:1 molar ratio agreed well. Thus, cyclization reactions, which are
common in A + B3 polymerization in solution, were negligible in the melt phase. The degree of branching (DB)
increased with an increase in monomer conversion and molar mass, and the final product contained 20% dendritic
units. Monofunctional end-capping reagents were also used to avoid gelation in the melt phase, and high molar
mass final products were obtained with nearly quantitative monomer conversion in the absence of gelation. The
presence of a monofunctional comonomer did not affect the molar mass increase or the formation of branched
structures due to desirable ester interchange reactions.

Introduction pared!314Polymerization in dilute solution promotes cyclization
reactions, which effectively avoid gelation, and the reaction
proceeds with complete consumption of the limiting reagénts.
Slow addition of one monomer into the reaction mixture is also
commonly employed especially for highly reactive monomer
pairs!®19The slow addition strategy is generally related to one
of the first two techniques; either the functional groups are only

Hyperbranched polymers have emerged as popular alterna-
tives to dendrimers in the past 15 ye#ar$.Dendrimers are
perfectly branched macromolecules that are synthesized via
multistep divergent or convergent methddahereas hyper-
branched polymers possess structural irregularities but are
typically synthesized with much less effért! Despite few ; o ; :
irregularities in branching, hyperbranched macromolecules part]ally convefr.ted or.cycl|zat|on .reactlons., pcéﬁrFmaIly,
possess similar characteristics to dendrimers such as lowhonideal conditions tailor the relative reactivity of one of the

hydrodynamic volume, low solution and melt viscosity, good functional A(FOLB groups on Aor B, resulting in AA* or B,B*
solubility, a multitude of functional end groups, and nonen- Monomers> 2’ A*and B* groups exhibit different reactivities
tangled chain&:4 Initial studies focused on the synthesis of than A and B groups, respectively.
hyperbranched polymers via the self-condensation of &B The vast majority of hyperbranched polymers via A B3
> 2) type monomer387Although several studies reported the polymerization reported in the literature were synthesized in
synthesis and characterization of various types of hyperbranchedsolution4-19.22.23.2833 However, only two studies reported
step-growth polymers via the self-condensation of.ABpe polycondensation of Aand B monomers in the melt phadé3®
monomers; ™ limited availability of these functionally non-  For example, melt polymerization of adipic acid JjAand
symmetrical monomers has stymied industrial applications and glycerol (Bs) resulted in highly branched aliphatic polyesters
fundamental studies of branching in macromolecules. without gelation®®> However, glycerol bears two primary alco-
Although Kienlé—1 and Flory12initially studied these pro- ~ hols and a secondary, which possess significantly different
cesses in the 1940s, the polymerization of functionally sym- reactivity in the polymerization. Hence, glycerol effectively acts
metric monomer pairs such ag And B type monomers has  as a BB* monomer, and gelation is avoided even at molar ratios
received renewed interest in the past decade as a convenien®f A2:Bs = 2:1. Other than polycondensation of And B
approach to synthesize hyperbranched polyrh&r&!Significant monomers, Frehet and co-workers reported the synthesis of
effort has been devoted to understanding the influence of thealiphatic polyether epoxies in bulk via the proton-transfer
reaction parameters on gel formation in A B3 systems, and  polymerization from a diepoxide @hand triol (Bs).13%6A feed
gelation is retarded at optimum,#83; molar ratios (generally ~ molar ratio of A:B3z = 3:1 was employed to introduce epoxide
1.0 or higher) to obtain high molar mass products. For example, chain ends. Polymerizations were stopped before the full
gelation is predicted at 86.6% A group conversion (57.7% with conversion of limiting reagents prior to gelation, and the molar
respect to B) for a 1:1 molar ratio of, B3 monomers (A:B= mass increase was monitored with time.

2:3) that are homogeneously mixed at the onset of polymeri-  This paper describes the synthesis of a highly branched poly-
zation? A few common strategies are used to avoid gelation in (ether ester) via the melt condensation of poly(propylene glycol)
A, + B3 polymerization. Stopping the reaction immediately prior (A oligomer) and trimethyl 1,3,5-benzenetricarboxylate (TMT,
to gelation results in parti'al conversion of functional groups; Bs monomer). The conversion of each monomer was monitored
however, fully soluble highly branched products are pre- gyring the polymerization to understand the onset of gelation
in the melt phase. The equal reactivity of thgerBonomer does
* Corresponding author: e-mail telong@vt.edu. not promote a BB* scenario, and oligomeric Aprovides the
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opportunity for entanglements between branch points. Finally, Scheme 1. Synthesis of Highly Branched Poly(ether ester)s via
the introduction of a monofunctional comonomer is reported Melt Condensation of PPG-1000 (4) and TMT (B)
as a novel strategy to avoid gelation ia A B3 polymerization. H,CO 20

. . + 0. O\/L)A
Experimental Section H.co ocH, Ho(’b ):(R'{ yOH

Materials. Poly(propylene glycol) (PPG-1000), which consisted

of secondary hydroxyl end groups and a number-average molar © ©
mass () of 1060 g/mol {H NMR), was kindly donated by Bayer Ti(OR), | 190°C2h
MaterialScience under the commercial name Arcol PPG-1000. Tri- 60ppm | 120°C4h

vacuum 45 min

methyl 1,3,5-benzenetricarboxylate (98%) (TMT), dodecanol (DD),
poly(propylene glycol) monobutyl ether (PPG-M-1000, = 1200
g/mol by 'H NMR), dimethyl terephthalate (DMT), and titanium

tetraisopropoxide (99%) were purchased from Aldrich. PPG-1000 Terminal

and PPG-M-1000 were dried in a vacuum oven (0.50 mmHg) at Unit \

50 °C for 18 h. TMT was purified by sublimation at 15C. All 0 o ,© O Dendritic o o

other reagents were used as received unless otherwise stated. H,C0 o J\%O > Unit o OCH,
Synthesis of Highly Branched Poly(ether ester)sTMT (5.00 " \g / \(’“

g, 19.82 mmol) and PPG-1000 (21.01 g, 19.82 mmol) were added 0 o

to a 100 mL, two-necked flask equipped with an overhead mech- o o o OO 07 TocH

anical stirrer, nitrogen inlet, and condenser. Titanium tetraisopro- ’S/

poxide (60 ppm) was added to facilitate transesterification. The 0 0

reaction flask was degassed using vacuum and nitrogen three times o Lo Qe © gl ocn

and subsequently heated to 18D. The reactor was maintained at j;h \ ’

150°C for 2 h, and the temperature was increased to°T80ver Linear

4 h. Vacuum was gradually applied (0.30 mmHg), and the reaction o oj/\;o ° Unit

proceeded fol h at 180°C. Aliquots (0.40 g) of the reaction o o 0" o

mixture were removed with a pipet at different reaction times and
analyzed usingH NMR spectroscopy and SEC to monitor molar

mass and monomer conversion. The final, low glass transition 0”7 ocH,
temperature product was simply isolated from the reactor with a
spatula and analyzed without further purification.

Two methods (I and IlI) were used to synthesize both poly-
(propylene glycol) end-capped highly branched poly(ether ester)s
(HBPEE-PPG) and dodecyl ester end-capped highly branched poly-
(ether ester)s (HBPEE-DD). In the first method (1), the end-capping
reagent was introduced at the onset of polymerization. For the
SyntheSiS of HBPEE'PPG", PPG-M-1000 (1189 g, 9.91 mmOl) Resu'ts and DISCUSSIOH
was added to the reaction flask with TMT (2.50 g, 9.91 mmol), . . L
PPG-1000 (10.51 g, 9.91 mmol), and titanium tetraisopropoxide Polymenzfatlon. Conventional transesterlﬂcqtlon was used
(60 ppm). The same multistep temperature sequence was used atP prepare highly branched poly(ether ester)s in the melt phase
above with the exception that the reaction was allowed to proceed using titanium tetraisopropoxide as catalyst. We previously re-
for 4 h at 180°C in the second step, and vacuum was applied for ported the polymerization of poly(ethylene glycol) (PEG; A
4 h at 180°C in the third step. HBPEE-DD-I was synthesized using oligomer) with B acyl halides in dilute solution to prepare
the identical procedure as HBPEE-PPG-I with the exce_ption that highly branched poly(ether esteffsVariations in the molar
DD (1.85 g, 9.91 mmol) was initially added to the reaction flask 355 of the PEG oligomer controlled the distance between

igngli;(;p?;gt;hree:gi(?l?\\//l\;;g?r?t.rc!glj?: dsgfgnl(;tg]regt]:;e(lcl)%ptgli/n[w)eDri-branCh points. However, synthesis in dilute solution, which is
zation. For the synthesis of HBPEE-DD-Il, TMT (2.50 g, 9.91  9enerally associated with a significant amaunt of cyclization,
mmol), PPG-1000 (10.51 g, 9.91 mmol), and titanium tetraisopro- '€Sulted in a mixture of high molar mass, highly branched poly-

poxide (60 ppm) were added to the reaction flask and allowed to Mers and low molar mass oligomers or cyclic compounds. Thus,
react at 150C for 2 h. Temperature was increased to 280over melt polymerization was employed to overcome the need for
4 h and vacuum was gradually applied (0.30 mmHg) for 10 min. large quantities of polymerization solvent, eliminate highly reac-
The reaction was paused, and DD (1.85 g, 9.91 mmol) was addedtive acyl halides, and limit the formation of low molar mass
to the reaction flask. The reaction flask was maintained at°80  products.

for 2 h, and gradual vacuum was applied (0.30 mmHg) for 4 h. Various commercial
. X \ polyesters that are commonly used as
Synthesis of Linear Poly(ether ester)sA single neck, 100 mL engineering thermoplastics, such as poly(ethylene terephthalate)

round-bottomed flask equipped with an overhead mechanical stirrer, .
nitrogen inlet, and condqenggr was charged with DMT (5.25 g, 27.04 (PET), poly(butylene terephthalate) (PBT), and various poly-

mmol) and PPG-1000 (27.29 g, 25.75 mmol). Titanium tetraiso- ether-based polyesters (|.e.,_HytreI), are synthesized in the melt
propoxide (60 ppm) was added to facilitate transesterification. The Phase at temperatures ranging from 180 to 20673 Poly-
reaction flask was degassed under vacuum and nitrogen three timegnerizations in the current study were conducted at relatively
and subsequently heated to 18D The reactor was maintained at  lower temperatures to avoid degradation of the polyether-based
180°C for 4 h, and the temperature was increased to°ZD0ver A, oligomer (PPG-1000)!H NMR spectroscopy of the final

2 h. Vacuum was applied (0.5 mmHg) for anatlieh to ensure products did not reveal any unexpected resonances due to ther-
the removal of methanol. mal degradation. Moreover, thermogravimetric analysis (TGA)

Characterization. IH NMR spectroscopic analyses were per- ; i At
. . - also ensured no weight loss at polymerization temperatures.
formed on a Varian Unity 400 MHz spectrometer at ambient tem- 9 Poly P

perature. Triple-detection size-exclusion chromatography (SEC)was PPG-1000 A oligomer and TMT B monomer were poly-
conducted in THF (40C, 1 mL mirr?, polystyrene standards) on merized in a 1:1 molar ratio using a multistep temperature se-
a Waters 717 Autosampler equipped with three in-line PLgel 5 mm quence in the presence of a transesterification catalyst, as shown
Mixed-C columns, Waters 410 RI detector, Viscotek 270 dual in Scheme 1. A lower initial temperature (180) was requiredCDV

detector, and in-line Wyatt Technology miniDAWN multiple angle
laser light scattering (MALLS) detector. Thermal transition tem-
peratures were determined using a Perkin-Elmer Pyris-1 4C10
min under helium, and reported data were obtained from the second
heating.
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Figure 1. H NMR spectra of (a) PPG-1000 and (b) reaction product 400 12
at 86% conversion of hydroxyl (A) groups (400 MHz, CRLCI {10
= 300
to ensure the reaction of TMT with PPG-1000 and minimize E 18 s
stoichiometric changes due to TMT sublimation. Afieh at &= 200- 16 —=
150 °C, the reaction temperature was raised to 180ver 4 = =
h. A homogeneous reaction mixture was maintained in the %3100 = 14
L . . : s
absence of TMT sublimation. Finally, slight vacuum was applied 12
at 180°C for 45 min to ensure the removal of condensation °1 » 0
byproducts and to obtain higher monomer conversions. 30 35 60 70 80 9 100
Aliguots of the reaction mixture were removed at different % Conversion (p,)

times during the course of the reaction and analyzed u4ing
NMR spectroscopy and SEC. PPG-1000 diol consists of secon-
dary hydroxyl end groups and has characteristic NMR reson-
ances that shift upon reaction with TMT (Figure 1a). In par- obtained immediately prior to gelation pt = 90% andpg =
ticular, the methyne resonances (3.88 ppm) and the resonance80%, and solubility tests in chloroform and tetrahydrofuran
of the methyl groups that are adjacent to the hydroxyl end groups confirmed that the product @i = 90% was fully soluble. SEC
(2.08 ppm) shift slightly downfield (to 5.28 and 1.33 ppm, analysis of highly branched poly(ether ester)s revealed an
respectively). These two resonances were used to calculate thebsolute weight-average molar maisk,) of 450 000 g/mol and
extent of reaction and monomer conversion for each sample.a molar mass distribution of 13.8, which are exceptionally high
In addition, methyl ester resonances (3.93 ppm), which were for a step-growth polymerization. It should be noted that PPG-
expected to decrease as the reaction proceeded, were used tb000 contributes-1060 g/mol to each repeat unit, which should
further confirm the calculations. Finally, aromatic resonances be taken into account during the evaluation of the degree of
due to TMT were used to verify that the initial,/B; = 1:1 polymerizations for these highly branched polymers.chet
molar ratio was maintained throughout the reaction. Figure 1b and co-workers also monitored the molar mass increase hyper-
shows the'H NMR spectrum of the reaction product at 85% branched aliphatic polyether epoxies via-A B3 proton-transfer
hydroxyl (A) group conversionpi). Thus,’H NMR spectro- polymerization and observed a similar step-growth behavir.
scopy was a powerful tool to characterize reaction products andHowever, a molar ratio of ABz = 3:1 was employed, which
extent of reaction. Linear analogues of the highly branched poly- would result in gelation at moderately lower monomer conver-
(ether ester)s were synthesized for comparative purposes usingions, and a relationship between the monomer conversion and
dimethyl terephthalate (DMT), which was a suitablevBrsion gel point was not established. In our studies, the experimental
of TMT (B3). A 5% excess of DMT was charged to the reaction critical monomer conversion values for gelatiqm (= 90%,
flask due to minor sublimation during the early stages of the pgs = 60%) correlated well with the theoretical calculatiopsc(
reaction at 180C. = 87%,psc = 58%) for an A:B; = 1:1 system. Close agreement
SEC and'H NMR spectroscopy allowed us to monitor the between experimental and theoretical results indicated that there
molar mass increase as a function of monomer conversion.were negligible cyclization reactions that would have accounted
Figure 2 is a plot of absolute weight-average molar mass as afor a delayed gel point. Figure 3 is a plot of molar mass

Figure 3. Weight-average molar mass and molar mass distribution as
a function of monomer conversion.

function of the percent conversion of hydroxphj and methyl distribution vs monomer conversion for the same series of
ester pg) groups. The reaction resembled a typical step-growth samples. The molar mass distribution increased as a function
polymerization with a dramatic increase in molar magsaat of reaction extent and reached a maximum value of 13.7. The

80—85% andps = 53—57%. Gelation occurred at a critical SEC traces in Figure 4 clearly show a polymodal distribution
monomer conversion, which is depicted in Figure 2 using a with a growing fraction of high molar mass hyperbranched
dotted line. A sudden increase in melt viscosity was also polymer and a decreasing fraction of low molar mass oligomers
observed and associated with incidence of gelation. Multiple with increasing monomer conversion. As expected for ar-A
reactions were performed to determine the exact gel point andB3 polymerization process, the final produps (= 90%) showed
ensure reproducibility. A final soluble product was reproducibly multiple shoulders at the high molar mass elution times. CDV
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Figure 4. SEC traces of highly branched poly(ether ester)s as a function
of monomer conversion.

The final products were stable and did not show gelation or
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Table 1. Characterization Data for Highly Branched Poly(ether
ester)s That Were Synthesized Using End-Capping Strategies

end-capping Mw Mu/
sample reagent (A) A:B3z:A®  (g/mol) M, o}
HBPEE-PPG-I PPG-M-1000 1:1:1 416000 233 0.23
HBPEE-DD-I  dodecanél 1:1:0 cross-linked product
HBPEE-DD-Il  dodecanél 1:1:1 302000 14.2 0.27

aIntroduced at the onset of polymerizatidrintroduced during the
polymerization (atps = ~56%).¢ Molar feed ratiod *H NMR analysis
indicated 15% loss of DD (A) during polymerization.

without gelation, while in the absence of end-capping, gelation
occurred atpa = ~90% andpg = ~60%. PPG-M-1000 (A
monomer) was introduced into the reaction flask at the onset
of polymerization to synthesize HBPEE-PPG-I. The molar ratio
of monomers was set at,/B3:A = 1:1:1, targeting the end-
capping of all residual methyl ester functionalities that are
expected in an AB3 = 1:1 system. Additional polymerization
time was required to ensure complete monomer conversion.
Gelation was not observed aft2 h at 150°C, 4 h at 180°C,
and 4 h under vacuum (18@). *H NMR spectroscopy of the
final product indicatecba andpg > 98%. As summarized in
Table 1, the final product (HBPEE-PPG-I) had a weight-average
molar mass of 416 000 and a molar mass distribution of 23.3.
When DD was used as the end-capping reagent (A) and added
to the reaction flask at the onset of polymerization, the reaction
resulted in gelation (HBPEE-DD-I}H NMR analysis of the
product indicated a 15% DD loss during polymerization, which
was presumed to favor gelation. Therefore, when DD was used
as the end-capping reagent (A), an alternate strategy, end-
capping during polymerization, was utilized. In this approach,
the polymerization was started using Aligomer and B
monomer only, and DD (A monomer) was added to the reaction
flask at a later stage of the polymerizatiqgp & ~56%, pa =
~84% at the time of A introduction). A sharp decreasejin
was expected upon DD addition because of an increase in the
concentration of unreacted A functional groups (hydroxyl).
Following the addition of DD, the reaction proceeded for 2 h
at 180 °C and vacuum was applied for 4 AH NMR

a molar mass change under ambient storage conditions, indicatspectroscopy of the final product (HBPEE-DD-II) reveajad
ing acceptable shelf life storage. However, as expected for and pg of ~98%. The final polymer was gel-free and fully
polyesters, the polymerization is presumed to continue at highersoluble withM,, of 302 000 g/mol and molar mass distribution
temperatures, in the presence of vacuum, due to the presencef 14.2 (Table 1).

of a large number of functional end groups. Thus, an end-
capping strategy was developed ip A B3z polymerizations to

prevent gelation in the melt phase at higher monomer conver-

sions and improve the stability of the final products even at
high temperatures in the presence of vacuum.

Synthesis of Highly Branched Poly(ether ester)s with
Monofunctional End-Capping Reagents To Avoid Gelation.
Low levels of trifunctional agent (typically 0-11.0 mol %)
are commonly used to synthesize lightly branched (long-chain
branched) condensation polymers via the conventionat-A
B, methodology, and it is widely recognized that the introduction
of monofunctional comonomers prevents gelation and allows
higher levels of branchingf.However, A + B3 polymerization
enables the incorporation of equimolar levels of multifunctional
reagents, which is a significantly higher level of branching than
A, + B, methodologies in the presence of.B

In our studies, either poly(propylene glycol) monobutyl ether
(PPG-M-1000) or dodecanol (DD) was introduced as end-
capping reagent (monofunctional comonomers, A) in hyper-
branched polymers to avoid gelation during A Bs poly-
merization. Both end-capping strategies allowed the polymer-
ization to proceed to very high conversiopa @ndpg = 98%)

In addition to prevention of gelation during the synthesis,
end-capping strategy is also expected to increase the stability
of these polymers at high temperatures and under vacuum.

Characterization of Branching. Degree of branching (DB),
which is defined as the ratio of dendritic and terminal units to
the sum of all dendritic, linear, and terminal units, is a
convenient method to characterize branching in hyperbranched
polymers?®© In a hyperbranched polymer that is synthesized via
AB> polymerization, the approximate distribution of dendritic,
terminal, and linear fractions is expected to be 25, 25, and 50%,
respectively, resulting in a DB- ~50%. However, as reported
previously, the fractions of dendritic and terminal are not
necessarily equal in an A+ Bs polymerization systent? On
the other hand, the classical degree of branching does not
properly characterize our systems due to the presence of
oligomeric sequences rather than single monomer units between
each branch point. Nevertheless, it provides useful information
on the branching efficiency of thesBnonomer and describes
the branched structures when each oligomer between the branch
points is considered as a single repeat unit. Detailed investigation
of theH NMR spectra of each sample at different conversions
demonstrated the formation of dendritic, linear, and term'glsk/
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units as a function of monomer conversion (Figure 5). At early
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Figure 6. Branching indexd') as a function of monomer conversion.

39 200 g/mol) in this study. Figure 6 depiags and weight-
average molar mass as a function of monomer conversion. Only
linear structures formed at early stages of polymerizatmn (

< ~70%). Branching increased aboyg = 70% andd
ultimately reached a value of 0.27, which indicated a highly
branched polymer.

A monofunctional reagent is theoretically expected to termi-
nate some of the B functionalities and decrease the branching
probability of a B unit, resulting in a less branched structure.
Furthermore, introducing the end-capping reagent late in the
polymerization rather than at the onset is expected to yield a
more highly branched polymer due to the formation of a
branched intermediate prior to addition of the end-capping
reagent. However, characterization of highly branched poly-
(ether ester)s that were synthesized in the presence of mono-
functional end-capping reagents suggested that these consider-
ations were not influential during the polymerization. The highly
branched poly(ether ester)s that were synthesized in the presence

linear units were present. As the reaction proceeded, a dendriticof monofunctional end-capping reagents lgadalues (Table

shoulder (8.78 ppm, see Supporting Information) was more
significant, especially through the end of the reaction. Decon-
volution of each resonance in Figure 5 revealed that the final
product pa = 90%) had~20% dendritic units, which is slightly
lower than 25% dendritic fraction that is anticipated in a hy-
perbranched polymer synthesized via Afolymerization at
100% conversion of A groups. However, it should be noted
that the feed molar ratio of A and B groups and monomer
conversion is expected to play an important role on the dis-
tribution of dendritic, linear, terminal units in an,A+ Bs
polymerization. Therefore, 20% dendritic fraction is acceptable
at 90% and 60% conversion of A and B groups, respectively.

The branching index ), which is derived from SEC
viscometric data, was also used to characterize branéhiFige
value ¢ provides a direct comparison of the hydrodynamic
volume of a branched molecule with its linear analogue and is
calculated ag' = [17]oranchel[ 7] iinear Where floranched@nd [7]iinear
are the intrinsic viscosities of branched and linear polymers of
equivalent weight-average molar mass. ghealues are closer

to unity for linear polymers and decrease as branching increases

To calculatey’ for any branched polymery[pranchedS Obtained
directly from SEC, and]]inear IS calculated at an equivalent
molar mass using the MariHouwink equation (§linear =
KM?) with appropriateK anda values. It is important to note
Mw was only used as an approximation for viscosity average
molar massM,, for the calculation of]jinear values, whereas
the measuredy] s values obtained from SEC-viscometry detec-
tor utilized theM,.” The Mark—Houwink relationship f]iinear

= 107349,,°6% was established using the SEC-viscometry
detector for the linear poly(ether esteRl{19 800 andVl,,

1) similar to the final product that was synthesized in the absence
of end-capping reagent and obtained immediately prior to
gelation pa = 90%, ps 60%). This suggested that the
presence of a monofunctional reagent did not significantly
influence the formation of branched structures. Moreover, the
point at which the monofunctional end-capping reagent was
introduced (at the onset of polymerization vs at a later stage)
did not alter the final structure. Such discrepancies between
theoretical considerations amd data were attributed to ester
interchange reactions. Clearly, B functionalities that have reacted
with the end-capping reagent continue to undergo ester-
interchange with unreacted A groups. Thus, a nonideattA

B3 system was envisioned, where g Bonomer reacted with

an end-capping reagent and formed @BBtype intermediate

(B* denotes the reacted B group that undergoes ester interchange
at a lower rate). In this system, the final products are expected
to branch randomly, regardless of the presence of an end-capping
reagent or the point in the polymerization at which the end-
capping reagent is introduced.

Conclusions

Melt condensation of an Aoligomer (poly(propylene glycol))
with a Bs monomer (trimethyl 1,3,5-benzenetricarboxylate)
resulted in gelation at+90% conversion of Agga = 90%) and
~60% conversion of B grouppg = 60%). However, fully
soluble, highly branched, products with, of ~450 000 g/mol
and M,/M,, of 13.7 were obtained by stopping the reaction
immediately prior to the gel point. The close approximation
between the experimentgdy = 90%, ps = 60%) and theoretical
(Pac = 87%, psc = 58%) gel points suggested that cyclizatigrbv
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(16) Unal, S.; Lin, Q.; Mourey, T. H.; Long, T. BMacromolecule2005
38, 3246.

tinued to undergo ester interchange and reacted with unreacted17) Unal, S.; Yilgor, I.; Yilgor, E.; Sheth, J. P.; Wilkes, G. L.; Long, T.

A groups. As a result, the final products were similar to highly

E. Macromolecule2004 37, 7081.
(18) Fang, J. F.; Kita, H.; Okamoto, K.Macromolecule200Q 33, 4639.

branched polymers that were synthesized in the absence of afj1g) Lin, Q.; Long, T. EMacromolecule2003 36, 9809.
end-capping reagent, and the point at which the monofunctional (20) Gao, C.; Tang, W.; Yan, D.; Zhu, P.; Tao,FRilymer2001, 42, 3437.

end-capping reagent was introduced (at the onset of polymer-
ization versus at a later stage) did not influence the final

(21) Gao, C.; Yan, DMacromolecule®001, 34, 156.
(22) Hao, J.; Jikei, M.; Kakimoto, M. AMacromolecule2003 36, 3519.
(23) Hao, J.; Jikei, M.; Kakimoto, M. AMacromol. Symp2003 199, 233.

structure. It should be noted that various other short chain or (24) Gao, C.; Yan, DMacromolecule2003 36, 613.

long chain diols, including monomeric or oligomeric poly-
(ethylene glycols), are viable candidates for the synthesis highly

branched polyesters using melt A B3 polymerization.
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