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One-Step Synthesis of Hyperbranched Polyesters. Molecular
Weight Control and Chain End Functionalization
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ABSTRACT: A new procedure is described for the preparation of chloride ion free
3,5-bis(trimethylsiloxy)benzoyl chloride, which allows the reproducible preparation of hyper-
branched aromatic polyesters with controllable molecular weights. The pure monomer is thermally
stable at temperatures of more than 200°C, but is readily polymerized when heated in the presence
of catalytic amounts of dimethylformamide or trimethylamine hydrochloride. The molecular weight
of the polymers increases with higher reaction temperatures, longer reaction times, and larger
amounts of catalyst. Polymerizations in o-dichlorobenzene also afford similar results. The
hyperbranched polyesters have degrees of branching of ca. 60% and contain a large number of
free phenolic groups both at the chain-ends and in “linear” portions of the chains. Functionalization
of these free phenolic hydroxyls is readily accomplished in homogeneous solution. However,
reactions with solid Pd/C catalyst were not possible. The solubility and thermal properties of the
resulting blocked hyperbranched aromatic polyesters reflect the choice of hydroxyl protecting group.
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Hyperbranched macromolecules are highly
branched, highly functionalized, three-dimen-
sional globular polymers that can be prepared
by the one-step polycondensation of AB,
monomers. The versatility of this approach is
demonstrated by the numerous examples of
hyperbranched materials which have been
recently reported. Variations in the A and B
functionalities as well as the monomer struc-
ture have led to hyperbranched polypheny-
lenes, 2 polyesters,® ™3 polyethers,® polyether
ketones,”8 polyamides,® polysiloxanes,'® and
polyamines.**

Hyperbranched structures may be con-
sidered as irregular analogs of the dendritic
macromolecules that are both monodisperse
and uniformly branched. While the synthetic
methodologies in the preparation of dendritic

macronomolecules allow for a high degree of
control over the entire architecture, the
organization and connectivity of hyper-
branched structures is less controlled and less
specific. However, several of the unusual
properties of dendritic macromolecules, such
as low viscosity, high solubility, and lack of
significant entanglement in the solid state, are
also exhibited by hyperbranched materials. The
one-step polymerization processes used to
produce hyperbranched polymers are advan-
tageous when compared to the multi-step
syntheses of dendrimers, as they are capable
of the rapid production of large quantities
of highly-functionalized globular polymers.
Therefore, hyperbranched polymers are better
suited for applications that exploit the
bulk-material properties and that benefit from
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the presence of a large number of functional
sites within a compact space.

We have reported® the condensation of
3,5-bis(trimethylsiloxy)benzoyl chloride 1 to
give polyphenol-terminated hyperbranched
polyesters 2. However, the thermal stability of
the monomer was low, as small amounts of
chloride ion impurities present at levels not
readily detectable by standard spectroscopic
techniques would catalyze its spontaneous
polymerization at elevated temperatures. In
addition, the presence of some polymerization
catalyst within the monomer detracted from
our ability to control its polymerization. In
particular, the reproducible preparation of hy-
perbranched polyesters with molecular weights
in the range 20000—100000, for comparison
of properties with analogous regular dendritic
polyesters'? proved elusive. Though monomer
purification could be attempted, the yield of
purified monomer was unacceptably low.

The preparation of pure, thermally stable
3,5-bis(trimethylsiloxy)benzoyl chloride, 1, is
now reported. The seemingly slight, but sig-
nificant modifications in the synthesis gave
a higher yield of 1 and provided a pure
monomer suitable for polymerization with
control over molecular weight. The polym-
erization process itself involved catalysis with
either trimethylamine hydrochloride or N,N-
dimethylformamide. Control of the molecular
weight of the resulting hyperbranched polymer
'was achieved by regulating the amount of
catalyst,'*® the reaction temperature, and the
reaction time. The chemical reactivity of the
phenolic chain ends was also demonstrated
through several chemical modification reac-

RESULTS AND DISCUSSION

Monomer Synthesis

The preparation of the monomer, 3,5-bis-
(trimethylsiloxy)benzoyl chloride 1, is shown
in Scheme 1. In this approach, chloride ion
sources were avoided by the use of hexa-
methyldisilazane (HMDS) for silylation and
N,N-dimethylformamide (DMF) as a catalyst
for acid chloride formation. Reaction of 3 with
neat HMDS gave trimethylsilyl 3,5-bis(tri-
methylsiloxy)benzoate, 4, in 94% yield after
purification. Preparation of the acid chloride
1 from the trimethylsilyl ester was attempted
initially as reported by Kricheldorf!! for the
preparation of 4-trimethylsiloxybenzoyl chlo-
ride. However, the reaction of 4 with thionyl
chloride in benzene heated at reflux was un-
successful. Monitoring of the reaction by 'H
NMR showed that only 23% of 1 was formed
after 7 days in refluxing benzene in the absence
of catalysts. After addition of a catalytic
amount of DMF, the reaction proceeded to
80% completion in 6 h. Optimum conditions
included the use of a mixture of 4 with an excess
of thionyl chloride (1.2eq) and a catalytic
amount of DMF (0.3 mol%) in benzene at
reflux. Work-up of the reaction mixture, by
filtering through a column of alumina under
argon followed by vacuum distillation, gave
the acid chloride 1 in 75% yield.

Monomer prepared by this procedure was
not only obtained in fairly high yield, but it
also showed excellent thermal stability. Heat-
ing neat 1 at 220°C for several hours did not
cause any polymerization or decomposition.
The absence of polymerization-initiating im-

tions. purities allowed a study of the effect of polym-
erization conditions on molecular weight.
Me,SiO Me SO
O HMDS ° soq, 0
OH OSiMe,  DMF c
HO Me,SIO MeSiO
3 1
Scheme 1.
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Polymerization

Four important variables were studied in the
polymerization of 1: reaction temperature;
reaction time; nature and amount of catalyst.
The polymerizations (Scheme 2) were con-
ducted on neat monomer, 1, containing cata-
lyst under a stream of nitrogen as outlined in
Table I. During polymerization, the release of
chlorotrimethylsilane was observed as efferves-
cence from the reaction mixture, while the
reaction mixture became increasingly viscous.
Because the glass transition temperature of the
trimethylsilyl analog of 2 is ca. 150°C, the
polymerizations were done at temperatures to
allow the reaction to proceed in the melt,
thereby providing greater mobility and flexibili-
ty for the growing hyperbranched polymers.
Reaction temperatures of 190—200°C gener-
ally gave products with higher molecular
weights than were obtained from reactions at
lower temperatures, all other variables being
held constant (Table I). Temperatures higher
than 220°C gave colored products and,
therefore, were not used.

Based on the results of our previous study,
trimethylamine hydrochloride was the first
polymerization catalyst investigated. N,N-

Dimethylformamide is also an active catalyst
for the polymerization and has the advantage
of affording a one-phase, liquid reaction
misture which provides for better mixting of
catalyst with monomer and leads to more
reproducible results. Overall, the effect of
catalyst concentration on the molecular weight
is small. In general, higher catalyst concentra-
tions provice higher molecular weight poly-
mers, but this effect is less significant than that
of reaction times and reaction temperatures.
As expected, longer reaction times allowed for
further growth and the production of higher
molecular weight products.

As is the case in most polycondensations of
this type, formation of high molecular weight
hyperbranched polymers is enhanced'* by the
use of high vacuum to remove the chloro-
trimethylsilane by-product as it is formed.
However, this study was carried-out under
nitrogen atmosphere to avoid loss of reproduc-
ibility due to slight variations in vacuum.

Work-up of the hyperbranched polyester
initially involved solubilization in a mixture of
benzene and pyridine, followed by precipita-
tion into methanol. Since complete removal of
the pyridine from the precipitated polymer was

Polym. J., Vol. 26, No. 2, 1994
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Table 1.

Preparation of hyperbranched polyesters from polymerization of neat

3,5-bis(trimethylsiloxy)benzoyl chloride under various reaction conditions

Catalyst Percent Reaction Regction Yield M
catalyst temperature time
Variation in catalyst amount:
Me;NHCI 0 200°C 0.5 — Monomer
Me;NHCI 0.5 200°C 0.5 66% 13000
Me;NHCI 1 200°C 0.5 73% 19000
Me,;NHCI 5 200°C 0.5 70% 29000
Me,;NHCI 10 200°C 0.5 1% 12000
Me;NHCI 10 200°C 1h 1% 100000
DMF 0 170°C 2h — Monomer
DMF 0.5 170°C 2h 78% 15000
DMF 2 170°C 2h 82% 18000
Variation in reaction temperature:
Me,;NHCI 1% 180°C lh 76% 32000
Me;NHCI 1% 185°C lh 81% 37000
Me,;NHCI 1% 190°C lh 3% 61000
DMF 2% 150°C 2h 66% 7900
DMF 2% 170°C 2h 82% 18000
DMF 2% 200°C 2h 91% 76000
Variation in reaction time:
Me;NHCI 1% 200°C 0.5h 73% 19000
Me;NHCI 1% 200°C 1h 76% 32000
DMF 2% 150°C 2h 68% 7900
DMF 2% 150°C 13h 79% 69000
DMF 2% 200°C 1h 74% 22000
DMF 2% 200°C 2h 91% 76000

* Obtained from MALLS (multi-angle laser light scattering) in THF with dn/dc=0.240.

found to be difficult, the benzene/pyridine
mixture was replaced by tetrahydrofuran.
While dissolution in tetrahydrofuran was
slower and required greater dilution, complete
removal of the solvent was possible. It was
found that if the reaction mixture was allowed
to cool to room temperature before the
addition of solvent, large amounts of insoluble
material were obtained, with higher reaction
temperatures giving increasing amounts of
insoluble product. These insoluble fractions
were believed to be ‘“‘pseudo-crosslinked”
through the formation of strongly hydrogen-
bonded aggregates. Heating the pseudo-
crosslinked materials in highly polar, high
boiling solvents, such as N-methylpyrrolidone
(NMP) or DMF, effected breakage of the
hydrogen-bonded aggregates to give soluble
products.

190

Addition of the solution of the crude hy-
perbranched polyester to methanol resulted
in its initial precipitation followed by re-
solubilization of the polymer as a result of
hydrolysis of the trimethylsilyl groups. This is
in direct contrast to the benzene/pyridine
work-up, that gave a methanol-insoluble
product. This difference in solubility in
methanol is likely due to the ability of pyri-
dine to strongly complex with the phenolic
chain ends of the polymer. Evaporation of the
methanolic solution of 2 followed by precip-
itation into ether to remove low molecular
weight products, and precipitation into hexanes
afforded the purified phenolic-terminated poly-
ester, 2, as an off-white solid. The yields of
isolated 2 ranged from 60% to 90% depending
on the specific reaction conditions and work-up
procedures.
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Due to the high viscosity of the polymeriza-
tion mixture during melt polymerization, the
polymerization of 1 was also studied in solution
(Table II). The solution polymerizations were
performed by heating the monomer and
catalyst in o-dichlorobenzene at reflux under
a stream of nitrogen. As with the neat po-
lymerizations, the molecular weights of the
polymers increased with increasing amounts of
catalyst and with increasing reaction times,
while dilution had an adverse effect on
molecular weight.

Table II. Preparation of hyperbranched polyesters
from polymerization of solutions of
3,5-bis(trimethylsiloxy)benzoyl
chloride in o-dichlorobenzene
catalyzed by trimethylamine
hydrochloride

Percent Reaction .
. Yield
Monomer/ catalyst time - M.b
Solvent* ———— e — o v
% h °
1:1 1 15 83 18900
1:1 1 17 85 22800
1:1 1 18 72 25100
1:1 5 18 75 28700
1:2 5 15 68 15700
1:1 10 18 72 35200

* Weight ratio.
b Obtained from MALLS in THF with dn/dc=0.240.
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Functionalization

A characteristic of hyperbranched and
dendritic structures is that the number of
terminal monomer unit equals the number of
dendritic (branching) monomer unit plus one.
Therefore, there is an average of one chain end
per monomer unit, and the composition of the
hyperbranched structure may be represented,
schematically by single linear units as in
Scheme 3. A variety of different functional
groups can be introduced into th hyper-
branched macromolecules by reaction of their
phenolic groups (Scheme 3). Esterification of
the OH groups of 2 can be achieved either by
the addition of a monofunctional acid chloride
to the initial polymerization mixture, or by
isolation and purification of 2 followed by its
modification. For example, heating a 1:1
molar mixture of 4-¢-butylbenzoyl chloride and
1 with DMF (2%) at 200°C resulted in the
isolation of the acylated polymer 5 (M, =
15000, M, /M,=2.2, by GPC with polystyrene
standards). However, the functionalization
reactions can be controlled and varied to a
greater degree if the phenolic terminated
polyester 2 is first isolated and purified.
Reaction of 2 (M,=42000 measured by
multi-angle laser light scattering “MALIS”)
with acetyl chloride (5 eq with respect to
polymer repeat unit) in the presence of

|
o
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£ | o.
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Scheme 3.
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triethylamine gave the fully acetylated hyper-
branched polyester, 6 (M,,=46000, M, /M,=
2.6, by GPC with polystyrene standards), in
43% vyield, after precipitation from THF into
methanol to remove partially acetylated
products. Esterification can also be accom-
plished through coupling of the phenolic
groups of 2 with carboxylic acids using
DCC/DMAP chemistry.!® In the reactions
involving DCC (1,3-dicyclohexylcarbodiimide)
and DMAP (4-dimethylaminopyridine), it was
found that DMAP could only be used in
amounts less than 0.1 eq. When larger amounts
of DMAP were used, the polymer precipitated
from solution and reaction did not occur.
Precipitation of the polymer likely results from
the formation of H-bonded complexes with
DMAP, in a similar way to the behavior
mentioned earlier for pyridine. Isolation of
the precipitate, followed by acidification with
glacial acetic acid restored solubility. Addi-
tion of DCC to a solution of 2 (M,,=42000,
MALLS) containing monobenzyl adipic acid,
7, and DMAP gave the benzyl ester terminated
polyster 8 (M,,=53000, M,,/M,=2.7, by GPC
with polystyrene standards) in 59% yield with
complete functionalization. Silylation of the
phenolic groups, for example through reaction
with N-(t-butyldimethylsilyl)- N-methyltrifiuo-
roacetamide, also proceeds smoothly to give a
stable silyl ether-terminated hyperbranched
polyester, 9 (M, =49000, M, /M,=2.6, by
GPC with polystyrene standards). Finally,
reaction of 2 (M,=3000, MALLS) with
diazomethane in THF at room temperature
gave methyl ether-terminated polymer 10
(M,,=32000, M,/M,=4.0, by GPC with
polystyrene standards), while in DMF, com-
plete cleavage of the polymer to small mole-
cules occurred, as confirmed both by NMR
and GPC, and the appearance of a strong
broad band in the IR from 3400—2800cm !
and a carbonyl band at 1722 in addition to
that at 1744cm™~'. This cleavage is not un-
expected in view of the strong basic character
of diazomethane in DMF. Interestingly, only

192

partial cleavage is seen in THF and the product
is characterized by a broader molecular weight
distribution than is the case for other func-
tionalization reactions.

For all functionalization reactions, complete
chemical modification was accomplished, in-
dicating that the phenolic chain ends are readily
accessible to reagents in solution. However,
cleavage of the benzyl groups of the benzyl
ester-terminated hyperbranched polyesters, 8,
by hydrogenolysis with solid palladium cata-
lysts was not possible. Hydrogenolysis failed
using 10% palladium on carbon with H, at
atmospheric pressure, at pressures of up to
60 psi, in various solvents and mixed solvent
systems, as well as at elevated temperatures.
As determined by 'H NMR spectroscopy, no
cleavage of the benzyl groups had taken place.
The use of palladium hydroxide on carbon
(Pearlman’s catalyst) with H,, or 10% pal-
ladium on carbon with cyclohexene as the
hydrogen source, also gave no reaction. An
analogous behavior has been observed for the
benzyl side groups of a linear polymer, while
complete debenzylation of a regular dendritic
molecule is readily achieved on a catalyst
surface as described recently.'® We are
currently probing this unusual finding cor-
relating the shape, size, or structure of a
polymer to its reactivity with a solid surface.

Characterization

The hyperbranched polyesters were char-
acterized by standard techniques, including
'H and '3C NMR, infrared spectroscopy and
gel permeation chromatography, as reported
previously.®> Not unexpectedly, it has been
demonstrated that the polystyrene equivalent
molecular weights of dendritic macromole-
cules'” and other highly branched polymers are
significantly different from their actual mo-
lecular weights. The aromatic hyperbranched
polyesters containing large numbers of pheno-
lic chain ends, have the additional problem of
affinity with the packing material of the GPC
columns, which results in unreliable data.

Polym. J., Vol. 26, No. 2, 1994
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Therefore, for all of the phenolic-terminated
polymers produced in this study, multi-angle
laser light scattering (MALLS) detection was
employed to measure their absolute weight
average molecular weights as reported in
Tables I and II.

Table I1I reports a comparison of the weight
average molecular weights of the phenolic
polymers 2 with GPC data (polystyrene
standards) obtained for selected functionalized
samples containing no free hydroxyls. As can
be seen in this table, the method of synthesis
we have used provides hyperbranched poly-
mers with a polydispersity between 2 and 3.
This is lower than the values reported by
Turner et al. for their very interesting polymers
obtained by a different process that affords
extremely high molecular weight products.

Although the molecular weight is readily
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Figure 1.
products, 6, 7, and 8, from modification reactions.
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controllable by the reaction conditions, the
degree of branching® remains constant at ap-
proximately 60%. This value was determin-

Table III. Molecular weight data from GPC with
multi-angle laser light scattering and polystyrene
standards for phenolic-terminal hyperbranched
polyesters and their corresponding
functionalized products in which
the polar phenols are ‘“‘capped”

Starting OH-Functionalized polymer
polymer
M,? Functional group My M,/Mp
30000 OCH, 32000 4.0
32000 OSi(CH,;), 41000 2.0
42000 0,CCH; 46000 2.6
60000 0,C(CH,),CO,Bn 75000 3.1

2 MALLS in THF with drn/dc=0.240.
® GPC based on polystyrene standards.
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'H NMR (300 MHz) spectra of the phenolic terminated hyperbranched polyester, 2, and
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ed by '"H NMR analysis of the aromatic pro-
tons, and confirmed by integration data for
the phenolic protons (exchangeable with D,0)
at 8.75 and 9.25 ppm of the terminal diphenolic
monomer units and linear monophenolic units,
respectively. A representative 'H NMR spec-
trum is shown in Figure 1.

The 'H NMR spectra of compounds 6, 8,
and 9, shown in Figure 1, confirm the complete
protection of the hydroxyl groups of the
hyperbranched polyester. Comparison of the
integration values of the protons for the
aromatic monomer units with the protons of
the functional groups gives the extent of
modification of the chain ends. The functionali-
zation reactions were also monitored by '3C
NMR and infrared spectroscopy. It is interest-
ing to note the increased symmetry of the
monomeric subunits upon esterification, as
evidenced by the observation of fewer and
sharper peaks in the '*C NMR spectrum of 6.

As has been found for dendritic macro-
molecules and other hyperbranched systems,
the functionality of the chain ends dramatically
affects the properties of these hyperbranched
polyesters. The phenolic terminated products,
2, are only soluble in polar solvents, such as
methanol, tetrahydrofuran, acetone, DMSO,
and NMP, while the chain end modified
hyperbranched polyesters are also soluble in
solvents such as chloroform, dichloromethane,
and toluene.

The thermal properties, including glass
transition and thermal decomposition tem-
perature were found to be very dependent on
the nature of the chain ends (Scheme 3).
Surprisingly, the T, of 8 is only 6°C, which
suggests that the flexible alkyl units are dis-
tributed throughout the structure and act as
plasticizers for the aromatic hyperbranched
polyester. The variation in T, values (Scheme
3) of the other products coincide with the
rigidity and polarity of the phenol protecting
groups. Weight losses observed in thermogravi-
metric analysis measurements were in rough
agreement with the nature and composition of
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the functionalized hyperbranched materials.
For example, the acetate group of 6 consti-
tutes 33% of the total monomeric molecular
weight of 178 amu, and TGA gives 37% weight
loss occurring from 305 to 415°C with the
remaining 63% decomposing between 415—
540°C. Similarly, the adipic acid monobenzyl
ester chain end unit of 8 constitutes 62% of
the total monomeric unit molecular weight
of 354amu, and TGA shows 57% weight
loss from 280 to 395°C with the remaining
43% decomposition occurring between 395—
545°C.

EXPERIMENTAL

General Directions

Glass transition temperatures were measured
by differential scanning calorimetry using a
Mettler DSC 30 low temperture cell coupled
to a TCI0A TA processor. Heating rates were
10K min~'. T, was taken as the midpoint of
the inflection tangent. Thermogravimetric
analyses were measured on a Mettler TG50
thermobalance at 20 Kmin~' heating rate.
Data analysis for both DSC and TGA was
done with Mettler TA72 software. Infrared
spectra were recorded on a Nicolet IR/44
spectrophotometer as thin films on NaCl disks.
'"H NMR spectra were recorded on solutions
in dg-acetone or CDCl; on a Bruker WM300
(300 MHz) spectrometer with the solvent
proton signals as standard. 1*C NMR spectra
were recorded at 75 MHz on a Bruker WM 300
spectrometer with the solvent carbon signal as
internal standard. Size exclusion chromatog-
raphy was carried out with a Hewlett Packard
series 1050 autoinjector, Waters 590 pro-
grammable HPLC pump, and three Polymer
Laboratories PL gel 10 um mixed bed columns
connected to a Wyatt Technology Corporation
DAWN® F Laser Photometer and then a
Waters 410 Differential Refractometer; data
analysis was performed with ASTRA software,
version 2.02 and EASI (Wyatt); dn/dc mea-
surements were done on a Wyatt Optilab 903

Polym. J., Vol. 26, No. 2, 1994
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Refractometer.

Trimethylsilyl 3,5-Bis(trimethylsiloxy)benzoate

4)

A mixture of 3,5-dihydroxybenzoic acid 3
(129 g, 0.838mol) and hexamethyldisilazane
(360 ml, 275g, 1.70mol) was heated at reflux
under nitrogen for 6h and stirred at room
temperature for 3 h. The reaction mixture was
then evaporated to dryness and the crude
product purified by fractional distillation,
and the fraction boiling at 100—104°C (0.015
mmHg) being collected, to give the trimethylsi-
lyl ester 4 as a colorless oil (292 g, 94%): 'H
NMR (CDCl,) 6 0.26 (s, 18H, ArOSi(CH,),),
0.37 (s, 9H, CO,Si(CH,);), 6.52 (t, 1H, J=
2Hz, ArH), and 7.12 (d, 2H, J=2Hz, ArH)
ppm.

3,5-Bis(trimethylsiloxy)benzoyl Chloride (1)

To a solution of the trimethylsilyl ester 4
(152 g, 0.410 mol) in dry benzene (200 ml) was
added freshly distilled thionyl chloride (36 ml,
59 g, 0.49 mol) followed by N,N-dimethylfor-
mamide (5 drops). The reaction mixture was
then heated at reflux under nitrogen for 14 h,
cooled, and then filtered through a short
column of alumina (Ar atmosphere). The
solution was then evaporated to dryness and
the crude acid chloride purified by Kugelrohr
distillation at 100—120°C (0.15 mmHg) to give
the acid chloride as a colorless oil (97 g, 75%):
'H NMR (CDCl;) §0.28 (s, 18H, OSi(CH3)s,
6.63 (t, 1H, J=2Hz, ArH), and 7.20 (d, 2H,
J=2Hz, ArH) ppm; *3C NMR (CDCl;) 6 0.14,
110.60, 116.23, 119.11, 134.89, 137.72, and
156.46 ppm.

Polymerization of 3,5-Bis(trimethylsiloxy)ben-

zoyl Chloride (2)

A mixture of the monomer, 3,5-Bis(tri-
methylsiloxy)benzoyl chloride 1 (2.00g, 6.32
mmol) and the catalyst (either trimethylamine
hydrochloride or N,N-dimethylformamide in
the desired molar percentage), in a round
bottom flask equipped with a mmagnetic stirrer

Polym. J., Vol. 26, No. 2, 1994

and under a stream of nitrogen, were placed
into a hot oil bath equilibrated to the desired
temperature. The reaction mixture became
more viscous and usually solidified over time.
After the desired reaction time, the reaction
mixture was removed from the hot oil bath,
tetrahydrofuran (THF) (ca. 10 ml) was added,
and the THF solution was added to methanol
(200 ml). The methanol was removed in vacuo.
The residue was dissolved in THF and
precipitated into diethyl ether to remove the
low molecular weight impurities. This pre-
cipitate was collected by suction filtration or
decantation (depending on its consistency),
dissolved in THF and precipitated into
hexanes. The white to light brown (depending
on reaction temperature) precipitate was
collected by suction filtration and dried under
reduced pressure. T, 197°C; IR 3500—2900,
1744, 1660, 1595, 1449, 1298, 1188, 1134,
1082cm™*; 'H NMR (CDCl;) 4 6.60—6.80,
7.05—7.40, 7.47—7.88, 7.96—8.34, 8.6—9.0,
9.2—9.5ppm; !3C NMR (CDCl;) 6109—
109.5, 115—116, 121.5—123, 131.5—132.5,
152—153, 159—159.5, 163.5, 164.1, 164.13,
164.77, 164.87 ppm.

Preparation of Hyperbranched Polymer in the
Presence of the Capping Agent 4-tert-
Butylbenzoyl Chloride
3,5-Bis(trimethylsiloxy)benzoyl chloride 1

(1.0g, 3.2mmol), 4-t-butylbenzoyl chloride

(0.65 g, 3.3 mmol) and trimmethylamine hydro-

chloride (0.003 g, 0.03 mmol), in a 25 ml round

bottom flask equipped with a magnetic stirred
and N, bubbler, were placed into a 195°C oil
bath. After 2h, the reaction mixture was
allowed to cool, and then THF (10ml) was
added. The THF solution was precipitated into
methanol to yield the ¢-butylbenzoyl termi-
nated hyperbranched polyester, 5, as an
off-white powder and containing 86% -
butylbenzoyl chain ends [0.72 g, 82% (based
on 86% t-butylbenzoyl groups), M, =15000,
M,=6700, by GPC based on polystyrene
standards]; T, 168°C; IR 3600—3300, 3100,
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2964, 2907, 2870, 1746, 1599, 1445, 1260, 1186,
1132, 1067, 1015, 999, 756cm™!; 'H NMR
(CDCl;) 6 1.0—1.5 (broad s, 9H (CH;);C-),
6.7—7.1, 7.2—17.6, 7.7—38.2 (broad s, broad s,
broad d, 7.2H integration, aromatic H of ¢-
butylbenzoyl groups and functionalized mono-
mer units (7H total), and unfunctionalized
monomer units (3H/unit)) ppm; '*C NMR
(CDCl,) 634.7,46,3,119.9,120.8, 125.1, 127.1,
130.0, 132.7, 151.4, 154.7, 162.8, 162.9 ppm.

Modification of the Free Phenolic Hydroxyls of

2

Acetyl (6). To a solution of phenol terminat-
ed hyperbranched polyester 2 (0.053g, 0.39
mmol repeat unit, M,,=42000, by MALLS)
and triethylamine (0.27 ml, 0.20 g, 2.0 mmol, 5
eq) in THF (10 ml) at room temperature under
N, was added acetyl chloride (0.14ml, 0.15g,
1.9mmol, 5 eq) via syringe which caused the
reaction mixture to become a white slurry. The
reaction mixture was stirred at room tempera-
ture under N, overnight, filtered, concentrated
in vacuo, and precipitated into methanol to
yield 6 as an off-white powder (0.030 g, 43%,
M, =46000, M,=18000, by GPC based on
polystyrene standards) with 100% conversion
of the phenolic chain ends as determined by
'H NMR. T, 133°C; IR 3096, 2950, 1750,
1595, 1455, 1391, 1294, 1197, 1142, 1098,
1039cm™'; 'H NMR (CDCl;) 6 2.2—2.5
(broad s, CH,CO,-), 7.2, 7.33, 7.5, 7.8, 7.87,
792, 7.98 (each broad s, aromatic H of
monomer units) ppm; 3H NMR (CDCl,)
20.93, 120.8, 121.2, 103.8, 131.0, 131.2, 151.2,
151.3, 162.7, 162.8, 168.6 ppm: TGA: 305—
415°C, 37% wt. loss; 415—540°C, 63% we.
loss.

Esterification with Adipic acid Monobenzyl

Ester (8)

To a solution of phenol-terminated hyper-
branched polyester 2 (0.10 g, 0.74 mmol repeat
unit, M,,=42000, by MALLS) in THF (25 ml)
at room temperature under N, was added the
monobenzylester of adipic acid 7 (0.35g, 1.5
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mmol, 2.0 eq), followed by dropwise addi-
tion of dicyclohexycarbodiimide (0.33g, 1.6
mmol, 2.2eq) in THF (10ml) and then N,N-
dimethylaminopyridine (0.009 g, 0.074 mmol,
0.1 eq) in THF (2ml). The reaction mixture
was stirred at room temperature under N, for
20h, during which time, a precipitate of di-
cyclohexylurea formed. The reaction mixture
was filtered, concentrated in vacuo, and pre-
cipitated into methanol to yield 8 (0.16¢g,
59%, M, = 53000, M,=20000, by GPC based
on polystyrene standards) with 100% conver-
sion of the phenolic chain ends as determined
by 'H NMR. Upon drying of the precipitate,
the product change from an off-white opaque
solid to a light brown viscous oil. T, 6°C;
IR 3100—2830, 1740, 1595, 1443, 1281,
1183, 1130, 1082, 997, 754cm™!; '"H NMR
(CDCl,) 61.75 (broad s, -CH,CH,-), 2.4, 2.6
(each broad s, 2x-CH,CO,-), 5.1 (broad
s, PhCH,0,C-), 6.55, 6.9, 7.05, 7.5, 7.8,
7.88, 7.93, 8.0, 8.15 (each broad s, aromatic
H of monomer units), 7.15—7.45 (broad s,
PhHCH,0,C-) ppm; *C NMR (CDCl;) ¢
24.1, 24.3, 66.2, 120.8, 121.2, 128.1, 128.5,
130.5—131.2, 136.0, 151.2—151.3, 162.7—
162.8, 170.9, 172.9 ppm; TGA: 280—395°C,
57% wt. loss; 395—550°C, 43% wt. loss.
t-Butyl-dimethylsilyl (9) To a solution of
phenol terminated hyperbranched polyester 2
(M,,=42000, 0.044 g, 0.32 mmol repeat unit) in
THF (5ml) at room temperature under N, was
added N-(t-butyldimethylsilyl)- N-methyltrifiu-
oroacetamide (0.16ml, 0.16 g, 0.66 mmol, 2.1
eq) via syringe. The reaction mixure was stirred
at room temperature under N, overnight,
filtered, concentrated in vacuo, and precipitated
into methanol (25 ml) to yield 9 as an off-white
powder (0.071g, 89%, M,=49000, M,=
19000, by GPC based on polystyrene stan-
dards) with 100% conversion of the phenolic
chain ends as determined by 'H NMR. T,
103°C; IR 3090, 2957, 2932, 2895, 2861, 1750,
1591, 1445, 1341, 1261, 1188, 1140, 1080, 1028,
1005, 837,783 cm ™ '; "H NMR (CDCl,) § 0.25,
0.3 (each broad s, (CH,),Si- of di- and
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mono-terminating (linear) monomer units,
respectively), 1.0 (broad s, (CH;);CSi-), 6.6,
7.0, 7.25, 7.45, 7.5, 7.65, 8.0 (each broad s,
aromatic H of monomer units) ppm; :*C NMR
(CDCl,) 0 —4.39, 18.22, 25.66, 115.2, 116.6,
117.6, 117.9, 119—120, 121—122, 130.5—
131.5, 151—152, 156.9ppm; TGA: 285—
355°C, 10% wt. loss; 355—460°C, 35% wt.
loss; 460—590°C, 35% wt. loss; 20% mass
remaining after 590°C.

Methyl (10) To a solution of phenol
terminated hyperbranched polyester 2 (M, =
30000, 0.071 g, 0.52 mmol repeat unit) in THF
(5ml) at room temperature under N, was
added an ethereal solution containing di-
azomethane (3 ml, 0.9 mmol, 1.7eq). Efferves-
cence of N, was observed, and the reaction
mixture became cloudy. The reaction mixture
was stirred at room temperature under N,
overnight, with most of the precipitate
redissolving. A small amount of acetic acid was
added to quench remaining diazomethane, and
then the reaction mixture was precipitated into
heaxanes to yield 10 as an off-white powder
(0.061g, 78%, M, =32000, M,/M,=4.0, by
GPC based on polystyrene standards) with
100% conversion of the phenolic chain ends
as determined by 'H NMR. IR 3200—2850,
1743, 1596, 1463, 1429, 1334, 1293, 1201, 1181,
1142, 1047cm™*; 'H NMR (CDCl;) 63.82
(broad s, CH3), 6.69, 7.07, 7.30, 7.49, 7.51, 8.01
(each broad s, aromatic H of monomer units)
ppm.
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