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Rapid Synthesis of Hyperbranched Aromatic Polyetherimides
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ABSTRACT: High molecular weight hyperbranched polyetherimides have been synthesized in a single-
pot reaction in as little as 2.5 min from an easily synthesized and scalable AB, monomer using a rapid
catalytic arylation method. NMR integration experiments and model compound studies revealed a degree
of branching (DB) of 67% for hyperbranched polyetherimide 4 relative to the expected statistical value of
50%. Molecular weights were determined by gel permeation chromatography in two different solvent
systems and varied widely. The polymers are highly soluble in common organic solvents and are among
the most thermally stable hyperbranched polymers yet prepared.

Introduction

In recent years, interest in the single-step synthesis
of hyperbranched polymers has rapidly increased.! Our
involvement in this field has risen not only from the
point of synthetic novelty but also from the potential
uses highly branched polymers might have in the
processing and property enhancement of linear com-
modity polymers. Although hyperbranched polymers do
not have perfectly defined structures, they retain many
of the important features of dendritic macromolecules
(i.e., multiple end groups, high solubility, and reduced
viscosities relative to their linear counterparts). Thus,
they may be considered practical alternatives to den-
drimers for use in applications where the perfectly
regular structure of highly branched macromolecules is
less important. While there have been many reports on
the synthesis and characterization of hyperbranched
polymers,12-10 little work has been done to efficiently
synthesize large quantities of thermally stable polymers
for testing potential applications. If hyperbranched
materials are to be used as additives in commodity
polymers and thermosets, the backbone must have
thermal and hydrolytic stabilities that are equal to or
better than those of the major component, while deliver-
ing enhanced processability and physical properties.

One commercially important class of high-perfor-
mance polymers that has yet to be studied in the
hyperbranched form is the aromatic polyetherimide. We
feel that hyperbranched materials of this class would
be ideal for use as specialty additives in linear high-
performance polymers. Linear polyetherimides are known
for their excellent thermooxidative stability, chemical
resistance, and mechanical properties. These charac-
teristics make them useful for specialty applications
such as wire enamels, sterilizable medical equipment,
aircraft engine parts, and others.!!

While many methods have been developed for the
synthesis of polyetherimides,'? one of two methods is
typically employed. The first involves the condensation
of diamines and dianhydrides to form poly(amic)acid
precursors that are subsequently imidized by chemical
or thermal treatment.’® The second involves aromatic
nucleophilic substitution reactions between phenolate
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salts and nitrophthalimides.* To prepare hyperbranched
polyetherimides, it is important to use a method that
involves stable “AB,” monomers that are easily synthe-
sized and purified. Neither of the aforementioned
methods meets these criteria. Purification of amino
anhydride monomers is complicated because of oligo-
merization upon heating and drying; thus, few amino
anhydrides are known.'® The use of aromatic nucleo-
philic substitution reactions between phenolate salts
and aromatic nitrophthalimides also has disadvantages.
Oxidatively sensitive phenolate salts require strict
adherence to anhydrous conditions in order to achieve
high conversion. The formation of product is accompa-
nied by a nitrite salt that must be removed after
polymerization, and the nitrite ion can participate in
unwanted side reactions.1® Another limitation is that
reactions using benzenediol salts give poor yields due
to electron transfer between the nitrophthalimide and
the benzenediol dianion.'”

Krickeldorf has published a series of reports on the
synthesis of polyetherketones and polyethersulfones
using an arylation method involving trimethylsilyl
(TMS) protected diphenols, activated difluorides, and
catalytic amounts of CsF.*® Using a method similar to
that reported by Kricheldorf, Bryant and St. Clair
described the synthesis of linear polyetherimides de-
rived from TMS-protected 3- and 4-hydroxyphenyl-4-
fluorophthalimide AB monomers.'® Inherent viscosities
as high as 1 dL/g were reported. In our hands, we found
the TMS protecting groups to be quite labile, preventing
the monomers from being purified to greater than 96%.
This lability is likely enhanced at elevated tempera-
tures. The free phenols are not reactive under the
polymerization conditions and act as chain terminators.
Changing the TMS groups to tert-butyldimethylsilyl
(TBDMS) ethers circumvented the monomer stability
problem and allowed for the rapid, efficient synthesis
of high molecular weight polymers. We recently reported
that this arylation method can be used to synthesize
small molecule aromatic etherimides rapidly and in high
yield.?° This paper details the successful extension of
this chemistry to the synthesis of the hyperbranched
polyetherimide 4 and its characterization in terms of
molecular weight, degree of branching, and thermal
stability.
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Scheme 1. Monomer Synthesis
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Results and Discussion

Synthesis. The synthesis of monomer 3 was ac-
complished in two steps from the hydrochloride salt of
3,5-dihydroxyaniline?! (1; Scheme 1). Reaction of 1 with
4-fluorophthalic anhydride in refluxing acetic acid af-
forded 3,5-dihydroxyphenyl-4-fluorophthalimide (2) in
good yield.?? The TBDMS protecting groups were in-
stalled by stirring TBDMS chloride in methylene chlo-
ride with imidazole.?® The reaction was high-yielding,
and purification was straightforward involving separa-
tion of the imidazole salts by filtration and recrystalli-
zation of monomer 3 from heptane.

The polycondensation of 3 was performed by preheat-
ing a silicon oil bath to 240 °C (Scheme 2). A polymer-
ization vessel containing monomer, diphenylsulfone, and
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catalyst was quickly immersed in the bath. The solid
reagents melted immediately, forming a slightly yellow
molten solution. Within seconds of melting, the reaction
mixture began bubbling vigorously and TBDMS fluoride
evolution was observed. The mixture was stirred until
bubbling ceased (approximately 2.5 min after all solids
had melted), and the reaction mixture was then re-
moved from heat and cooled. Before solidification, the
reaction mixture was taken up in hot toluene followed
by acetone, which was then removed in vacuo yielding
a white powder. This powder was slurried in hot
ethanol, and the insoluble polymer was separated from
the DPS by filtration and isolated as a white amorphous
powder.

Degree of Branching. An important characteristic
of any hyperbranched polymer is its degree of branching
(DB).2* The DB for polymer 4 has been determined by
a combination of model compound studies and proton
NMR integration experiments. Scheme 3 shows the
model reaction performed to determine the theoretical
DB, assuming reactivity is independent of molecular
size. Samples of 1 equiv of B, monomer 5 and 1 equiv
of fluorophthalimide 6 were reacted under the same
conditions used for polymerization of 3. A quantitative
recovery of material yielded a 1:1:1 mixture of unreacted
5, monoarylated product 7, and diarylated product 8.2
The DB is then estimated from eq 1.

(8] + [5]

PB =R+ 7] + 5]

@)

On the basis of this definition, the degree of branching
of the hyperbranched polymer is predicted to be 67%.

Scheme 2. Synthesis of Hyperbranched Polyetherimide (HBPEI)
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Figure 1. NMR Spectra of the aromatic region used to determine degree of branching: (a) NMR of known mixture of model
compounds 5, 7, and 8; (b) NMR of dendritic model compound 8; (c) NMR of linear model compound 7; (d) NMR of terminal model

compound 5; () NMR of hyperbranched polyetherimide 4.

Figure 1 shows proton NMR data from the aromatic
region of the hyperbranched polyetherimide 4, the three
model compounds 5, 7, and 8, and a known mixture of
the three model compounds. As seen in Figure 1b—d,
distinct proton resonances are observed for the den-
dritic, linear, and terminal units. Dendritic model
compound 8 shows a doublet at 7.25 ppm (Hp) and a
triplet at 6.96 ppm (H,). Linear model compound 7
shows two overlapping triplets at 6.93 ppm (Hp) and a
triplet at 6.68 ppm (H,). Terminal model compound 5
shows a doublet at 6.58 ppm (Hp) and a triplet at 6.41
ppm (Ha). To verify the accuracy of NMR integrations
for the determination of DB, we prepared a known
mixture of the three model compounds and determined
their molar ratios from NMR integrations to within
0.01% (Figure 1a).26 The NMR of hyperbranched poly-
mer 4 is shown in Figure le. The broad peak at 7.23
ppm corresponds to the dendritic proton Hy. The peak
at 6.92 ppm includes the overlapping signals from linear
protons H, and H; and dendritic proton H,. The linear
proton H, resonates at 6.64 ppm. The peak at 6.58 ppm
corresponds to the terminal proton Hy, and the linear
proton H, appears at 6.40 ppm. Frey has recently given
a more accurate expression for the calculation of the DB
from NMR integration experiments.?4 The DB from the
NMR integration according to Frey’s definition is cal-
culated as

DB ___20]

Fror = 2D] + L] @

Table 1. GPC Data for Hyperbranched PEI 4

GPC conditions M (kDa) My (kDa) PDI
THF2 19.2 47.5 25
NMP/LiBrb 9.3 100.4 10.7

a Relative to linear PS standards. ? On the basis of Universal

calibration.

On the basis of this formula, the degree of branching
can be calculated from integrated intensities of the
peaks shown in Figure 1e. The DBy calculated using
the integration of the dendritic protons Hy (1.90) and
linear proton H, (1.00) gives a value of 66%.27 This value
is in excellent agreement with the DB determined from
the model compound study.

Molecular Weight and Characterization. The
molecular weight of the hyperbranched polyetherimide
was determined by gel permeation chromatography
(GPC) using two different GPC solvent systems with two
different methods of detection. The results of the GPC
analysis are shown in Table 1. The data obtained from
each GPC system showed excellent reproducibility in
duplicate runs. The data, however, illustrate the dif-
ficulty in determining the molecular weights of hyper-
branched polymers. The GPC methods used depend on
comparison to narrow molecular weight linear polysty-
rene standards. In addition, the elution profile of the
HBPEI appears to be highly sensitive to the mobile
phase used, and molecular weights determined from
each system differ widely. This behavior may be due to
aggregation and/or adsorption to the column.
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Figure 2. Thermal gravimetric analysis of hyperbranched
polyetherimide 4 with a heating rate of 10 °C/min. A 10%
weight loss occurs at 530 °C.

Table 2. Change in M, vs Extent of Reaction

extent of reaction My (kDa)
97 124
98 18.5
99 36.9
99.9 367.6

NMR was also used to characterize the extent of
reaction and the number-average molecular weight by
end group analysis. In the limit of complete reaction,
the number of end groups or B groups (TBDMS) equals
the number of repeat units plus 1. Thus, in the case of
complete reaction, the ratio of TBDMS groups to repeat
units would equal 1. The integration of proton reso-
nances for this theoretical case would lead to a 1:1 ratio
based on the integration of the methyl group protons of
the TBDMS group to the aryl protons of the polymer.
The extent of reaction can be determined by measuring
the ratio for the hyperbranched polymer and dividing
by the theoretical ratio calculated for 100% completion.
The experimental ratio is 0.94, indicating that the
reaction has gone to 94% completion. Given the number
of moles of starting monomer and the extent of reaction,
the number-average molecular weight (M) is 6.3 kDa.
This analysis, however, is very sensitive to small
changes in integrated intensities and thus cannot
provide reliable molecular weight information for ex-
tents of reaction exceeding 90% (Table 2).22 While the
calculated number-average molecular weight by this
approach is in doubt, it is evident from the ratio of
integrations that the TBDMS end groups are largely
intact.

The hyperbranched polyetherimide is highly soluble
in all common organic solvents with the exception of
hexane, ethanol, methanol, and water. Initial experi-
ments have shown that removal of the silyl protecting
groups with TBAF yields a polymer soluble in slighty
alkaline water.

The thermal stability of the polymer was determined
by thermogravimetric analysis (TGA) in air and nitro-
gen. The thermal curves are shown in Figure 2. The
polymers exhibit exceptional thermal stability in air
with 10% weight loss occurring at 530 °C (Table 3).2°
Similar thermal stability is observed under inert atmo-
sphere. Differential scanning calorimetry (DSC) showed
no perceptible glass transition temperature (Tg) before
decomposition. Optical microscopy, however, showed a
visual softening temperature near 300 °C. These obser-
vations suggest that the polymer molecules have few
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Table 3. Thermal Stabilities Reported for Hyperbranched

Polymers
polymer type ref 10% weight loss (°C)
polyphenylene 1b >550
polyamide 39 480—-530
polyetherketone 6a 470
polyetherketone a 500

2 Hawker, C. J.; Chu, F. Macromolecules 1996, 29, 4370—4380.

intermolecular entanglements. We are currently inves-
tigating the effect of end group modifications on the
properties of these new hyperbranched molecules.

Conclusions

The first synthesis of an aromatic hyperbranched
polytherimide was performed with an easily prepared
and purified 4-fluorophthalimide derived monomer, 3.
Our synthetic method is extremely rapid, and the
resulting polymer has a high degree of branching (66%),
indicating an enhanced rate of reaction of the linear
units over terminal units in the course of the polymer-
ization. The polymers are highly soluble in common
organic solvents and are among the most thermally
stable hyperbranched polymers yet prepared. Further
investigations regarding the nature of the enhancement
in the degree of branching and the use of this material
in blends with linear polyetherimides are in progress.
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112.3, 111.9, 111.6, 26.0, —4.2. MS (El): m/e 502 (18), 501
(44), 445 (42), 444 (100), 388 (11), 222 (15), 148 (13), 73 (34).
Anal. Calcd for CosH3sFNO4SIy: C, 62.24; H, 7.23; N, 2.79.
Found: C, 61.93; H, 7.11; N, 2.85.

(a) Hawker, C. J.; Lee, R.; Fréchet, J. M. J. 3. Am. Chem.
Soc. 1991, 113, 4583—4588. (b) Hawker, C. J.; Chu, F.
Macromolecules 1996, 29, 4370—4380. (c) Holter, D.; Burgath,
A.; Frey, H. Acta Polym. 1997, 48, 30—35.

All model compounds characterized by 'H NMR, 13C NMR,
MS, and EA.

Comparison of calculated degrees of branching from molar
ratios of a known mixture and from NMR integrations of
mixture (Figure la). The degree of branching equation
defined by Hawker and Fréchet was used to determine DB:

_ D1+
[D] + [L] + [T]

[1.12 x 107°] + [7.03 x 1079

DBy oun = =0.696

@7

(28)

(29)

[1.12 x 107°] + [7.96 x 10°°] + [7.03 x 10™¢]

The DB value calculated from NMR integrations is within
0.01% of that calculated using the known molar amounts.
The degree of branching was calculated several ways using
combinations of the integration values shown in Figure le.
All values calculated fall between 65.4% and 67.5%.

A positive error of 2% in the integration of the methyl group
protons would result in a change of extent of reaction to 96%
and a change in molecular weight to 9.3 kDa. As the extent
of reaction approaches 98% and higher, the error in molecular
weights becomes exponentially larger (see Table 2).

(a) The corressponding linear AB polymer derived from
polymerization of 3-tert-butyldimethylsilyloxyphenyl-4-fluo-
rophthalimide has a 10% weight loss of 582 °C. (b) The
highest thermal stabilties reported in the hyperbranched
polymer literature are listed in Table 3.
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