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ABSTRACT: A series of hyperbranched polyethers containing different types (and lengths) of spacer
segments that link the branch points were prepared by a solvent-free melt transetherification methodology.
Three types of spacers, namely n-alkylene, cycloalkylene, and oxyethylene, were incorporated into the
hyperbranched structures in order to examine the role of spacer length (and flexibility) on the relative
compactness of the chain conformation as well as to study its effect on their Tg. The distinctive feature
of this investigation is that the branching density (number of branch-points per unit volume) is varied in
a controlled manner by utilizing AB2-type monomers that contain spacer segments of different lengths.
GPC studies using a dual detector (RI-DV) system revealed that most of the polymers were of fairly high
molecular weight, with Mw values ranging from 24 000 to 90 000. It is seen that as the branching density
decreases, i.e., when the spacer segment length increases, the Mark-Howink exponent “a” increases; for
instance, it increased from 0.37 for the polymer without a spacer to 0.54 in the case of the polymer having
a 10-carbon spacer segment. This suggests that the relative compactness of the hyperbranched structures
diminishes with increasing length of the spacer segment and might be expected to approach the behavior
of linear macromolecules for even longer spacers. Furthermore, comparison of the molecular weights of
several fractionated samples, determined by both the standard polystyrene calibration plot as well as by
the universal calibration plot, reveals that the extent of molecular weight underestimation using the PS
calibration becomes significant only at higher molecular weights. Thus, as seen in dendrimers, in
hyperbranched polymers also compact structures are formed only beyond a certain molecular weight.
The glass transition temperatures of the hyperbranched polymers were seen to decrease monotonically
with increasing spacer length within each series, and hyperbranched structures with relatively flexible
spacers exhibited lower Tg values when compared to ones with relatively rigid spacers of similar length.

Introduction

Hyperbranched polymers1 represent a class of highly
branched soluble macromolecules, which has witnessed
growing attention during the past decade, and this has
resulted in the development of several new and simpler
synthetic approaches for their preparation. A large
variety of hyperbranched structures have been prepared
utilizing both the traditional self-condensation of simple
AB2-type monomers and the more recent A2 + BB′2 type
polycondensation route and other similar methodolo-
gies.2 Alternate approaches, such as the self-condensing
vinyl polymerization3 and proton-transfer polymeriza-
tion routes,4 have expanded the structural range of
hyperbranched systems to encompass a much wider
variety of polymer types. One of the important driving
motivations for this sustained interest in hyperbranched
polymers is that they possess a compact structure and
have a large number of functional chain ends. Thus,
despite the presence of significant structural imperfec-
tions, the simplicity of their preparation and their
ability to mimic several properties exhibited by the
structurally perfect dendrimeric analogues has led to a
steady increase in the effort aimed at eliciting useful
properties from highly branched polymers.1

Despite this dramatic increase in the research efforts
in this area, several aspects concerning the correlation
of various molecular structural features and the physi-
cal properties of hyperbranched polymers remain poorly
understood. One important question concerns the role
of the linear spacer segment, which links the branch

points, in governing the physical properties of these
macromolecules. It is apparent that a controlled varia-
tion of the length of spacer segment will result in a
gradual change in the branching densitysgoing from
densely branching systems (for small spacer lengths)
to lightly branched ones (for longer ones). One approach
to vary the branching density in hyperbranched poly-
mers is to utilize an AB + AB2 type co-polycondensation
approach, wherein the extent of branching can be
controlled by varying the comonomer composition. While
the branching density can be controlled over a very wide
range using this approach, the relative locations of the
branch points are controlled primarily by the copolym-
erization statistics. Several studies that utilize this
approach, beginning with the very first report by
Kricheldorf,5-8 have investigated the effect of branching
on various bulk physical properties such as Tg, Tm,
crystallinity, etc. More recently, Müller and co-workers9

have carried out extensive studies to elucidate the effect
of branching density on the solution and melt behavior
of hyperbranched polymers prepared using the self-
condensing vinyl copolymerization approach. This ap-
proach relies on varying the branching density by
copolymerization of an inimer with different amounts
of a vinyl monomer and, therefore, will possess a similar
statistically controlled variation of branch points as in
the case of copolycondensation routes. An alternate
approach that could provide a greater control over the
distribution of branch points would be to incorporate
spacer segments of varying lengths directly into the
AB2-type monomer, which upon self-condensation would
generate hyperbranched structures with controllable
branching densities. While this approach admittedly* Corresponding author. E-mail: raman@ipc.iisc.ernet.in.
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cannot access very lightly branched structures, it can
provide a very controlled variation within a limited
window of branching densities. Very few reports in the
literature have utilized this approach for control of
branching density.10,11 A few years ago, we reported the
synthesis of hyperbranched polyurethanes12 and poly-
esters,13 wherein the primarily focus was on the varia-
tion of thermal properties as a function of controlled
spacer segment length using such an approach.

Recently, we reported the development of a new melt-
transetherification route for the preparation of linear
polyethers14 as well as hyperbranched polyethers.15

Hyperbranched polymers were prepared using an AB2
monomer based on Mesitol, wherein a monomer precur-
sor 3 (see Scheme 1) was alkylated using 2-chloroetha-
nol to generate the final AB2 monomer. This precursor
3 is very versatile, in that alkylation using various
ω-halo alcohols provides ready access to a range of
monomers wherein both the nature and the length of
the spacer segment are varied. In the present study, we
utilize this strategy to access a wide variety of hyper-
branched polyethers that incorporate spacer segments
of varying length and flexibility. Various physical at-
tributes, such as the Mark-Houwink exponent “a” and
Tg, have been correlated with the nature and length of
spacer segment.

Experimental Section
2,4,6-Trimethylphenol (Mesitol), 2-(2-chloroethoxy)ethanol,

2-[2-(2-chloroethoxy)ethoxy]ethanol, 1,6-hexanediol, 1,8-oc-
tanediol, 1,10-decanediol, and camphorsulfonic acid were
purchased from Aldrich Chemical Co. 4-Bromobutyl acetate
was synthesized from THF using a reported procedure.16

Structures of all intermediates, monomers, and polymers were
confirmed by 1H NMR spectroscopy. NMR spectra were
recorded on a Bruker AV400 MHz spectrometer, using CDCl3

and TMS as the solvent and reference, respectively. GPC was
carried out using Viscotek TDA model 300 system, which
coupled with refractive index (RI) and a differential viscometer
(DV). The separation was achieved using a series of two PLgel
mixed bed columns (300 × 7.5 mm) operated at 30 °C using
THF as the eluent. Molecular weights were determined using
a universal calibration curve based on the data from the
refractive index (RI) and differential viscometeric (DV) detec-
tors, using narrow polystyrene standards. The glass transition
temperature of the samples was determined using a Rheo-
metric Scientific DSC PLUS instrument at a heating rate of
10 °C/min, under a dry N2 atmosphere. The samples were first

heated to about 160 °C (to ensure that the sample flows and
makes adequate contact with the pan) and quenched prior to
recording its Tg. The glass transition temperature was taken
as the midpoint of the inflection tangent.

3,5-Bisbromomethyl-2,4,6-trimethylphenol (2). 50 mL
of HBr in acetic acid (33 wt %) was added to the mixture of
4.0 g (2.9 mmol) of mesitol and 2.7 g (2.9 mmol) of trioxane.
The mixture was refluxed for 2 h, cooled to RT, and poured
into 1.0 L of cold water. The residue was filtered, washed
thoroughly with water (4-5 L) to ensure it is acid-free, and
then dried under vacuum (yield ) 90.0%, mp ) 145 °C; lit.17

139 °C).
1H NMR (δ, ppm, CDCl3): 2.31 (s, 6H, Ar (CH3)2); 2.40 (s,

3H, Ar (CH3); 4.57 (s, 4H, ArCH2Br).
3,5-Bis(methoxymethyl)-2,4,6-trimethylphenol (3). So-

dium metal (3.2 g, 139.1 mmol) was added to 50 mL of dry
methanol in portions. The solution of 2 (7.5 g, 23.3 mmol) in
dry methanol (170 mL) was added dropwise to the degassed
sodium methoxide solution. The reaction mixture was refluxed
for 18 h under a N2 atmosphere and cooled to room temper-
ature, and the methanol was removed using a rotary evapora-
tor. 80 mL of cold water was added to the residue, and it was
acidified with 50% HCl (v/v). The white precipitate formed was
extracted with CHCl3 (120 mL), dried over anhydrous Na2-
SO4, and passed through a silica bed to remove some colored
impurities. The chloroform was then removed by a rotary
evaporator, and the residue was recrystallized from hot
petroleum ether to yield the desired product (yield ) 76%, mp
) 79 °C; lit. 77-79 °C15).

1H NMR (δ, ppm, CDCl3): 2.25 (s, 6H, Ar(CH3)2); 2.35 (s,
3H, Ar(CH3)); 3.40 (s, 6H, ArCH2OCH3); 4.47 (s, 4H, ArCH2-
OCH3); 4.72 (s, 1H, ArOH).

1-(2-Hydroxyethoxy)-3,5-bis(methoxymethyl)-2,4,6-tri-
methylbenzene (4a; n ) 2). A mixture of K2CO3 (7.40 g, 53.5
mmol), a catalytic amount of KI, and 2-chloroethanol (1.8 g,
22.3 mmol) were taken in 30 mL of dry CH3CN. The mixture
was degassed for 20 min, after which 2.0 g (8.9 mmol) of 3
was added to it. The reaction mixture was degassed for an
additional 20 min and then refluxed for 72 h under a N2

atmosphere. The solvent was then removed with a rotary
evaporator, and 50-60 mL of cold water was added to it. The
product was extracted with 100 mL (2 × 50 mL) of ether, and
the ether layer was washed with 10% aqueous NaOH solution
(4 × 30 mL) followed by water. The ether layer was dried over
anhydrous Na2SO4 and concentrated, and the residue was
recrystallized from hot petroleum ether to give the product
(4a; n ) 2) (yield ) 50%; mp ) 99-100 °C; lit. 99-100 °C15).

1H NMR (δ, ppm, CDCl3): 2.17 (t, 1H, ArOCH2CH2OH); 2.33
(s, 6H, Ar(CH3)2); 2.38 (s, 3H, ArCH3); 3.40 (s, 6H, ArCH2-
OCH3); 3.79 (t, 2H, ArOCH2CH2OH); 3.94 (m, 2H, Ar-
OCH2CH2OH); 4.47 (s, 4H, ArCH2OCH3).

1-(4-Acetoxybutyloxy)-3,5-bis(methoxymethyl)-2,4,6-
trimethylbenzene. 3 was coupled with 4-bromobutyl acetate
using the above procedure, and the product was purified by
distillation using Kugelrohr (220 °C/0.1 mm of Hg) (yield )
82%).

1H NMR (δ, ppm, CDCl3): 1.85-1.86 (m, 4H, ArOCH2-
(CH2)2CH2OAc); 2.06 (s, 3H, -OCOCH3); 2.30 (s, 6H, Ar-
(CH3)2); 2.36 (s, 3H, ArCH3); 3.38 (s, 6H, ArCH2OCH3); 3.65
(t, 2H, Ar-OCH2-); 4.14 (t, 2H, -CH2OAc); 4.45 (s, 4H,
ArCH2OCH3).

1-(4-Hydroxybutoxy)-3,5-bis(methoxymethyl)-2,4,6-tri-
methylbenzene (4a; n ) 4). The above acetate derivative (1.5
g, 4.4 mmol) and 24 mL of 10% aqueous NaOH were refluxed
overnight and cooled to RT. The product was extracted into
diethyl ether (2 × 30 mL), dried over anhydrous Na2SO4, and
concentrated. The residue was purified by distillation in the
Kugelrohr (240 °C/0.4 mmHg) followed by recrystallization
from hot petroleum ether (yield ) 75%, mp ) 72 °C).

1H NMR (δ, ppm, CDCl3): 1.69 (t, 1H, -CH2OH); 1.78-
1.90 (m, 4H, ArOCH2(CH2)2CH2OH); 2.30 (s, 6H, Ar(CH3)2);
2.36 (s, 3H, ArCH3); 3.39 (s, 6H, ArCH2 OCH3); 3.67 (t, 4H,
ArOCH2); 4.14 (m, 2H, CH2OH); 4.45 (s, 4H, ArCH2OCH3).

1-(ω-Hydroxyalkyloxy)-3,5-bis(methoxymethyl)-2,4,6-
trimethylbenzene (4a; n ) 6-10). 3 was coupled with the

Scheme 1. Monomer and Polymer Synthesis
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appropriate ω-bromoalkanol using the same procedure as
above, and the product was purified by distillation using a
Kugelrohr followed by recrystallization from petroleum ether.
The yields and NMR data are provided below.

4a; n ) 6; yield ) 73%, mp ) 73 °C: 1H NMR (δ, ppm,
CDCl3): 1.40-1.85 (m, 8H, ArOCH2(CH2)4CH2OH); 2.30 (s,
6H, Ar(CH3)2); 2.36 (s, 3H, Ar(CH3); 3.38 (s, 6H, ArCH2OCH3);
3.61-3.63 (m, 4H ArOCH2(CH2)4CH2OH); 4.45 (s, 4H, ArCH2-
OCH3).

4a; n ) 8; yield ) 70%, mp ) 70 °C: 1H NMR (δ, ppm,
CDCl3): 1.37-1.81 (m, 12H, ArOCH2(CH2)6CH2OH); 2.30 (s,
6H, Ar(CH3)2); 2.36 (s, 3H, Ar(CH3); 3.38 (s, 6H, ArCH2OCH3);
3.61-3.63 (m, 4H, ArOCH2(CH2)6CH2OH); 4.46 (s, 4H, ArCH2-
OCH3).

4a; n ) 10; yield ) 70%, mp ) 75 °C: 1H NMR (δ, ppm,
CDCl3): 1.37-1.81 (m, 14H, ArOCH2(CH2)7CH2OH); 2.30 (s,
6H, Ar(CH3)2), 2.36 (s, 3H, Ar(CH3)); 3.38 (s, 6H, ArCH2OCH3);
3.61-3.63 (m, 4H, Ar-OCH2(CH2)7CH2OH), 4.46 (s, 4H,
ArCH2OCH3).

1-(ω-Hydroxyoligoethyleneoxy)-3,5-bis(methoxymeth-
yl)-2,4,6-trimethylbenzene (4b, n ) 2 or 3). 3 was coupled
with of 2-(2-chloroethoxy)ethanol (or 2-[2-(2-chloroethoxy)-
ethoxy]ethanol) using the same procedure as for the alkylene
series (4a).

4b, n ) 2; yield ) 50%: 1H NMR (δ, ppm, CDCl3): 2.33 (s,
6H, Ar(CH3)2); 2.37 (s, 3H, Ar(CH3)); 3.40 (s, 6H, ArCH2OCH3);
3.63-3.85 (m, 8H, ArOCH2CH2OCH2CH2OH); 4.46 (s, 4H,
ArCH2OCH3).

4b, n ) 3; yield ) 50%: 1H NMR (δ, ppm, CDCl3): 2.33 (s,
6H, Ar(CH3)2), 2.37 (s, 3H, Ar(CH3)); 3.40 (s, 6H, ArCH2OCH3);
3.63-3.85 (m, 12H, ArOCH2CH2OCH2CH2OCH2CH2OH);
4.46 (s, 4H, ArCH2OCH3).

1-(4-Hydroxymethylcyclohexylmethoxy)-3,5-bis-
(methoxymethyl)-2,4,6-trimethylbenzene (4c). 3 was
coupled with 4-bromomethylcyclohexylmethanol using the
same procedure as for the alkylene series (4a), and the product
was purified by recrystallization from hot petroleum ether
(yield ) 52%, mp ) 110-111 °C).

1H NMR (δ, ppm, CDCl3): 0.9-2.0 (m, 10H, cyclohexane);
2.30 (s, 6H, Ar(CH3)2); 2.37 (s, 3H, Ar(CH3)); 3.39 (s, 6H,
ArCH2OCH3); 3.44-3.49 (m, 4H, CH2-cyclohexyl); 4.46 (s, 4H,
ArCH2OCH3).

Typical Polymerization Procedure. 1-(2-Hydroxyethoxy)-
3,5-bis(methoxymethyl)-2,4,6-trimethylbenzene 4a (n ) 2) (600
mg, 2.2 mmol) along with 2 mol % of pyridinium camphor
sulfonate (PCS) was placed in the test tube-shaped polymer-
ization tube. It was degassed for 10 min and dipped into an
oil bath at 110 °C under continuous N2 purge, to ensure
homogeneous mixing of catalyst with monomer. The temper-
ature of the oil bath was raised to 150 °C, and polymerization
was carried out under N2 for 2 h with constant stirring. The
polymerization tube was cooled to room temperature and
connected to a Kugelrohr apparatus, in which the polymeri-
zation was continued for an additional 1 h at 150 °C under
reduced pressure (0.1 Torr), with continuous mixing of the melt
by rotation. The polymer was dissolved in THF, and the
solution was neutralized with solid NaHCO3 and filtered. The
filtrate was concentrated and poured into methanol to obtained
polymer. All polymers were purified further by dissolution
followed by reprecipitation. Typical yields of the purified
polymer ranged from 50 to 60%.

Results and Discussion

Polymer Synthesis. Using mesitol as the starting
material, monomer 3 was prepared in two steps involv-
ing a high yielding bis(bromomethylation) step followed
by transformation of the bromomethyl groups to meth-
oxymethyl groups (Scheme 1).18 The controlled variation
of the spacer segment in the hyperbranched structures
was affected by incorporation of the spacer into the AB2-
type monomer at this stage. A series of monomers
containing alkylene spacers (4a) of varying lengths,
from C2 to C10, were prepared by coupling 3 with the

required ω-bromoalkanols. Similary, a series of mono-
mers with relatively flexible oligo-oxyethylene spacers
(4b) and one with a stiff cycloalkylene spacer (4c) were
also prepared. The structures of all the monomers were
confirmed by their 1H NMR spectra.19

Polymerization of the various AB2 monomers pro-
ceeded under acid-catalyzed transetherification condi-
tions, with the exclusion of methanol, to yield hyper-
branched polyethers with fairly high molecular weights.
The transetherification process occurs readily because
of the ease of formation of the benzylic carbocationic
intermediate during the acid-catalyzed process. The
three methyl groups on the benzene ring of the monomer
are essential to prevent cross-linking that can occur via
an electrophilc aromatic substitution.15 An improved
catalyst, namely pyridinium camphor sulfonate (PCS),
was used to affect the polycondensation, as the polym-
erization under these conditions proceeded cleanly with
fewer side reactions.20 Furthermore, the direct polym-
erization of 3, which had failed to give the desired
polymer using PTSA as the catalyst, gave a soluble
polymer HP-C0 with the expected structure using PCS
as the catalyst. In Figure 1, we compare the spectra of
one representative monomer 4a (n ) 6) with that of the
corresponding polymer HP-C6. Upon polymerization
the benzylic protons peaks (∼4.5 ppm) split into two
peaks of equal intensity: one belonging to CH3OCH2-
and the other to -R-OCH2-, which suggests that the
extent of conversion is fairly high leading to the loss of
one of the methoxy groups in the form of methanol.

Furthermore, the coincidental overlap of the Ar-O-
CH2- and the -CH2OH protons (∼3.6-3.7 ppm) in this
monomer is lifted upon polymerization, and the two
types of alkoxymethyl protons appear as two separate
triplets of equal intensity. The relative intensities of all
the other proton signals conform to the expected poly-
mer structure.

The 1H NMR spectra of the various other hyper-
branched polymers are compared in Figure 2. In most
cases, one sees two sets of triplets in the region between
3.5 and 4.0 ppm, corresponding to the two types of
alkoxymethylene protons of the spacer. Furthermore,
in the case of the alkylene series the difference between
the two types of benzylic protons (in the 4.5 ppm region),
which is very significant in the HP-C2 case, decreases
considerably as the spacer length increases. The pres-
ence of a â-oxygen atom in the HP-C2 case causes this
large difference. In the case of the oligo-oxyethylene
series, however, the difference between these two peaks

Figure 1. 1H NMR spectra of a representative monomer 4a
(n ) 6) and the corresponding polymer HP-C6.
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reduces only slightly (as the â-oxygen atom is always
present), and it is roughly the same in cases of HP-DEG
and HP-TEG. Apart from these differences, the ability
to discriminate between the dendritic and linear defect
units, which was possible in the case of HP-C2 utilizing
the multiplicity of the aromatic methyl protons signals
(∼2.2-2.5 ppm),15 is lost because these protons become
less sensitive to the different types of environments
present in polymers having longer spacer segments. In
all the polymers belonging to the alkylene spacer series,
essentially only two peaks (with intensity ratio of 1:2)
are seen (some weak shoulders are visible in the spectra
of HP-C4), confirming the complete loss of sensitivity
to the presence of defect units. In the case of HP-DEG
some splitting remains, although the assignments were
difficult to make. Hence, the degree of branching (DB)
in most of these polymers was difficult to establish.
Quite unexpectedly, even in the case of the polymer
without a spacer, HP-C0, only two types of methyl
protons are seen, suggesting that the structure/confor-
mation of HP-C2 appears to specifically enable the
discrimination of the different types of subunits. The
spectrum of the polymer with a cyclohexanedimethylene
spacer (HP-CDM) also exhibited a similar pattern in
the aromatic methyl region, leaving little possibility of
determining the degree of branching. In the case of this
polymer, the spacer segment contains both the cis and
trans forms in the ratio 20:80,21 although in the polymer
the peaks due to these isomers were not resolvable.

Molecular Weights and Conformational Char-
acteristics. The molecular weights of the polymers
were determined by GPC at 30 °C in THF, using a dual
detector system, consisting of a refractive index (RI) and
a differential viscometric (DV) detector connected in
series. The molecular weights of all the polymers were
determined by the universal calibration method and
were found to be reasonably high, with Mw values

ranging from 24 000 to 90 000, as seen in Table 1.
Inclusion of spacer segments of various lengths into the
monomer structure makes it possible to vary the
distance between the branch points in the hyper-
branched polymer in a controlled fashion, thereby
permitting one to probe the effect of such a variation
on the conformational properties of the hyperbranched
polymer. This analysis, of course, assumes that the
degree of branching in these polymers is invariant with
spacer segment length. We make this assumption, first,
because it is difficult to directly determine the DB, and
second, we feel that there are no compelling factors that
should cause deviations from the statistically controlled
degree of branching with increasing spacer segment
length.22 The use of the dual detector system permitted
the determination of the Mark-Houwink exponents for
the various hyperbranched polymers. Typically, the DV
detector directly measures the intrinsic viscosities of the
various slices of each chromatogram (done in THF at
30 °C), while the RI detector measures their concentra-
tions.

Using a universal calibration plot based on poly-
styrene standards, the Mw values for each slice are
determined, from which the M-H plots (Figure 3) are
constructed. It is apparent that, unlike in the case of
dendrimers,23 the intrinsic viscosity does not go through
a maximum in such a plot, reaffirming that the degree
of branching in these systems are not very high, as is
the case with typical hyperbranched polymers. Compu-
tational studies by Lyulin et al. have suggested that
such a maximum in intrinsic viscosity would be seen
only when the degree of branching exceeds 0.8.24

Experimental studies of hyperbranched polymers have
also confirmed the linear variation of the intrinsic
viscosity with molecular weight.25 The M-H exponent
“a”, which is a measure of the relative compactness of

Figure 2. 1H NMR spectra of the various hyperbranched
polymers. The peak indicated by an asterisk is due to water.

Table 1. Various Physical Attributes of the Different
Hyperbranched Polymers

polymer Mw PDI aa Tg (°C)

HP-C0 24 000 1.7 0.370 88
HP-C2 83 000 3.9 0.399 36
HP-C4 53 200 3.0 0.405 12
HP-C6 51 100 2.5 0.449 1
HP-C8 59 900 2.7 0.477 -8
HP-C10 38 300 1.6 0.540 -18
HP-DEG 90 000 1.9 0.426 -3
HP-TEG 70 300 1.7 0.459 -16
HP-CDM 28 300 2.1 0.430 77
a Mark-Howink exponent determined by GPC in THF at 30

°C using a dual detector setup.

Figure 3. Mark-Howink plots of two representative hyper-
branched polymers obtained using the GPC equipped with a
dual detector.
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the polymer chain, is plotted as a function of spacer
length in Figure 4. The a value for the parent hyper-
branched polymer HP-C0 without a spacer is 0.37, and
it increases gradually to 0.54 for HP-C10. A similar
increase in the a value with spacer length is also seen
in the case of the relatively more flexible oligo-oxyeth-
ylene spacers, although the extent of increase in these
systems (considering the same number of atoms in the
spacer segment) appears to be slightly smaller. Interest-
ingly, the a value for the relatively more rigid polymer,
HP-CDM, is also slightly lower than what might be
expected for a C6 spacer length. These observations
confirm that as the length of the spacer between
branching points decreases, i.e, when the branching
density increases, the compactness of the hyper-
branched polymers increases. They are also in concur-
rence with the expectation that at the limits of very low
branching density (per unit volume), i.e., in the presence
of very long spacers, the polymers will behave more like
linear analogues. Studies by Müller and co-workers,9
using randomly branched hyperbranched polyacrylates,
however, appear to suggest that fairly compact struc-
tures are formed even in the presence of very low levels
of a branching agent, namely the inimer. Their studies
using the copolymerization of simple acrylates with
specifically designed inimers, it appears, could generate
systems that are considerably different from those
presented in this study, where the hyperbranched
polymers are prepared via the simple AB2 self-conden-
sation approach.26 Similar studies were also reported
by Weimer et al.,27 using self-condensation vinyl copo-
lymerizations.

Another aspect that is of interest is the effect of
molecular weight on the compactness of hyperbranched
structures. In perfect dendrimers, it has been shown
that spherical compact structures are formed only at
higher generations, i.e., at higher molecular weights.28

It may be expected that even in hyperbranched struc-
tures this will be true although they possess no specific
core or discrete generations. To understand the effect
of molecular weight on the compactness of hyper-
branched structures, we fractionated two polymers, HP-
C2 and HP-C10, which represent polymers with dis-
tinctly different branching densities. Typical GPC profiles
of the fractionated samples of HP-C2 are shown in
Figure 5. It is apparent that the lower molecular weight
fractions are fairly monodisperse, but the distribution
becomes broader for the higher molecular weight frac-
tions, possibly reflecting an intrinsic constraint of the
fractionation process.29 To confirm that the branching
density is invariant with molecular weight, the NMR

spectra of a few representative fractions were recorded
and shown to be essentially identical.30 The use of the
dual detector system to determine the M-H exponents
requires samples that are polydisperse (PDI ∼ 2), which
is essential for adequate molecular weight sampling
during the elution. Therefore, the a values could not be
accurately determined for the fractionated samples, and
hence, we chose to compare the molecular weights of
the fractionated samples obtained using the standard
calibration (using PS standards) with those obtained
from the universal calibration plot. The difference
between these two values is a reflection of the compact-
ness of the structure; the more compact the structure,
the greater is the extent of underestimation using the
standard calibration plot. A plot of the molecular
weights of the various fractions determined using both
these calibrations is shown in Figure 6. In the case of
the more densely branched HP-C2 polymer, it is clear
that the extent of underestimation increases with the
molecular weight and becomes significant only above
molecular weights of about 10 000. The extent of this
underestimation is fairly large for the highest molecular
weight fraction; the molecular weight using PS calibra-
tion is almost a third of the actual one. Furthermore,
the change is fairly discontinuous, as was reported in

Figure 4. Variation of the Mark-Howink exponent “a” of the
various hyperbranched polymers as a function of the number
of atoms in the spacer segment.

Figure 5. GPC elution profiles of various fractionated samples
of HP-C2.

Figure 6. Comparison of molecular weights determined by
the standard PS calibration with those determined by the
universal calibration plot.

9818 Behera and Ramakrishnan Macromolecules, Vol. 37, No. 26, 2004



the case of dendrimers,28 where it was seen that a
sudden change in the compactness occurs for the fifth-
generation polymers (Mn ∼ 6700) when compared to
their linear analogues. In contrast, in the case of the
HP-C10 polymer, which has a much lower density of
branching, the extent of underestimation becomes sig-
nificant only at much higher molecular weights (∼35 000)
and is fairly large for the highest molecular weight
fraction (roughly 1/2).

This difference in behavior between the densely
branched and lightly branched systems is in general
agreement with the observation that the HP-C10 has
a significantly higher a value when compared to that
of HP-C2. A similar inference can also be drawn from
some of the results presented by Simon et al.,31 where
the contraction factor g′ (ηbranched/ηlinear) appears to reach
the limiting value of 1 (which corresponds to linear
systems) at relatively higher molecular weights for
polymers with lower branching density. One aspect of
practical importance that emerges from these plots is
that the use of a standard GPC setup can lead to
seriously underestimated molecular weights in hyper-
branched polymers, and more importantly, the extent
of this underestimation becomes larger for higher mo-
lecular weight samples, as was previously shown by
Gitsov et al.32 in linear-dendritic hybrid systems.

Thermal Analysis. To elucidate the effect of spacer
segment length on the Tg, the DSC thermograms of the
all polymers were recorded (Figure 7). The Tg’s of the
hyperbranched polymers were seen to decrease mono-
tonically with increasing spacer segment length. A plot
depicting this variation as a function of the number of
atoms in the spacer segment (Figure 8) permits the
direct comparison of the alkylene spacer with those
having oligo-oxyethylene ones. It is clear that, as
expected, the polymers belonging to the latter series
have significantly lower Tg values reflecting their higher

flexibility. A similar decrease of Tg with spacer segment
length was earlier reported by us in the case of
polyesters12 and polyurethanes.13 The polymer HP-
CDM, on the other hand, has a significantly higher Tg
(compared to that of the C-6 spacer) due to the rigid
nature of the cycloaliphatic spacer segment. The Tg of
the parent hyperbranched polymer HP-C0 without a
spacer is also high, around 88 °C.33

The Tg’s of all the fractionated samples (of both HP-
C2 and HP-C10) were also determined, and the varia-
tion of Tg as a function of molecular weight is plotted
in Figure 9. In both cases, one sees the expected steep
dependence at lower molecular weights with a leveling
off at higher molecular weights. This is consistent with
earlier observations on of hyperbranched polyesters of
varying molecular weights made by Parker and Feast,34

although the molecular weights at which the leveling
is observed in our system is somewhat lower. Similar
variation of Tg with generation was observed in the case
of dendrimers, where the Tg was seen to level off after
the fourth generation.35 It is also interesting to note here
that the absolute magnitude of the change is signifi-
cantly larger for the densely branched (more stiffer)
system (HP-C2) than for the HP-C10. Stutz made a
similar observation when comparing dendrimers having
different backbone structures, wherein a steeper de-
pendence of Tg with generation was seen in systems
where the Tg of the parent linear backbone is higher.36

Conclusions

A series of hyperbranched polyethers containing
spacer segments of varying nature and length were
prepared via a melt-transetherification polycondensa-
tion process. The synthesis was achieved using a single
AB2-type monomer intermediate, which directly incor-

Figure 7. DSC thermograms of the hyperbranched polymers.
A weak Tg-like transition is seen in some cases at around 50-
60 °C, whose origin is still unclear.

Figure 8. Variation of Tg of hyperbranched polymers as a
function of spacer segment length and flexibility.

Figure 9. Variation of Tg as a function of molecular weight.
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porated the different spacers. The structures of the
monomers and the polymers were confirmed by their
1H NMR spectra. The molecular weights of the polymers
were determined by GPC using the universal calibration
method and were found be fairly high. From the
variation of the Mark-Howink constants “a”, which
were determined using a GPC system equipped with a
dual detector (RI-DV) system, it was shown that the
relative compactness of hyperbranched polymers de-
creases with increasing length of the spacer segment;
i.e., more densely branched polymers form more com-
pact structures. This is the first study wherein the
compactness of hyperbranched polymers has been ex-
amined by systematically varying the length of the
spacer segment in the AB2 monomer.

Furthermore, GPC studies of a series of fractionated
samples of HP-C2 and HP-C10 revealed that, as in the
case of dendrimers, relatively compact conformations
are adopted by hyperbranched polymers only when their
molecular weights are above a certain threshold value.
Importantly, it was also noticed that in densely branched
HP-C2, compact structures are formed at relatively
lower molecular weights when compared to lightly
branched HP-C10. Finally, it was shown that the Tg of
hyperbranched polymers depends on both the length
and flexibility of the spacer segmentsthe Tg of hyper-
branched polymers decreased monotonically with in-
creasing spacer length, and as expected, polymers with
relatively flexible spacers have lower Tg than ones with
relatively rigid ones. The variation of Tg as a function
of molecular weight was investigated in both the lightly
and densely branched systems and was seen to exhib-
ited the expected rapid increase followed by a leveling
off at higher molecular weights. Interestingly, the
relatively stiffer (densely branched) HP-C2 polymer
showed a larger variation in Tg than the more flexible
HP-C10 system.
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