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Two series of arborescent polystyrene were prepared by successive cycles of functionalization and anionic
grafting reactions. A target branching functionality of around 15 side chains per backbone chain and a
constant branch molecular weight of either 5000gmol–1 (S05 series) or 30000 g mol–l (S30 series) were
used for each generation. The intrinsic viscosity of each polymer series was relatively insensitive to
molecular weight, a behaviour typical of hard spheres. The S30 polymers expanded considerably in
toluene relative to cyclohexane, but the S05 polymers were unaffected by change in solvent quality.
Analysis by d.s.c. showed that limiting Tg values are reached in the upper generations of each polymer
series, similarly to polymer networks prepared from primary chains with a low molecular weight.A lower
ACPand a broader transition range observed for the upper generation S05polymers maybe related to a
decrease in chain mobility inside the molecules. No similar effectswere observed in the S30 polymers.
~ 1997Elsevier ScienceLtd.
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INTRODUCTION

Different synthetic approaches have been suggested for
the preparation of highly branched polymers, including
divergent1}2and convergent3>4methods. Arborescent5 and
combburst6 polymers also have a dendritic structure, but
rely on successive grafting reactions using polymer chains
rather than small moleeules as building blocks. Grafting
linear polystyryl anions onto a partially chloromethylated
linear polystyrene yields a comb (generation G = O)
polymer5. Repetition of the chloromethylation and
anionic grafting procedures leads to arborescent poly-
mers with increasing branching functionalities, identi-
fied as generations G = 1, G = 2 and so on. The
functionalization process results in random distribution
of grafting sites throughout the molecule. The high
branching functionalities used (typically 10-15
branches per backbone chain) also bring about a very
rapid increase in the molecular weight of the polymers.
Successive grafting reactions should lead to a dense,
rigid core with a high segmental density, surrounded by
a more diffuse, penetrable layer added in the last
grafting reaction (Figure 1). Random distribution of the
grafting sites in the chloromethylated polymer implies
that the addition of side chains is not limited to the
outer layer of the substrate, but can also take place in
the inner portion of the molecule. In a typical grafting
reaction, the molecular weight increases roughly ten-
fold, and the material incorporated in preceding
generations accounts for less than 10Yo of the total

*To whomcorrespondenceshould be addressed

mass. Excluded volume effects also limit the accessi-
bility of grafting sites located deep inside the chloro-
methylated substrate. For these reasons, the chains
added in a particular generation are expected to be
grafted predominantly on the branches of the preceding
generation, as illustrated in Figure 1.

The physical properties of dendritic polymers have
been the topic of numerous investigations7. It would
also be instructive to compare the physical properties of
arborescent polymers with those of linear and dendritic
polymers: The graft polymers can be regarded as
dendritic structures where building blocks with a longer
spacer length are used.

The hard-sphere behaviour of arborescent polymers
in solution has been explored to some extent using light
scattering. In semi-dilute solutions, a stiffening of the
molecular structure was observed from the comb
(G= O) to the next generation (G= 1). No significant
increase in rigidity was observed from G = 1 to G = 2,
however. Even for the G = 2 polymer, some interpene-
tration of the molecules was still possible, although it
was clearly more limited than for linear polymers. This
was thought to be a consequence of the growth
mechanism postulated for the molecules, leading to a
hard core–soft shell morphology.

Further to the interpenetration investigation, this
paper reports on other aspects of the solution and solid
state properties of arborescent polymers. The viscosity in
solution, and the glass transition temperature of these
materials were investigated, for comparison with the
trends observed for polymers of related structure,
namely dendritic, network and star-branched polymers.
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Figure 1 Simplified representation of an arborescent polymer of
generation G = 1

EXPERIMENTAL
Materials

Details on the synthesis of arborescent polystyrene
have been reported elsewhere. The two series of samples
used in the measurements were prepared from a linear
polystyrene core with a weight-average molecular weight
A4W= 4.8 x 103gmol-’ and a polydispersity index Mw/
Mn = 1.08. The series designated by the prefix S05 was
prepared with a target branching functionality of about
15 branches per backbone chain. The branches had
Mw x 5 x 103gmol-l for each generation. The S30
series had a similar branching functionality, but a side
chain Mw z 3 x 104gmol-l for each generation.
Ungrafted material was removed from the samples

using precipitation fractionation in a toluene–methanol
mixture. The third-generation S30 sample, because of its
extremely high molecular weight, was more conveniently
purified by centrifugation at 15000 rpm from a 1’Yow/v
tetrahydrofuran (THF) solution. The sample nomencla-
ture identifies the series and the generation number of the
polymer. For example, S05-1 refers to a G = 1 (twice-
grafted) sample with 5 x 103gmol-’ branches.

The solvents used in the viscosity and the light
scattering measurements, toluene and cyclohexane
(BDH, ACS reagent grade), were distilled before use.

Characterization
Static light scattering measurements served to deter-

mine the absolute weight-average molecular weight (Mw)
of the graft polymers. The instrument used was a
Brookhaven BI-200SM light scattering goniometer
equipped with a Lexel model 95 argon ion laser operating
at 514.5nm. Stock solutions were prepared in toluene with
concentrations of 0.03–10 mgml– ‘, depending on the
sample. A series of seven solutions with equal concentra-
tion increments was prepared from the stock solution.
Each solution was slowly filtered five times prior to light
scattering measurements, using a PTFE membrane filter
with a pore size of 0.2–2 pm, depending on the generation.
Absolute molecular weights were obtained by extrapola-
tion of the scattering data to zero concentration and angle
according to the Zimm technique.

The side chains were characterized by size exclusion
chromatography (s.e.c.) analysis of samples removed
from the reactor before each grafting reaction. Apparent
molecular weights and polydispersities were also deter-
mined for the branched polymers by the same analysis
method. The equipment used was a Waters SEC system
with a 500mm Jordi DVB linear mixed-bed column and
a DRI detector. Tetrahydrofuran served as the mobile
phase, and the instrument was calibrated with linear
polystyrene standards.

Viscosity measurements
Flow times were determined using a Cannon–

Ubbelohde viscometer (capillary radius 75 pm)

Table 1 Molecularweightand branchingcharacterization data for the arborescentgraft polymersinvestigated.The indicesbr and AGP refer to the
branches and to the graft polymers, respectively.The molecular weights, (M )A pW.PP , and polydispersities> (~w/Jfn)$p%p of the graft polymers,
determined by s.e.c. analysis, are apparent. All Other values are absolute. The YObranching densities=lculated for the core portion Ofthe molecule and
for the whole_molecule are identified by (% br)~-l and (% br)~, respectively.-

A4:’/lo3
G gmol-’

0 4.3

1 4,6

2 4.2

3 4.4

4 4,9

A4j’/lo4
G gmol-]

0 2.8

1 2.7

2 2.7

3 2.8

@Gp/
(Mw/kfn)b’ gmol-’

1.03

1.03

1.04

1.05

1.08

(A4w/krn)’r

1,15

1.09

1.09

1.09

S05 series

(~w):$p
gmol-l (IWIW;:p

6.7 X 104 4.0 x 104 1.07

8.7 X 105 1.3 x 105 1.07

1.3 x 107 3.0 x 105 1.20

9 x 107 4.4 x 105 1.15

2 x 108 —

S30 series

~:’pl (J’fw)$:p
gmol-’ gmol-l (Jfw/Jfn)&p

5.1 x 105 2.1 x 105 1.12

9.0 x 106 5.9 x 105 1.22

1 x 10*

5 x 10*

f AGP
.W (%br)~-l (%br)~

14 30

170 29

2900 37

17500 17

22000 4.9
—.

f:’p (%br)~-l

18 39

310 6.7

3400 4.3

14300 1.9

2.2

2,2

2.5

2.4

2.2

(%br)~

0,37

0.38

0.39

0.38
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immersed in a water bath at (25.0 + 0.2)°C for toluene,
or at (34.5 + 0.2)”C for cyclohexane. Stock solutions of
the polymers were prepared by dissolving 0.2–1.0 g of
material, depending on the sample, in 25 ml distilled
solvent. The maximum concentration of the solution
used was adjusted to give a flow time roughly double
that of the pure solvent. The solutions as well as the
pure solvents were filtered through 5pm PTFE
membrane filters before the measurements. Series of
five consistent (+ 0.05s) flow times were obtained at
seven different concentrations, using successive addi-
tions of solvent to the solution reservoir of the
viscometer. The intrinsic viscosity of the polymers of
each generation in the S05 and the S30 series was
determined by linear extrapolation of plots of q,p/c
versus concentration c.

D.s.c. analysis
The glass transition temperature of the arboreseent

polystyrene was measured with a Mettler Differential
Scanning Calorimeter (d.s.c., model DSC-20) using the
Mettler TA-4000 software package. The graft polymers
were dried under vacuum for three days, and powdered
samples of (10 + 1)mg were sealed in aluminium pans for
the measurements. Each sample was fist annealed at
150°C for 5 tin, quenched to 50°C and then scanned from
50 to 150°C at a rate of 20°Cmin-1. A second run was
recorded in the same temperature range, to ensure
reproducibility of the results. The glass transition tem-
peratures (T~) reported correspond to the mid-point
change in heat capacity in the transition region, and were
reproducible to within +0.5°C for successive runs.

RESULTS AND DISCUSSION

The characterization data pertaining to the two series
of arborescent polystyrene investigated are summarized
in Table 1. The absolute weight-average molecular
weight, M$ and polydispersity (MW/Mn)br reported
for the branches were determined by s.e.c. analysis of
samples removed from the reactor prior to the grafting
reaction. The polydispersity of the branches is below 1.1
in most cases, as expected from anionic polymerization
techniques, indicating branches of uniform dimensions.
The absolute weight-average molecular weights M($GP
reported for the graft polymers were determined
from static light scattering measurements. Extrapolation
on a Zimm plot to determine the molecular weight
was easy, because of the good linearity of both the
sin2 (3/2 and the concentration lines. Only for sample
S30-3 was significant curvature of the sin2 0/2 lines
observed, requiring quadratic extrapolation of the
data. Correspondingly, the M$GP values given in
Table 1 are expected to be accurate within +5–10’XO
up to molecular weights around 107gmol–’, but the
errors are likely larger for the higher molecular weight
samples.

The apparent weight-average molecular weights
(MW)$$P and polydispersities (MW/M&$p reported for
the graft polymers were determined using a linear
polystyrene standards calibration curve in the s.e.c.
analysis. The low values of (MW/M.)$~p ~ 1.1-1.2
obtained in all cases are considered indicative of a narrow
molecular weight distribution. Samples S05-4, S30-2 and
S30-3could not be characterized by s.e.c., because the large
polymer molecules were retained in the columns by an

I .-
1 1 I 1 I

103 10’ 105 106 107 108 109

Mw I g.mol-l

Figure 2 Intrinsic viscosities of arborescent polymers of successive
generations, from the bottom to the top: S05 in cyclohexane at 34.5°C;
S05 in toluene at 25°C; S30 in cyclohexane at 34.5”C; S30 in toluene at
25°C. The dotted lines show the behaviour of linear polymers

unknown mechanism. In spite of the unavailability of s.e.c.
data for some samples, comparison of the absolute
molecular weights reported in Table 1 (fourth column)
shows that growth oeeurred uniformly for successive
generations in each series. The moleeular weight is expected
to increase exponentially for successivegrafting cycles. This
seems to be the case in all but the last generations prepared.
This limiting effect, also reported for dendritic moleculesl,
was previously explained on steric grounds5. As the
branching functionality of the polymers increases, grafting
sites buried inside the molecule become less accessible. The
grafting reaction is hindered, and fewer chains than
expected are add~dponto the structure. Comparison of~:Gp with(kfw)appp

rovides evidence for the compact,
hard-sphere character of arborescent graft polymers. The
apparent molecular weights are always lower than the
absolute values determined by light scattering, a conse-
quence of their small hydrodynamic volume resulting from
branching. The difference is more pronounced ~m-pthe
higher generation polymers. For example (MW)aPP is
about 200 times smaller than M$GP for S05-3.

The polymers were synthesized with a target branching
functionality of about 15 side chains per backbone chain
for each generation. The number of branches added per
molecule in a grafting reaction, reported in Table 1, can
be calculated from

~:Gp(G) – f@Gp(G– 1)
f:Gp = M:’

(1)

where M($GP(G),M$,GP(G– 1) and A&’ are the absolute
weight-average molecular weights of generation G, of
the previous generation and of the side chains,
respectively. The overall branching density of a dendritic
polymer molecule of generation G can be expressed as
the percent branching density, (%br)~ = 100’%.x (#
branching units)/(# repeat units). The number of
branching units in an arborescent polymer molecule of
generation G is identical to the total branching function-
ality of the polymer, fw= ~~o( f$Gp)i.The overall
branching density of the molecule is then
(~Obr)G= 100% xfw/(xw)G,where (XW)~represents the
weight-average degree of polymerization calculated from
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the absolute weight-average molecular weight (M($GP)of
the generation G polymer. Because of the hard core, soft
shell morphology postulated for arborescent polymers
(Figure l), it is interesting to also calculate the branching
density for the core portion. The branching density of the
core in a polymer of generation G can be calculated from
(%br)G-1 = 100’%‘fw/(xw)G.1, where (Xw)G.1 is the
degree of polymerization of the preceding generation. It
represents the mole fraction of branching units in the core
portion of the molecule.

Viscosity measurements
Toluene and cyclohexane were selected as typical good

and poor solvents for polystyrene, respectively. The
intrinsic viscosities determined for the S05 and S30
polymers in each solvent are summarized in Figure 2.
The error bars indicate the 950/. confidence intervals
calculated based on the propagation of variance of the
individual measurements9>10. For each curve, the left-
most point for linear polystyrene with a molecular
weight of 5000 or 30000 gmol-l is followed by the
corresponding arborescent polymers of generations
G = O, G = 1, etc. The data for the linear polystyrene
were calculated from published Mark–Houwink-
Sakurada viscosity parameter valuesll-13. To a first
approximation, all curves are relatively flat, i.e. [q] is
quite insensitive to the molecular weight of the
polymers. The intrinsic viscosity of samples in the
upper generations is comparable to or even slightly
lower than that of the linear polymers, even though their
molecular weight is up to 40000 times larger than the
linear polystyrene. This contrasts with the behaviour of
linear polymers, given by the dotted lines in Figure 2,
with a slope of 0.5 in cyclohexane, or 0.65 in toluene.

Intrinsic viscosity, with units of ml g–l, is the
reciprocal of the so-called hydrodynamic density. This
can be seen more clearly from the Einstein equation for a
dispersion of hard spheres in the limit of infinite dilution

where NA, VH, RH and M are Avogadro’s number, the
hydrodynamic volume, the hydrodynamic radius and the
mass of the spheres, respectively. The intrinsic viscosity
of the dispersion is thus determined uniquely by the
density of the spheres. Globular macromolecules should
have an intrinsic viscosity independent of molecular
weight, as long as the ratio of mass to hydrodynamic
volume (the hydrodynamic density) remains constant.
Based on the results presented in Figure 2, arborescent
polymers behave like hard spheres, to a first approx-
imation. A more careful examination of the data reveals
small variations in [q] within each series. The variations
observed are interesting in that they are clearly outside
of the error limits on the individual measurements, and
the trends are similar for the two series of polymers. For
example, an increase in [q]is observed from the linear to
the G = Opolymer (comb structure) in both the S05 and
the S30 series. Monte Carlo simulations for comb
polymers in solution14 have shown that for polymers
with a structure comparable to S05-0, expansion in the
squared radius of gyration of the backbone by ca. 200/.
is expected. The radius of gyration of the side chains, in
contrast, is essentially unaffected by branching. On this
basis, the increase in [q] (or decrease in hydrodynamic
density) observed for the G = Oand G = 1 polymers can

120

100

80
Es

z= 60

40

20

0

/

-1 0 1 2 3 4

Generation

Figure3 Hydrodynamic radii calculated from the viscosity data, from
the bottom to the top: S05 in cyclohexane at 34.5”C; S05 in toluene at
25”C; S30 in cyclohexane at 34.5°C; S30 in toluene at 25°C

be attributed to backbone expansion effects analogous
to those encountered in the computer simulations of
comb polymers. The gradual decrease in [q] observed
both in cyclohexane and in toluene for upper generation
polymers corresponds to a somewhat higher rate of
increase in the mass of the molecules relative to the
volume expansion, i.e. a less significant expansion of the
backbone polymer.

The relatively small variation in [q] found for
arborescent polymers of successive generations are
similar to the trends reported for PAMAM’5 and
polyether16 dendrimers, which display a maximum in
[q] around generations G = 3-5. For example, S05-Oin
cyclohexane has an intrinsic viscosity about 50°/0higher
than the upper generation and the linear polymers. This
is the same relative change in [q] observed over seven
generations of tridendron polyether dendrimers pre-
pared by the convergent growth approach. Similarly, the
PAMAM dendrimers displayed a roughly two-fold
variation in [q] over eight generations. For tert-butox -

77carbonyl-poly(a, e-lysine), in contrast, Aharoni et al.
reported a constant [q] = 2.5 ml g-l over 10 generations.

Variations in intrinsic viscosity are relatively minor
within each series of arborescent polymers. The size of
the branches, however, has a more noticeable effect
(Figure 2), dominating [q] and the dimensions of the
molecules in solution. This is analogous to the trends
reported for star-branched systems, for which [q]
correlates with the size of the arms rather than with
the number of arms in the molecule18. The dependence
of [q] on solvent quality is also markedly different for
the two series of arborescent polymers investigated.
Since [q]is inversely proportional to density, an increase
in intrinsic viscosity for a polymer sample implies
further expansion of the molecules. The change in [q] in
the S05 series from cyclohexane to toluene is relatively
small. The S30 polymers, on the other hand, exhibit
considerable expansion from a poor solvent to a good
solvent, since their structure is much less crowded and
rigid than the S05 polymers. The reason for the marked
difference becomes obvious when comparing the overall
and core branching densities reported for the S05- and
S30-series polymers in Table 1. The branching densities
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Figure 4 Thermograms obtained from the S05 polymers, linear
5000gmol-’ (bottom) to S05-4 (top). The curves are shifted vertically
for improved clarity

‘M=

70 90 110 130

Temperature /“C

Figure 5 Thermograms obtained from the S30 polymers, linear
30 OOOgmol-’ (bottom) to S30-3 (top). The curves are shifted vertically
for improved clarity

of the S30-series polymers are about six times lower
than for the S05-series.

An analogy with polymer networks, for which a lower
crosslinking density leads to a greater swelling ability in
good solvents, seems appropriate. The arborescent
polymers could be pictured as nanonetworks incorpor-
ating randomly distributed trifunctional branching
points. The effect of solvent quality on molecular
expansion becomes more evident if the data in Figure 2
are converted to hydrodynamic radii (RH) using equa-
tion (2). The data presented in Figure 3 show that the S05
polymers (lower two curves) display no significant
expansion from a poor solvent (cyclohexane) to a good
solvent (toluene), a consequence of their highly
branched, rigid structure. The S30 polymers, on the
other hand, have much larger radii in toluene than in
cyclohexane, because of the lower branching density and
the greater flexibility of the molecules. An approximately
linear relationship between l?~ and generation number
was reported for polyether dendrimers of generation
G >2, as well as for PAMAM dendrimers of generation

G >3. The behaviour of arborescent polymers could
arguably correspond to a straight line from G = 1 on.
The transition in growth rate (the slope of the plot) to an
apparently constant value also correlates with a decrease
in the grafting efficiency observed for generations G = 1
and aboves. The high segmental densities attained in
these branched polymers were thought to result in
decreased accessibility of grafting sites inside the
chloromethylated substrate, and preferential reaction
of sites closer to the surface. Once surface overcrowding
effects become significant, growth may become deter-
mined by the number of chains which can be packed at
the surface of the sphere acting as a backbone in the
grafting reaction,

Differential scanning calorimetry
Traces from d.s.c. analysis of arborescent polymers

in the series S05 and S30 are shown in Figures 4 and 5,
respectively. All curves were obtained from samples of
(10 + l)mg and are plotted on the same scale, except
for vertical shifting used to improve clarity. The most
obvious effect for the S05 series polymers (Figure 4) is a
shift in T~(the inflection point of the curves) to a higher
temperature with increasing generation number up to
G = 2, This will be discussed in more detail later.
Comparison of the traces obtained for successive
generations shows that the change in heat capacity is
lower for the higher generation samples (upper traces)
than for the G = Oand G = 1 samples (second and third
traces from the bottom, respectively). The heat
capacity of polymers is related to the magnitude of
vibrational and other molecular motions (e.g., pendent
group rotation) 19. The large increase in heat capacity
observed in the glassy-rubbery transition temperature
(T,) region reflects the onset of crankshaft (Schatzki)
motions20 in the sample. When comparing two pOly-

mers with an identical chemical composition, a larger
change in Cp is thus expected when a larger increase
in chain mobility is achieved at T~. The results
presented in Figure 4, therefore, suggest a reduced
average mobility for the polymer chains above T~ in
the more crowded, upper generation samples relative
to the comb (G = O) polymer. The transition is also
sharper for the lower- than for the upper-generation
samples.

Broadening of the transition region is often observed
in polymer blends and copolymers, and is generally
associated with sample heterogeneity21’22. One could
think of arborescent polymers as heterogeneous net-
works, with a range of crosslinking densities inside each
molecule. Polystyrene chains on the outer portion of the
molecule are expected to have a high mobility and a low
T~, since they are only attached to the molecule by one
end. Chains in the inner portion of the molecule, on the
other hand, have multiple branching points and should
be much less mobile, resulting in a higher T~. The
difference in mobility between the core and surrounding
chains is also reflected in the large difference in the core
and overall branching densities reported in Table 1. The
wider transition range observed for the upper generation
S05 polymers may, therefore, reflect a wider range in
chain nobilities in the more crowded structures.

The decrease in ACP and increase in the breadth of the
glassy-rubbery transition region can be easily rationa-
lized by considering the growth mechanism of arbor-
escent polymers. The characterization data given in
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Figure 6 Glass transition temperatures determined from the mid-
point of the transition range: S05 series (solid circles) and S30 series
(solid squares)

Table 1 show that while Mw increases roughly by a factor
of 10 for generations G = O through 2, the growth rate
then decreases. From G = 3 to G = 4 in the S05 series, a
relative increase in Mw of only 120°/0was determined. As
mentioned earlier, this limited growth is attributed to
overcrowding effects which decrease the accessibility of
grafting sites buried inside the branched polymer structure.
The outer layer of material corresponding to the last
grafted generation (Figure 1) is rather diffuse, based on
osmotic modulus measurements in semi-dilute solutions.
As the grafting efficiency decreases, the proportion of
material contained in the mobile (outer) portion of the
molecules decreases relative to the amount of less mobile
core material. Consequently, the average effect measured
by d.s.c. for the upper generation samples is more
influenced by the core portion of the molecules.

The d.s.c. traces obtained for the S30 series polymers
(Figure 5) are distinct from those of the S05 series. The
shift in the inflection temperature (Tg) is less pronounced
in this case. The change in heat capacity, as well as the
breadth of the transition region are comparable for all
generations. The rate of increase in Mw reported in Table
1 for the S30 polymers is comparable to the S05
polymers, i.e. typically a 10- to 15-fold increase per
generation up to G = 2, and a 5-fold increase from G = 2
to G = 3. The molecular weight of the branches,
however, is six times higher in the S30 series than in
the S05 series, resulting in a much lower branching
density (Table 1), less crowded structure and a higher
mobility for all the chains in the branched polymer.
Consequently, chain immobilization effects are much less
noticeable in this case, and their influence on ACP is less
significant than for the S05 polymers.

Glass transition temperatures of dendritic polymers
have been reported for a few systems23–25but only two
attempts26’27were made to correlate T~with the structure
of the polymers. Using a free volume approach, the
T~ values observed for polyether dendrimers26 were
successfully correlated with the ratio of the number of
chain ends to the molecular weight of the dendrimers
ne/M, according to the equation

(3)

where (ne/M)m represents an asymptotic value of ne/M
attained for high generations. The parameter T~m
represents the glass transition temperature as

n./A4 + (ne/M)m. The ratio ne/M is only determined
by the molecular weight of the branches in arborescent
polymers, and should remain constant if branches of
identical size are used for successive generations.
Equation (3) is not applicable to arborescent polymers,
since a constant value T~ = T~mwould be obtained for
all generations using a constant branch size (or ne/M
value). One additional problem in trying to apply
equation (3) is that, in the graft polymers prepared, the
molecular weight of the branches varies slightly from
one generation to the next, causing fluctuations in
rze/M. The glass transition temperatures observed for
the two series of arborescent polymers prepared are
summarized in Figure 6. In all cases, T~ is lower than
T;= 107.5”C measured under the same conditions for
a linear polystyrene with M, = 1.2 x 105g mol-l. A
limiting T~, which is higher for the S30 series than for
the S05 polymers, is reached for the higher generations
in each series. By far the lowest T~values observed are for
the linear and the G = O (comb) polymers. From G = 1
on, T~moves closer to the limiting value. According to the
free volume theory, T~is observed when the fractional free
volume in the polymer reaches a critical levelj~ x 0.025.
The introduction of crosslinks in a polymer ‘squeezes out’
free volume from the sample. Consequently, ~~ is
observed at a higher temperature, relative to a hnear
polymer, when a crosslinked sample is cooled down from
the melt. Conversely, excess free volume can be intro-
duced in the sample by incorporating more chain ends (i.e.
by decreasing the molecular weight of the chains). Under
these conditions, further cooling is necessary for the free
volume to reach the critical value, and a decrease in T~ is
observed. The preparation of a polymer network from
linear chains with a relatively low molecular weight
(M, < 5-6x 104gmol-l approximately, for polystyrene)
makes it necessary to consider the effect of crosslinks as
well as chain ends on T~. The glass transition temperature
of a network incorporating primary chains (before
crosslinking) with a number-average molecular weight
Mn and a crosslink density of p crosslinks per unit sample
weight is given by

T~ = T; – : + KBp
n

(4)

where T~Nis the glass transition temperature or a high
molecular weight polymer of the type used to prepare the
network, and KA and KB are constants. The high
branching functionalities attained in the upper genera-
tions may cause the arborescent polymers to behave like
nanonetworks, in which a constant number of crosslinks
and dangling chain ends are introduced in the system for
each generation. A correlation between the branching
densities reported in Table 1 and T~ would be expected.
However, no conclusive trends are observed in practice.
Sample S05-4 has the lowest core branching density
among the S05 series, but also the highest T~. The
variations observed in the S30-series polymers of
generations 1–3 are much less significant, but the
branching densities are also much lower than in the
S05-series. The influence of branching density on chain
mobility and T~ is, correspondingly, less pronounced.

Recently, a theoretical treatment of the glass transition
temperature of networks28 was also applied to dendri-
mers with some success27. In this case, the equation

xc
Tg = [7’~ – Kl(l –p)] (1 + K2—

1 – xc )
(5)
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Table 2 Comparison of experimental glass transition temperatures
and the theoretical values determined from equations (5) using
Kz = 1.7

S05 series

Generation Tg (exp)/°C Tg (theor)/°C

–1 87 87
0 89 103
1 101 103
2 104 102
3 105 102
4 103 102

S30 series

Generation Tg (exp)/°C Tg (theor)/°C

–1 103 104
0 104 107
1 106 107
2 107 106
3 107 107

was suggested where K1 and K2 are constants, p is the end
group conversion, and XC is the mole fraction of
structural units acting as branching points. Fitting
equation (5) to the experimental data was attempte~d
using the values T: = 370K and K1 = 1200K
suggested by the authors for polystyrene and
K2 = 0.12727. Substituting (1 –p)= l/X~r and
xc = 2/x~’, where X.br is the number-average degree
of polymerization of the branches in the arborescent
polymer, resulted in discrepancies of 10–30° compared
with the experimental results. Fitting was also
attempted using the experimental values T~ = 380 K
and K1 = 840 K determined from the linear polymers
analysed in this work (only three samples), and treating
K2 as an adjustable parameter. The T~ values deter-
mined with K2 = 1.7 compare favorably with the
experimental values (Table 2), with the exception of the
comb (G = O)structures. In any case, the use of K1 and
K2 extracted from the literature for analogous systems
seems questionable, considering the distribution of
branching sites inside the molecules. The situation
where a significant portion of the molecule is highly
mobile while the remaining material is immobilized in
the core may be difficult to describe in terms of an
average crosslink density XC.

In spite of the poor quantitative agreement found
between the experimental data and equation (5), it seems
that the nanonetwork analogy is still the most appropriate
way to describe arborescent polymers.

CONCLUSIONS

Two series of arborescent polymers were investigated
using solution viscosity and d.s.c. measurements.

The intrinsic viscosity was relatively independent of
the size of the molecules, a behaviour typical of hard
spheres. The dimensions of the branches dominated the
viscosity of the polymers, not only in terms of their
influence on the dimensions of the molecules, but also
their ability to expand in good solvents. The polymers
with the shorter branches (S05) displayed little change in
RH from cyclohexane to toluene. The S30 polymers,
however, clearly expanded in toluene.

The calorimetric measurements yielded a broad
glassy–rubbery transition in the upper generation S05

samples, as well as lower changes in heat capacity relative
to the linear and comb polymers. These effects were not
noticeable in the S30 systems. The results obtained
suggest that the mobility of the chains is reduced in at
least a portion of the molecules in the upper generation
S05 polymers. Theories applied to dendrimers and
polymeric networks are not suitable to related experi-
mental Tg values to the structure of arborescent
polymers.

The heterogeneous character of arborescent polymers
inferred from the physical characterization results
presented suggests a series of experiments aimed at
probing differences in chain mobility within the inner
and outer portions of the molecules. Fluorescence
lifetime and n.m.r. relaxation measurements have
been undertaken, and will be the subject of a future
report.
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