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Investigation into the solution properties of

hyperbranched polymer

Min Xu, Xiaohu Yan, Rongshi Cheng and Xuehai Yu*

College of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210009, People’s Republic of China

Abstract: The solution properties of hydroxyl terminated hyperbranched aliphatic polyesters and their
acetyl derivatives have been studied by measuring viscosity parameters. The polarity of terminated
groups of molecules is the most important factor affecting their properties. The intrinsic viscosity [ 7]
cannot reflect the real monomolecular hydrodynamic volume of hydroxyl group-terminated
hyperbranched polymer due to the strong intermolecular forces which lead to the formation of stable
clusters. The intermolecular association constant Ky; depends not only on molecular weight, but also
on the polarity of end-groups. However, the dynamic contact concentration Cs can be determined
accurately from reduced viscosity versus concentration plots. The reason why the intrinsic viscosity
does not change linearly with the generation of the hyperbranched aliphatic polyesters is explained

using ‘free-draining’ and ‘non-draining’ models.
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1. INTRODUCTION
Hyperbranched polymers were first introduced by
Flory' in 1952, but they have not received much
attention until recently.”? They may be considered as
irregular analogues of dendrimers,” with well-defined
and perfectly branched structures. Though the struc-
tures of hyperbranched polymers are a little less
regular than those of dendrimers, they can be
synthesized much more easily than dendrimers, so in
most cases they can take the place of dendrimers.
Their unique highly branched structure imparts some
unusual properties, e g no crystallization, no interchain
entanglement and lower melt and solution viscosities
than those of linear polymers of the same molar mass.
The large number of terminal functional groups
render hyperbranched polymers useful as macroinitia-
tors,* or crosslinking agents; their relatively low melt
and solution viscosity properties means they are useful
as rheological modifiers.” There are also many
possibilities for them in other fields.® However, their
chemical and physical properties should be known
more fully before they are used in further applications.
Much literature has described the synthesis and
physical properties of dendrimers.” Mourey ez al®
reported the unique solution behaviour of polyether
dendrimers, in which the intrinsic viscosity of the
dendrimers showed a maximum. Bodna et al®'°
studied the solution properties of poly(propylene
imine) dendrimers and linear PEO blends. Nunez ez
al'! studied the solution rheology of hyperbranched
polyesters and their blends with linear polymers. Their

investigation was focused on the dilute and semidilute
concentration regime, while the knowledge of solution
properties in the extremely dilute concentration region
of hyperbranched polymers is still poor. Because of
their globule-like structure and the high density of
end-groups on the molecular surfaces they should
show different solution properties than linear poly-
mers. The solution parameters of poly(propylene
imine) dendrimers have been studied by our group.
Here, the solution properties of hydroxyl terminated
hyperbranched aliphatic polyesters and their acetyl
derivatives were studied by measuring viscosity par-
ameters. The results showed that the solution proper-
ties of hyperbranched polymers are very similar to
those of dendrimers. In this paper, we also explain why
the intrinsic viscosity of hyperbranched polymer solu-
tion does not change linearly with the generation of the
hyperbranched aliphatic polyesters. Some interesting
phenomena were also found, and some unique rules of
hyperbranched polymer solution are given.

2. EXPERIMENTAL

2.1 Materials

Third (3G), fourth (4G) and fifth (5G) generation
hydroxyl terminated hyperbranched aliphatic poly-
esters were purchased from Aldrich (USA), with
nominal molecular weights of 3570gmol},
7250g mol ! and 14600g mol ™!, respectively. Their
acetyl derivatives were prepared by acetylation with
acetic anhydride in our laboratory and these were
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denoted as G3M, G4M and G5M, respectively. The
viscosity properties in dimethyl formamide (DMF)
distilled after being dried by 4A molecular sieve were
studied by viscometry. Solutions of these samples were
prepared by weighing, and filtered through a Millipore
filter with pore diameter 0.5 um to remove dust.

2.2 Instrumentation

IR spectra (KBr disk) were recorded on a Nicolet
(USA) 170sx FT-IR spectrometer. A Waters (USA)
Model 244 GPC-LC chromatograph which connected
with 100 A, 500A and 10> Au—Styragel columns in
series was used. The flow rate was kept at 1.0mlmin "
with THF as elution solvent at room temperature. The
detector was a Waters model R401 differential
refractometer. Detection response was collected and
recorded on a personal computer. The column set was
calibrated by standard polystyrene samples purchased
from Knauer (Germany).

Differential scanning calorimetry (DSC) thermo-
grams were recorded at a heating rate of 10°Cmin "
with second scanning in N, atmosphere; the tempera-
ture ranged from —40°C to 150°C and a Netzsch-
DSC 204 (Germany) analyser was used.

2.3 Viscosity

An Ubbelohde viscometer with capillary diameter
0.410mm was used in all experiments. The experi-
ments were carried out at 30+ 0.05°C. The flow time
of a known mass of pure solvent DMF in the clean
viscometer was first measured as z,. Afterwards, a
DMEF stock solution with known mass concentration
was added successively into the viscometer by weigh-
ing, to increase the solution concentration in the
viscometer, and the flow times were recorded as
values. The stock solutions of these samples were
prepared by weighing, and filtered through a Millipore
filter with a pore diameter of 0.5 pm to remove the dust
before the viscosity measurements. The mass concen-
tration was converted into a mass—volume concentra-
tion (ingml™!) by applying density corrections. The
relative viscosity was calculated as the ratio of flow
time of solution to that of solvent directly.

3. RESULTS AND DISCUSSION

FTIR spectroscopy was employed to determine
qualitatively the extent of acetylation. It clearly
indicated that the characteristic peak of hydroxyl at
3500cm ™! almost disappeared in the G3M sample,
suggesting that most of the hydroxyl groups had been
converted to acetyl groups. The spectra for the higher
generations were very similar.

Solution properties of hyperbranched polymer

Samples of G3, G4 and G5 were semitransparent
brittle solids which were insoluble in less polar solvents
such as acetone and THF, whereas G3M, G4M and
G5M were transparent syrups, which could easily be
dissolved in these solvents. This phenomenon resulted
from the change of the strong polar hydroxyl groups to
weak polar acetyl groups, which decreased intermol-
ecular interactions. As the consequence, the glass
transition temperature of the modified samples de-
creased to below room temperature. For example, the
DSC results showed that the T, of G5 was 32.6°C
whereas that of G5M was —12.7°C, The T, decreased
by about 45 °C upon modification.

The solution properties were re-examined by our
group both from the theoretical and experimental
viewpoints.'? Considering the adsorption of the solute
onto the capillary surface, the following equation is
introduced:

nsp,exp —_ k
C C,+C

+ ([n] + 6Ku[7]C) (1 +Ck—fc)

(1)

Here the C, is a critical concentration at which half of
the active points on the capillary surface were covered
by adsorbed solutes, Ky is an equilibrium constant
which represents the intermolecular association ten-
dency, k£ measures the thickness of the adsorption layer
and [n] is the intrinsic viscosity. This equation can
satisfactorily describe all the viscosity behaviours from
normal concentrations to extremely low range.

The viscosity properties of these hyperbranched
samples were explored within a wide concentration
range from extremely dilute to several percent. All the
experimental data were treated by the above equation
using the method suggested by Cheng et al.'* The four
parameters of intrinsic viscosity [#], C,, Ky and & can
be determined at same time and the results obtained
are listed in Table 1. The parameters k2 and C, concern
the adsorption of solute in polymer solution and will be
discussed in another paper. It can be seen that the
calculated line with the four determined parameters
fitted the experimental points satisfactorily as shown in
Fig 1 for the samples G3 and G3M. Several interesting
features should be noted when comparing these
parameters. Firstly, the intrinsic viscosity [#] values
of the original hyperbranched samples were even larger
than values for acetyl modified samples. Secondly, as
shown in Fig 2, the intrinsic viscosity of both original
and modified samples did not change linearly with
generation number. Thirdly, values of the associating
equilibrium constant Ky, for modified samples were
much lower than those of the original samples; in

Parameter G3 G3M G4 G4M G5 G5M
I 6.07 4.32 6.94 4.81 7.48 4.84
o K 0.426 0.000 0.507 0.149 0.452 0.0651
Table 1. Viscosity parameters of Cs 0.0126 0.0405 0.00986 0.0361 0.0181 0.0394
hyperbranched polymers
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particular, Ky; of G3M approaches zero within the
experimental concentration. The generation depen-
dence of Ky is shown in Fig 3. Fourthly, there was a
broad level line in the plot of reduced viscosity versus
concentration when the adsorption effect was cor-
rected, as also shown in Fig 1. These unusual
behaviours showed that the hyperbranched polymers
are very different from the linear polymer samples.
The intrinsic viscosity is a semi-quantitative
measurement of the hydrodynamic volume of polymer
in solution according to polymer solution theory. The

larger the intrinsic viscosity, the larger the hydrody-
namic volume of polymer under the same experi-
mental conditions. It seems plausible from the data in
Table 1, that the acetyl groups on the surface layer
should be thicker than the original hydroxyl group
layer by simple calculation, but the experimental
results showed that the intrinsic viscosity of the
modified sample was much lower than that of
unmodified sample. This suggested that the stable
associations (or clusters) in the original sample solu-
tion were formed by hydrogen bonding. As a result,
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Figure 3. Reduced viscosity plotted versus
concentration for G3 and G3M.

the measured intrinsic viscosity was only the apparent
value including the monomolecule and the clusters.
On the contrary, the real intrinsic viscosity could be
obtained when the hydroxyl groups were converted to
less polar acetyl groups, which exhibited much weaker
van der Waals interaction. Here the important con-
clusion can be drawn that unrealistic results may be
obtained when strong intermolecular interactions are
neglected as when the end-groups of dendrimer or
hyperbranched polymers are highly polar (such as
hydroxyl, amine, etc.). Therefore attention should be
paid to explaining such experimental data. For
example, the weight average molecular weight in light
scattering experiments may be overestimated. The
molecular weight distribution may be broader than its
real distribution measured by size-exclusion chroma-
tography. Therefore, it is better to convert the end-
groups to less polar groups before characterization of
the hyperbranched polymer in solution.

The intrinsic viscosity did not change linearly with
generation number. This unique behaviour has been
found by other workers.®!*> The position of the peak
changed with different dendrimers or hyperbranched
polymers.®!> The curves of Fig 2 have no maximum in
intrinsic viscosity observable up to the fifth generation;
these results are comparable with those reported for
dendrimers.'® This phenomenon results from the
unique chemical structure of hyperbranched poly-
mers. There are still no developed theories to explain
such unique behaviour. Lescanec and Muthukumar'®
and Mansfield and Klushin!” have tried to simulate
the viscosity parameters of hyperbranched polymer
solution, but their model gave only the upper and
lower bounds, the reasons for the observed behaviour
are still unknown.

In this paper, we try to explain the phenomenon
from the view of a flow model. In low generations, the
hyperbranched polymer molecules are still extended
and the solvents can drain through them freely; in this

Polym Int 50:1338-1345 (2001)

Generation Number

case, the solution behaviour obeys the ‘free-draining’
model.'® In subsequent generations, the density of the
polymer molecules increases and they can be treated as
hard globules; the solvent molecules cannot drain
through the hyperbranched polymer molecules freely.
In this case, the solution behaviour obeys a ‘non-
draining’ model.’® Because of the change from the
‘free-draining’ to the ‘non-draining’ model, the in-
trinsic viscosity [1#] does not increase linearly with
generation number; sometimes it even decreases.®
SEC has been employed here and the data also agree
with this result. According to SEC, the apparent
numerical molecular weights of G3M, G4M and G5M
are 6041 gmol !, 9165 g mol ' and 9038 respectively.
It was found that the apparent molecular weight of
G5M is even smaller than that of G4M, because SEC
determines molecular weight only from the hydro-
dynamic volume of polymer.

According to the Rouse-Zimm model,'® the in-
trinsic viscosity of a polymer can be determined by

N

] = (Nab?p/6Mn) > " 1/74(1 +iwm)  (2)
=1

where N, is Avogadro’s number, b is a constant, p is a
friction constant, M is the molecular weight, 5 the
viscosity of the solvent. 1y (the relaxation time) is given
by t.=1/20/;, and o is the frequency of the applied
sinusoidal shear k:

k= koe™* (3)
For steady flow, w=0. Then

N

] = (Nab®p/6Mn) > 1/ (4)
k=1

For the free-draining model,
> 1/ =N?/6 (5)
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Then,
Nab?p (N2
= — 6
=0 (5 (©
where Na, b, p and 7 are constants, so
N2
— 7
i (3¢) )

For an ideal hyperbranched polymer, the molecular
weight approximately doubles when the generation
number increases by one. Let the bead number double
when the molecular weight doubles. If [#], is constant,
then

], = 2[nl;
[77]3 = 22[77]1
[nly = 2°[n),
[nl; = 2" [l

where [n]; means the intrinsic viscosity of hyper-
branched polymer of generation z.
For the non-draining model,

and
N%p
h=——t— (10)
(1273)2bn
Then
N2(127% )by &
(1] = (Nab?p/6Mi) — "> 1/, (11)
4N:p ;
where
N
> 1/4,=0586 (12)

i=1

In the same conditions Na, b, p and 5 are constants;

then
] o« (%) (13)

If [n], is constant, then

N ], = i—11/2
. ) =(277) " n]
] = (Nab°p/6Mn) > 1/7,(1 +iwme)  (8) ’ 1
k=1 Hence, if [y#]; is the same, according to the ‘free-
draining’ model or the ‘non-draining’ model, we
where obtain two different curves, as shown in Fig 4. If the
generation number increases, the flow model of
A= (4_h> y) (9) hyperbranched polymer dilute solution changes from
k N2 k . S ¢ e
the ‘free-draining’ to the ‘non-draining’ model, and
18
16 —8— free-draining model .
il —O— non-draining model
- ----+---- real [n] of HB polymer
12F
10F
'E"' 5
S °r
= 5
6 -
i T+
4 -
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Figure 4. Scheme of intrinsic viscosity 1 2 3 5
versus generation number according to different .
flow models. generatlon
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the intrinsic viscosity may have a maximum as shown
by the dashed line in Fig 4. The obtained theoretical
indexes of the ‘free-draining’ and ‘non-draining’
models were reached from ideal conditions with some
presumptions, so the index values must be different
from reality. However, it is certain that the two models
must have different indexes: o for the ‘free-draining’
and f for the ‘non-draining’ model.

From the above discussion, a conclusion can be
drawn: with increasing generation numbers, the
density of the molecular surface increases, and the
flow model of hyperbranched polymer dilute solution
may change from ‘free-draining’ to ‘non-draining’,
which is why the intrinsic viscosity of hyperbranched
polymer solutions does not change linearly with
generation number; sometimes even increases first
and then decreases. The maximum will be determined
by when the flow model changes.

As mentioned above, the reduced viscosity does not
depend on the concentration over a relatively wide
concentration range. This phenomenon was not easily
observed in the usual linear polymer solutions. The
unique behaviour of the hyperbranched polyester
meets the prediction in the famous Einstein viscosity
theory'®. There, the solute molecules should take on a
hard globule shape and lack interaction. These two
conditions can be fulfilled by hyperbranched poly-
mers, especially by the acetyl-modified samples in the
low concentration range. However, the curve would be
upward when the concentration increased further. The
reason is the polymer molecules are close enough, and
get an adequate chance to collide with each other. As a
result, an association effect can be detected when the
possibility of cluster formation is larger than that of the
disassociation of the clusters. Furthermore, the phy-
sical picture coincides with the dynamic contacting
concentration C, proposed by Qian er al*° from

Polym Int 50:1338-1345 (2001)

fluorescence spectra, and then indicated by SEC?!
and dynamic light scattering experiments.?? This
critical concentration characterizes a point at which a
polymer molecule would begin to affect the existence
of the other polymer molecules when the concentra-
tion is higher than C,. From this point, C; is lower than
the critical overlap concentration C* as proved by
experimental data.?' Figure 5 shows the dependence
of C; upon molecular weight. Figure 6 is a comparison
of linear polystyrene in a good solvent with the samples
studied in this paper. The estimated overlap concen-
tration C* is also shown in the figure. There were large
differences between these two types of polymer both
for the absolute value of C, and for the scaling index as
listed in Table 2. The C; of linear polymer changed
with molecular weight linearly, while the C, of
hyperbranched polymer decreased with generation
number at first and then increased when the genera-
tion number increased. This phenomenon does not
meet the scaling index theory. The gap can only come
from the unique chemical architectures of the hyper-
branched polymer. The intermolecular interactions
are mostly limited to the surface layer and do not
contribute to intermolecular entanglement. More
theoretical work needs to be done in this new area.
From Fig 1, another feature should be noted; it is
unnecessary to make any extrapolation to zero con-
centration for the determination of its intrinsic vis-
cosity, because the reduced viscosity is exactly equal to
the intrinsic viscosity at any point at low concentra-
tions.

Intermolecular interactions have not been consid-
ered because the experimental system has previously
been limited to linear polystyrene. The intermolecular
interactions in the polystyrene system are the much
weaker van der Waals forces. Intermolecular interac-
tions should play an important role in molecular
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association (or the parameter Kyy), and further affect
the dynamic contacting concentration C; as listed in
Table 1. If there were no molecular associations, Ky
would be zero, as it is in the acetyl-modified G3 system
within the explored concentrations. However, the
parameter Ky; would have a certain value as soon as
the cluster formed, as is shown in the other systems.
Therefore, the parameter Ky, is closely connected to
the dynamic contacting concentration C,. That is to
say, the stronger the intermolecular interaction is, the
lower C; is. This is shown by our experimental data.
The deviations from the level line in Fig 1 for the
hydroxyl end-group samples took place at a lower
concentration than that of the corresponding acetyl
end-group samples. The generation dependence of the
intermolecular interaction parameter (Kyy) is very
similar to that of the intrinsic viscosity as shown in Fig
3, and this controlled the generation number depen-
dence of the dynamic contacting concentration C,.

CONCLUSIONS
From the preceding discussions, the following conclu-
sions were reached:

(1) The physical state of hyperbranched polymer
depends mainly on the polarity of terminal
groups. The glass transition temperature will
decrease with the decrease in polarity of the
surface end-groups.

(2) Much attention should be paid to the study of
the solution properties of hyperbranched poly-
mers if the end-group is highly polar such as
hydroxyl, etc. The experimental data may lead
to the wrong conclusions, such as whether the
clusters exist in solution. Here, intrinsic vis-
cosity [n#] of the acetyl modified aliphatic
hyperbranched polymer is much lower than that
of the corresponding hydroxyl end-group sam-
ples.
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(3) From the view of the flow model, the unique
viscosity behaviour is explained. The non-linear
trend (or maximum) of intrinsic viscosity comes
from the flow model changing from ‘free-
draining’ to ‘non-draining’.

(4) The results suggest that it is unnecessary to
extrapolate to zero concentration to calculate
the intrinsic viscosity, because the reduced
viscosity is exactly equal to the intrinsic viscosity
in the dilute regime.

(5) The hyperbranched polymer with the fewer
polar end-groups gives a suitable model system
for examining the viscosity theory. The dynamic
contacting concentration can be easily defined
in the plot of the reduced viscosity versus
concentration. The big difference in the depen-
dence of C; on its molecular weight for
hyperbranched polymer can be attributed to its
chemical architecture.

(6) Intermolecular interactions should be taken into
consideration when the solution properties are
explored. The dynamic contacting concentra-
tion C; and the association equilibrium constant
Ky depend on not only the generation number
(or molecular weight) but also the intermolecu-
lar interaction force.
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