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ABSTRACT: Hyperbranched polyurethane (HP) and its linear analog (LPU) were stud-
ied by size exclusion chromatography (SEC), utilizing a combination of refractive index
(RI), right angle light scattering (RALLS), and differential viscosity (DV) detectors. The
relationships between retention volume (Ve), intrinsic viscosity (�), radius of gyration
(Rg), and the molecular structure were investigated. It was shown that the hyper-
branched polyurethane had lower Ve, �, and Rg than its linear analog when they had
the same molecular weight. The branching parameter g and g� were calculated. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 85: 2445–2450, 2002
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thane; branching parameters

INTRODUCTION

Highly branched polymer structure has been
given much attention in recent decades.1–5 The
interest in such macromolecules stems from the
possibility that, owing to their novel, highly
branched, globular and unentangled structure,
they may be expected to show new and helpful
behavior both in solution and in bulk. Two dis-
tinct synthetic approaches to such highly
branched structures have been developed. One
approach is a stepwise growth process, involving
a protection–deprotection strategy at every step
of the growth process. The other is a single-step
process, where an ABx type monomer (x � 2)
undergoes self-condensation polymerization. Al-
though the former approach yields monodisperse
polymers with well-defined structure, it often re-
quires chromatographic purification of the prod-
ucts at every step of the growth process and there-
fore may be unsuitable for large-scale prepara-

tion. The latter approach, while being more
suitable for scale-up, gives polymers with varying
degrees of branching and also less precise molec-
ular structure. The advantage of this one-pot ABx
approach, of course, lies in its potential for
greater general applicability, should this class of
polymers exhibit some potentially useful proper-
ties.

A more thorough investigation of a hyper-
branched polymer reveals three different types of
repeat units as illustrated in Figure 1. The con-
stituents are dendritic units (D), fully incorpo-
rated ABx monomers, terminal units (T) having
the two B-groups unreacted, and linear units (L)
having one B group unreacted. The linear seg-
ments are generally described as defects. The de-
gree of branching (DB) in AB2 systems according
to the definition of Frey et al.6 was given by DB
� (2D � L)/(2D � L).

To date, two different techniques had been
used to determine the degree of branching. The
first technique was presented by Frechet et al.7

and involved the synthesis of low molecular
weight model compounds resembling the repeat
units to be found in the hyperbranched skeleton.
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The model compounds were characterized with
NMR. From the spectra of the model compounds,
the different peaks of the hyperbranched poly-
mers could be assigned. The degree of branching
was calculated from the integrals of the corre-
sponding peaks in the spectrum of the polymer.
This method was limited to polymers exhibiting
differences in NMR for different building blocks.
The other method, based on the degradation of
the hyperbranched backbone, was presented by
Kambouris and Hawker.8 The chain ends were
chemically modified and the hyperbranched skel-
eton was fully degraded by hydrolysis. The deg-
radation products were identified with capillary
chromatography. Two chemical requirements had
to be fulfilled to use in this technique. First, deg-
radation must not affect chain ends, and second,
the conversion into elementary submits must be
complete.

Size exclusion chromatography (SEC) is a pow-
erful method for determining molecular weight
and molecular weight distribution of polymers.
However, it is difficult to gauge the true molecu-
lar weight of the hyperbranched polymer due to
its three-dimensional shape. The conventional
SEC (with refractive index detection, or RI) was
combined with a right angle laser light scattering
photometer (RALLS) and a four-capillary bridge
design differential viscometer (DV). The DV de-
tector was used to monitor polymer solution vis-
cosity, the RALLS detector was used to acquire
the polymer molecular weight across the SEC
chromatogram accurately, and the RI detector
measures polymer concentration.

In this paper, the hyperbranched polyurethane
and its linear analog were characterized by triple-
detector SEC3. The properties of these two poly-
mers were compared to try to get branching in-
formation about hyperbranched polyurethane.

EXPERIMENT

Samples

The synthesis procedure of the hyperbranched
polyurethane (HPU) has been described in detail
in our previous report.9 The linear polyurethane
was synthesis from toluene-2,4-diisocyanate
(TDI) and diethylene glycol (DEG). The molar
ratio of TDI: DEG was 1:1. Their structural for-
mulas were showed in Scheme 1.

Size Exclusion Chromatography

A dual SEC detector (Model T60, Viscotek Corp.),
with RALLS and DV detectors in series, was com-

Figure 1 Different segment types present in hyper-
branched polymer (AB2 type).

Scheme 1 The structure of hyperbranched and linear polyurethane.
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bined on-line with a differential refractometer
(RI, Model 410, Waters Corp.) coupled to a pro-
grammable high performance liquid chromatog-
raphy (HPLC) pump (Model 590, Waters Corp.).
Two chromatographic columns (American Poly-
mer Standards Corp., Mentor, Ohio), measuring
30 cm in length and packed with 5 �m diameter
polystyrene (PS) gel, were used in series. Tetra-
hydrofuran (THF) was degassed ultrasonically
and used as the mobile phase at a flow rate of 1.0
mL/min. The samples were dissolved in THF at a
concentration of 3.000 mg/mL and were filtered
through 0.2 �m pore size membrane filters. Mea-
surements were performed at 25°C, and injection
volumes of the sample solutions were 100 �L.
TriSEC software (Viscotek) was used to treat the
data obtained.

RESULTS AND DISCUSSION

Characterization via SEC/RI (SEC1) and SEC/RI/
RALLS/DV (SEC3)

Characterization data of hyperbranched polyure-
thane and linear polyurethane obtained via SEC1

and SEC3 were listed in Table I. The RALLS
detector in SEC3 was a useful method to obtain
the true molecular weight of polymers. Good
agreement was observed between the molecular
weights of LPU (linear analog of HPU) obtained
via SEC1 and SEC3. It meant that SEC1 was a
useful method for determining molecular weight
of linear polyurethane. However, it can be found
that SEC1 can only give values of Mn and Mw
relative to PS standards for the hyperbranched
polyurethane, not the true average molecular
weights.

Characterization data of PS standards, HPU,
and LPU obtained via SEC3 were listed in Table
II. Mi, [�]i, Rgi

were molecular weight, intrinsic
viscosity, and radius of gyration of each individ-
ual slice.

Figure 2 showed that the retention volumes of
LPU were fit well on the PS calibration curve. The
retention volumes of HPU were larger than those
of PS standards and LPU with the same molecu-
lar. The LPU had a linear structure, while HPU
had a highly branched structure. HPU had a
smaller Rg than LPU with the same molecular
due to its spherical shape (Table II). This meant
that the retention volumes of HPU were larger
than those of LPU. This also explained the reason
that the molecular weight of HPU obtained via
SEC1 was smaller than the true molecular
weights obtained via SEC3.

Figure 3 showed that HPU had lower intrinsic
viscosity than LPU with the same retention vol-
ume. This meant HPU had a compact structure
and had no chain entanglements. Figure 4
showed the plot of logM[�] vs Ve. It was interest-
ing to note that the data points for LPU fit well on
the PS calibration curve. However, the universal
calibration concept was not applicable to HPU.

Mark–Houwink–Sakurada Equation Constants

Solution behaviors differed for hyperbranched
polymers compared to linear polymers. Figure 5
showed the intrinsic viscosity as function of molar
mass for LPU and HPU. The relationship be-
tween the two polymers was

LPU: [�] � 0.00198 � M0.47 (1)

HPU: [�] � 0.00083 � M0.41 (2)

Hyperbranched polyurethane exhibited a rela-
tively low � value in Mark–Houwink–Sakurada
equation and low intrinsic viscosities. This was
consistent with highly branched and compact
structures. Turner et al.10,11 also found the
Mark–Houwink plots of hyperbranched polyester
actually passed through a inflexion when the
value of logM was about 3.5.

Table I Characterization Data of HPU and LPU Obtained via SEC1, and SEC3

Samples Method Mn � 10�4 Mw � 10�4 PD [�]n (dL/g) [�]w (dL/g) Rgn
(nm) Rgw

(nm)

HPU SEC1 7800 21000 2.69 — — — —
SEC3 28600 89900 3.14 0.0655 0.0835 4.43 5.84

LPU SEC1 31900 93300 2.92 — — — —
SEC3 32100 98400 3.06 0.289 0.380 7.47 10.00
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Branching Parameters g and g�

Branching changed the relationship between hy-
drodynamic volume and molecular mass because
a branched molecule was smaller than a linear
molecule of the same molecular mass. This de-
crease in size was described by the branching
index, g, which was the ratio of the mean square
radius of gyration Rgb

2 of the branched molecule to
that of Rgl

2 of the linear molecular with the same
molecular mass (M),12

g � �Rgb
2 /Rgl

2 �M (3)

The decrease in the hydrodynamic volume was
described by g�, which was defined as the decrease
in intrinsic viscosity [�] at a given molecular mass
due to branching,
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Figure 2 Correlation of Ve with logM.

Figure 3 Correlation of Ve with log[�].
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g� � ���	b/��	l�M (4)

This was expected to be proportional to the de-
crease in the radius of gyration:

g� � g� (5)

Experimental � was found to vary from 1/2 to 3/2.
One point: � � 1/2 for lightly branched polymers,
� � 3/2 for highly branched polymers. Another
point: � � 1/2 for random and star branched poly-
mers, � � 3/2 for comb polymers.

Figure 6 showed the radius of gyration as func-
tion of molar mass for LPU and HPU. The rela-
tionship between the two was

LPU: Rgl � 0.061 � M0.45 (6)

HPU: Rgb � 0.045 � M0.44 (7)

In order to compare HPU to LPU with the same
molecular weight and molecular weight distribu-
tion, the molecular weight and concentration of
each individual slice of LPU was supposed to be
the same value of those of HPU. The number-
average and weight-average intrinsic viscosity
and the radius of gyration were recalculated.
Then the g, g�, and � could be calculated (Table
III). It could be found that � � 1.41 reached the
value 3/2. This supported the point that � was
equal to 3/2 for highly branched polymers.

The g can be directly related to the number of
branched points if the radius of gyration was
measured under 	 conditions, where the effect of
excluded volume on the radius of gyration was
apparently canceled by Van der Waals attractions
between segments of the chain. With the assump-
tion of long chain, a randomly branched polydis-
perse polymer with trifunctional branch points
the weight-average value of g was given by12

gw �
6
nw

�1
2 �2 
 nw

nw
� 1/2

ln��2 
 nw�1/2 
 �nw�1/2

�2 
 nw�1/2 � �nw�1/2� � 1� (8)

where nw was the number of trifunctional branch
points per weight-average molecule.

In this study, the SEC experiment was carried
out using a thermodynamically good solvent, and

Figure 5 plot of log[�] as a function of logM for LPU
and HPU.

Figure 4 Correlation of Ve with logM[�]. Figure 6 plot of logRg as a function of logM for LPU
and HPU.
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so it was assumed that the radii of gyration of
branched and linear polymers had the same ex-
pansion factors. This assumed that the results
based on eqs. (3) and (8) were still valid.

Equation (8) was so sophisticated. It was not
possible to solve for nw directly. However, it was
easy to get gw � nw curve when various values of
nw were given. Moreover, gw � ln(nw) curve could
be obtained (Figure 7). Then nw could be obtained
from the curve when the value of gw was given. In
this study the following result was obtained: nw
� 16 (gw � 0.346). It was obvious that the branch-
ing index was an unspecified lower average be-
cause only long branch chains were considered.

CONCLUSION

SEC, utilizing a combination of RI, RALLS, and
DV detectors was used to study the relationship

between the decrease in intrinsic viscosity and
radius of gyration caused by branching. It could
be found that the intrinsic viscosity and the ra-
dius of gyration of HPU were much lower than
that of its linear analog with the same molecular
weight. Branching parameter g and structure pa-
rameter � showed that HPU had a highly
branched structure.
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Table III Calculation of Branching Parameters for HPU

Samples Mn � 10�4 Mw � 10�4 [�]n (dL/g) [�]w (dL/g) Rgn (nm) Rgw (nm) gw w �

HPU 28600 89900 0.066 0.084 4.43 5.84
0.344 0.225 1.41LPU 28600 89900 0.286 0.365 7.46 9.95

Figure 7 The gw � ln(nw) curve calculated from eq.
(8)
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