Molecular Characterization of a Hyperbranched Polyester.

I. Dilute Solution Properties
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ABSTRACT: A hyperbranched polyester was fractionated by precipitation to produce 10
fractions with molecular weights between 20 X 10® and 520 X 10 g mol~ . Each of
these fractions was examined by size exclusion chromatography, dilute-solution vis-
cometry, intensity, and quasi-elastic light scattering in chloroform solution at 298 K.
High-resolution solution-state 1*C NMR was used to determine the degree of branching;
for all fractions this factor was 0.5 = 0.1. Viscometric contraction factors, g’, decreased
with increasing molecular weight, and the relation of this parameter to the configura-
tional contraction factor, g, calculated from a theoretical relation suggested a very
strong dependence on the universal viscosity constant, ®, on the contraction factor. A
modified Stockmayer—Fixman plot was used to determine the value of ((r%)/M )2,
which was much larger than the value for the analogous linear polymer. The scaling
relations of the various characteristic radii (R, R,,, Ry, and R,) with molecular weight
all had exponents less than 0.5 that agreed with the theoretical predictions for hyper-
branched polymers. The exponent for R, was interpreted as fractal dimension and had
a value of 2.38 = 0.25, a value that is of the same order as that anticipated by theory
for branched polymers in theta conditions and certainly not approaching the value of 3
that would be associated with the spherical morphology and uniform segment density
distribution of dendrimers. Second virial coefficients from light scattering are positive,
but the variation of the interpenetration function, ¢, with molecular weight and the friction
coefficient, k., obtained from the concentration dependence of the diffusion coefficient
suggests that chloroform is not a particularly good solvent for the hyperbranched polyester
and that the molecules are soft and penetrable with little spherical nature. © 2003 Wiley
Periodicals, Inc. J Polym Sci Part B: Polym Phys 41: 1339-1351, 2003
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INTRODUCTION

Dendrimer polymers have attracted consider-
able interest over the past 10-15 years because
of their well-defined structure because of the
stringent synthetic procedures that have to be
applied.!”® Furthermore, the periphery of den-
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drimer molecules has many end groups that can
be functionalized and used as sites for further
chemistry or to interact in a specific manner with
their surroundings. The major difficulty associ-
ated with dendrimers has already been briefly
alluded to above, the demanding and lengthy
synthesis procedures that have to be applied to
ensure good definition of the molecular struc-
ture.

In an effort to overcome this difficulty but to
retain the desirable features of dendrimers (their
low viscosity and density of chain ends at the
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molecular periphery), attention has turned to hy-
perbranched polymers that can be synthesized by
relatively simple ‘one pot’ methods.%” This ease of
synthesis is gained at the expense of any control
or knowledge of the molecular structure or even to
what the structure approximates. Aspects such as
the degree of branching can be obtained from
high-resolution NMR studies, but there are other
features that are of interest. Do hyperbranched
polymers approach a spherical structure at high
molecular weight? Conversely, are they best de-
scribed as fractal objects with a nonuniform dis-
tribution of segments? Is there any correlation
between the contraction factors, g’ and g, with the
degree of branching and/or the molecular weight?
Some insight to these various aspects may be
obtainable from the classical dilute-solution prop-
erties®® of hyperbranched polymers. In many
cases, such techniques may be the only ones ap-
plicable because hyperbranched polymers are
most commonly amorphous; hence, there is no
scope for X-ray crystallography. Furthermore, the
necessary deuterated monomers are unavailable;
thus, small-angle neutron scattering on the solid
state of the polymers is also inapplicable because
of the absence of contrast.

We report the results of applying a range of
dilute-solution investigations to a series of frac-
tions of a hyperbranched polyester [polydimethyl
5-(4-hydroxy butoxy)isophthalate] and, to a more
limited extent, to an analogous linear polymer.
The information content of the various parame-
ters discussed is first set out before moving to the
experimental, results, and discussion sections.

THEORETICAL BACKGROUND

The understanding of the behavior of linear, flex-
ible polymers in dilute solution and the conse-
quent development of theories that provides the
molecular explanation of the observed properties
is now very deep and at a sophisticated level.®~1!
The basis for this understanding was laid some
30-60 years ago by the many investigations of
the dilute-solution properties of linear polymers
that provided global properties of the polymer
molecules and their relation to molecular weight
and structural features of the molecules. Notwith-
standing the important role of molecular weight
(and its distribution) in determining the global
properties, the factors of major influence are the
molecular structure and the space occupied by the

molecule that define properties in solution and in
the solid state.

The last statement is even more pertinent to
branched polymers that clearly have very differ-
ent properties as compared with linear polymers
of the same molecular weight. However, exami-
nation of the global properties for such polymers
has been mainly confined to star polymers!'?-1*
with some notable exceptions where highly
branched naturally occurring polymers have been
discussed. Global parameters that are of value in
addressing the molecular level behavior of
branched polymers are provided by viscometry
and scattering techniques, light scattering being
particularly valid. The particular parameters are
the intrinsic viscosity ([7]), the radius of gyration
(R,), the second virial coefficient (A,), and the
z-average diffusion coefficient at infinite dilution
(D,). From these parameters other radii can be
constructed—the thermodynamic, hydrodynamic,
and viscosity radii. The latter two provide insight
on the interaction of the polymer with the solvent,
whilst in motion and comparison with values for
the linear polymer can be helpful in understand-
ing the branched polymer structure. The thermo-
dynamic radius responds to the regions of inter-
action between two polymer molecules, that is,
the excluded volume and comparison with the
hydrodynamic radius provide an estimate of
which factor operates over a longer range. The
interpenetration function®® (¥) is composed from
A,, the molecular weight, and R, and is a quan-
titative measure of the degree of interpenetration
of polymer molecules in dilute solution. The mo-
lecular weight dependence of these radii differs
for branched structures as compared with linear
equivalents, and the scaling exponents can either
be used to assess the fractal nature of the
branched polymers or compared with theoretical
predictions for model or simple limiting struc-
tures, for example, spherical molecules or flexible
Gaussian coils. Additionally, the dimensionless
ratios (e.g., ¥ and ratios of the various radii and
the combination A,M/[n]) often approach asymp-
totic values, and comparison with the values for
linear polymers or polymers with precisely de-
fined architecture can aid in the interpretation of
branched polymer behavior.

All of these parameters have been used in the
ensuing discussion of the hyperbranched polyes-
ter, parameters that are much used are the con-
traction or branching factors, g’ and g.!°'® The
former is the ratio of the intrinsic viscosity of the
branched polymer to that of the linear polymer of
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Figure 1. Representation of the monomer from which
PDHBI was synthesized.

equal molecular weight; the latter is formed from
the ratio of the mean square radii of gyration of
the two polymers. Relationships between the two
contraction factors have been attempted mainly
on the basis of data for star polymers. In the
absence of radii of gyration data for the analogous
linear polymer (see below), we have used some of
the relationships to examine the connection be-
tween g’ and the calculated values of g.

EXPERIMENTAL

Synthesis

Hyperbranched Polymer, Polydimethyl 5-(4-
Hydroxybutoxy)isophthalate (PDHBI)

Figure 1 shows the monomer from which the hy-
perbranched polymer PDHBI was synthesized.
The details of this synthesis have been provided
elsewhere!” and are not repeated here. At the
completion of polymerization (100% conversion),
the polymer was a transparent, vitrified mass
with a pale brown color. On dissolution in chloro-
form and reprecipitation in excess methanol fol-
lowed by filtering and drying, a white powder was
obtained. Thermal analysis suggested this poly-
mer to be amorphous, the only transition ob-
served being a glass transition at 307.8 K.

A variety of molecular weight fractions were
obtained from this parent polymer by adding
methanol to a continuously stirred 5% solution of
the polymer in toluene (a slightly poorer solvent
than chloroform). When the solution was judged
to be sufficiently turbid, no additional methanol
was added, and its temperature was raised until a
clear solution was obtained. At this point stirring
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was stopped, and the solution was allowed to cool
overnight to 298 K. The precipitated polymer set-
tled to the bottom of the fractionation vessel and
was removed. By repeating this procedure a total
of 10 separate fractions was obtained.

Analogous Linear Polymer, Polybutoxybenzoate
(PBB)

Methyl 3-(4-hydroxybutoxy)benzoate was melt-
polymerized under a constant flow of nitrogen
with antimony(III) oxide and manganese(II) ace-
tate as catalysts with added triphenyl phosphate
as a thermal-degradation inhibitor. The polymer
obtained was dissolved in chloroform and precip-
itated in excess methanol. Samples of this poly-
mer were transesterified in the presence of tita-
nium butoxide at 473 K under vacuum for differ-
ent times to increase the molecular weight. By
this means, four samples of a linear polymer were
obtained with weight-average molecular weights
(M,’s) in the range 7000 = M_/g mol ' = 51,000.
Unlike the hyperbranched polymer, PBB was
semicrystalline with a glass-transition tempera-
ture (T,) of 285.7 K, a crystallization temperature
of 328.0 K, and a melting point of 398.6 K.

Dilute-Solution Characterization Methods
Size Exclusion Chromatography (SEC)

All fractions of hyperbranched and linear poly-
mers were analyzed by SEC with chloroform as
the eluting solvent, triple detection (refractive in-
dex, viscosity, and right-angle light scattering)
being used at all times. To ensure that the molec-
ular weights were as accurate as possible, the
specific refractive-index increment at the wave-
length of the light source used (670 nm) was ob-
tained from a Cauchy dispersion plot of values
experimentally obtained for both linear and hy-
perbranched polymers at light wavelengths of
436, 488, 546, and 633 nm.

Dilute-Solution Viscometry

Intrinsic viscosities of PDHBI and PBB in chloro-
form solution at 298 K were obtained with a
Schott AVS 350 automatic viscometer with auto-
matic dilution, the data being interpreted via
Huggins’ plots.

Light Scattering

M.’s, R,’s, and Ay’s for solutions of the hyper-
branched polymer in chloroform were obtained
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from Zimm plots of Rayleigh ratio data. These
latter were obtained with a Malvern 4700 goni-
ometer and an argon ion laser (A, = 488 nm)
operating at 75 mW. Solutions were filtered
through 0.22 um filters and visually inspected in
the beam to ensure they were dust free. Statisti-
cal errors on the molecular parameters obtained
were typically 5% on M, *15% on R,, and
+10% on A,,.

Quasi-elastic light scattering data were col-
lected under the same conditions with a
Brookhaven BI-9000 AT correlator and a 35-mW
He—Ne laser (A, = 633 nm). Correlation functions
were analyzed by nonlinearly least-squares fit-
ting the cumulants expression to the data

K7
G(r) = exp[2<c0 —TI'r+ 2)] + G()

where G(7) is the value of the correlation function
at a delay time, 7, G(«) being the base line or ‘far
point’ value; and I" and K are the first and second
cumulants with

I'=DQ?
K = ((I' = (N)DQ*

with Q, the scattering vector, defined as (4m7i,/
Msind for a solvent with refractive index 7, and
light scattered at 26° to the incident beam direc-
tion. Values of the diffusion coefficient obtained
over a range of solution concentrations were used
to obtain the infinite dilution value, D, by extrap-
olation according to the equation 18

D(c)=D,1 + kpc---) (D

and D, is the z-average diffusion coefficient.

Light scattering experiments were also at-
tempted on solutions of the linear polymer in
chloroform; however, it became evident that some
form of aggregation of the linear polymer takes
place in solution (see below), and these data could
not be taken to be those for molecularly dispersed
solutions.

RESULTS

Hyperbranched Polymer
Degree of Branching

Figure 2 indicates the carbon atoms in PDHBI for
which we anticipate different resonances in the
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Figure 2. Carbon atoms in PDHBI that produce the
observed ®C NMR signals associated with linear,

branched, and terminal units.

13C NMR spectra. A typical example of a frag-
ment of the ®C NMR spectrum for one of the
fractions obtained is displayed in Figure 3. The
spectrum was curve-fitted, and the fitted curve
deconvoluted into the individual Gaussian curves
shown. Attribution of each peak to a particular
carbon atom was made with the full widths at
half-height, this factor being proportional to the
mobility of the carbon atoms and larger full
widths at half-height being associated with re-
duced mobility. A priori, we expect branched
units in PDHBI to be the least mobile and termi-
nal units to be the most mobile with the linear
carbon atoms having mobilities in between these
values. On this basis, we have labeled the indi-
vidual curves as terminal (7), linear (L), or
branched (B)—the integral of each unit in the
polymer. These integrals can be used to calculate
the degree of branching (D,) of the polymer with
definitions of this parameter by Hawker and Fre-
chet!®

b BT
P B+TH+L

or that of Holter et al.2°

2B

Dv=9p+1

Values of D, obtained for all the fractions ex-
hibited no dependence on fraction molecular
weight within the uncertainty associated with the
curve-fitting and deconvolution procedure—the
value observed being 0.5 = 0.1, regardless of
which equation was used to calculate D,.
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Figure 3. Observed >C NMR signal and its deconvolution and subsequent recon-
struction: 1 terminal carbon, 2 branched carbon, and 3 linear carbon (double peak
because of the two differing carbon environments on the linear units).

Light Scattering

Both classical intensity and quasi-elastic light
scattering experiments were made on solutions of
the PDHBI fractions in chloroform. Interpreta-
tion of the intensity data was enabled by separate
measurements of the specific refractive-index in-
crement (dn/dc) at a wavelength of 488 nm; at 298
K the value obtained was 0.13 * 0.01 cm® g~ L.
Values of M, root-mean-square R,, and A, for all
fractions are given in Table 1, which also includes
the diffusion coefficients and the slope factor %y
as well as the hydrodynamic radius R;, from the
Stokes—Einstein relationship.

SEC and Viscometry Data

Molecular weight averages and the intrinsic vis-
cosity obtained from the triple-detection SEC are
given in Table 2, which also includes the intrinsic
viscosities obtained by automatic viscometry so
that a direct comparison can be made. The first,
highest molecular weight fraction has a large
polydispersity (4), and this clearly has an influ-
ence on some of the succeeding parameters ob-
tained from the dilute-solution data, with values
being observed for this fraction that do not follow
the trend for the lower-molecular-weight and nar-
rower polydispersity fractions.

Table 1. Molecular Weight, R, A,, D,, kp, and R, Data Obtained from Light Scattering Data on
Hyperbranched Fractions of PDHBI in Chloroform at 298 K

Fraction M,/10> gmol™" R/1077 cm A,/em® mol g2 Dy/10"" em?s ' kpmLg ' R,/1077 ecm
1 519.8 30.3 0.11 x 1073 2.09 13.2 19.5
2 328.2 20.3 0.34 x 1073 3.30 24.3 124
3 154.0 14.0 0.67 X 1073 3.70 34.4 104
4 142.9 13.6 0.67 X 1073 4.12 41.6 9.5
5 118.5 15.6 0.87 x 1073 4.68 404 8.7
6 83.7 11.9 1.03 X 1073 4.13 43.6 9.9
7 63.5 13.9 0.77 X 1073 4.57 44.1 8.9
8 47.6 8.5 1.19 x 1073 5.47 43.7 7.5
9 36.0 14.0 1.12 x 1073 8.13 50.6 6.5

10 20.2 7.1 1.41 x 1073 8.83 45.6 4.9
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Table 2. Molecular Weights and Intrinsic Viscosities Obtained by SEC on PDHBI Fractions in Chloroform

Fraction M, /g mol ! M, /g mol ! M, /M, [n] /ml g™t [n]*ml g~*
1 102,300 452,800 44 54.5 60.4
2 130,500 316,300 2.4 48.5 60.4
3 92,700 149,100 1.6 36.5 37.9
4 71,700 134,200 1.8 34.2 37.6
5 45,900 100,300 2.1 31.9 33.6
6 50,700 75,900 1.5 28.8 28.9
7 44,400 62,900 1.4 25.6 27.1
8 30,400 45,800 1.5 23.5 24.8
9 27,900 35,200 1.2 20.6 21.6

10 16,800 21,500 1.2 16.9 18.3

2 Values obtained by dilute-solution viscometry.

Linear Polyester

All the dilute-solution characterization methods
applied to the hyperbranched polymer (viscome-
try, light scattering, and SEC) were also applied
to each of the four fractions of the analogous lin-
ear polymer in chloroform solution at 298 K. Av-
erage molecular weights and intrinsic viscosities
from SEC, viscometry, and light scattering are
given in Table 3. The light scattering values of M,
are larger than those obtained by SEC. Because
just slightly negative second virial coefficients
were observed for these solutions, indicating poor
solvent conditions, we attribute these higher mo-
lecular weights to the presence of some aggre-
gates in the solutions. Light scattering being
more responsive to higher-molecular-weight spe-
cies will be biased by their presence and give a
higher molecular weight. However, SEC molecu-
lar weights depend on separation by hydrody-
namic properties, and, moreover, the concentra-
tion of polymer in the solutions during the SEC
process is considerably less, making the solution
thermodynamics more favorable. Consequently,
we used the SEC-derived molecular weights and
intrinsic viscosities for the linear polymer, these

values being more characteristic of molecular so-
lutions of the linear polymer. We note in passing
that the intrinsic viscosity of solutions of the lin-
ear polymer obtained by classical viscometry was
little different from the values provided by SEC
analysis and triple detection, that is, either the
capillary flow was sufficient to break up the ag-
gregates or they were present in only very small
amounts.

DISCUSSION

Contraction or Branching Factors and Unperturbed
Dimension

From a linear least-squares fit to the intrinsic
viscosity and light scattering M, data plotted in
Figure 4, the Kuhn-Mark-Houwink—Sakurada
equation obtained is

[n] = (0.36 = 0.05)M039=002/], g1

and we note that the exponent is much smaller
than typical values encountered for linear poly-

Table 3. Molecular Weights and Intrinsic Viscosities for the Linear Polyester Sample from SEC in Chloroform

Sample M_/g mol ! M,/g mol ! M, /M [nl/ml g—* M?/g mol ™! [n]°/ml g1
1 22,100 51,000 2.3 42.7 148,600 47.7
2 14,600 27,200 1.8 244 50,800 26.3
3 9,200 12,100 1.3 27.6 46,450 24.7
4 5,400 7,400 1.3 14.8 23,300 20.2

2 Obtained from dilute-solution light scattering.
b Obtained from dilute-solution viscometry.



mers but is in the range anticipated for hyper-
branched polymers.?! Polysaccharide polymers
have often been cited as naturally occurring ex-
amples of hyperbranched polymers. Ioan et al.??
examined glycogen fractions and the viscosity ex-
ponent noted was 0.4—these fractions being ob-
tained by degradation of starting material had a
very wide range of polydispersities with large val-
ues from 29 to 6.

An equivalent Mark—Houwink analysis of the
intrinsic viscosity data for the linear polyester
gives

[n] = (0.21 + 0.2)M5*=01

and suggests that at 298 K in chloroform, this
polymer is in near-theta or unperturbed condi-
tions, an assertion that is confirmed by the
slightly negative second virial coefficients ob-
tained.

With these relationships for the hyper-
branched and linear polymers established, we can
obtain values of the contraction or branching fac-
tor, g’, and a double log plot of these values as a
function of the molecular weight of PDHBI is
depicted in Figure 5, the scaling relation being g’
= (2.1 = 0.2) M %1291 Contraction factors
were originally defined in terms of the mean
square radii of gyration of the linear and
branched polymers!®1¢

and hence

70 — S
60 |

50 F

401

30

[n]/mig"

20t

10 L
10* 10°

M, /g mol”

Figure 4. Kuhn-Mark-Houwink—Sakurada plot for
PDHBI fractions in chloroform at 298 K with light
scattering and dilute-solution viscometry data.
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Figure 5. Relation of the contraction ratio g’ to the
fraction molecular weight.

)
g = 6bg3/2 = Prgd? (3)
1

where the possible increase in the magnitude of
the universal viscosity constant, ®, because of the
increased segment density in hyperbranched
polymers is incorporated. In the absence of values
for the radius of gyration of the linear polymer,
we can make no estimate of the values of g; thus,
we are unable to estimate the dependence of ®*
on g. We can, however, make some progress with
the expression for g proposed by Zimm and Stock-
mayer'® for branched polymers with trifunctional
branch points, for example, the AB, type of mono-
mers used to synthesize PDHBI. For fractionated
polymer, the average value of g depends on the
average number of branched units, m, in a hyper-
branched material

4m

1/2 1/2
won=|(1+7) + 2| @

and

M,
mO

m = Db

where m, is the molecular weight of the trifunc-
tional AB, molecule. From calculated values of
(g(m)), the plot in Figure 6 was obtained and the
least-squares fit gives

gr — (086 + 0‘03)<g(m)>0.26i002
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Figure 6. Contraction factor g’ plotted as a function
of the g contraction factor calculated from the theoret-
ical relation of Zimm and Stockmayer.

Evidently, the exponent is far smaller than the
value of 0.5 originally suggested by Zimm and
Kilb?® or the exponent of 0.6 suggested on an
empirical basis by Kurata et al.?* and far smaller
than the exponent of 0.9 that Weissmuller and
Burchard?® obtained on the basis of the analysis
of data available for star polymers. This reduction
in the exponent is attributed to the dependence of
®* on g, and to recover g’ ag® 2, this suggests that
®* ~g~ 125 that is, very strong g dependence.

A major use of intrinsic viscosity has been for the
evaluation of unperturbed dimensions. Where theta
conditions are either unknown or unobtainable, the
Stockmayer—Fixman relation? is often used

% =K, + 0.51® BM? (6)
where
<r2> 3/2
K,= q)"(M) and B =211+ 2Y)/V.N,

where v is the polymer specific volume, y is the
polymer—solvent interaction parameter, V; is the
molar volume of the solvent, and @, is the univer-
sal viscosity constant with a value of 2.87 x 1023
when [n] is in units of milliliters per gram. For
the linear polymer analogous to PDHBI, there is
no need to use this expression for the chloroform
solution data because the solutions are effectively
at theta conditions, and the prefactor in the
Mark-Houwink relation can be used directly.

From the value of K, = 0.21 mL g ! we obtain
{(r? /M )2 =9 x 1072 cm.

The Stockmayer—Fixman plot developed for
linear polymers is not directly applicable to hy-
perbranched polymers; plots with negative slopes
are obtained suggesting that y is large and nega-
tive. Although this may be true for some polymer—
solvent combinations this is not the case here
because A, values are large and positive; the real
reason lies in the need for different exponents for
the molecular weights. The general relationship
between intrinsic viscosity and molecular weight
for highly branched polymer proposed by Zimm
and Kilb?? is

[n] — KM{[(1+38)/2]—1/4}

For theta conditions € = 0 and hence

[nlo= KMM

For solvent conditions other than theta condi-
tions, we have

[n] = [n]e?®

but we can also write a general relation for the
expansion factor as

o =1+ BM"K,
and hence
[n] = K,M" + BM*
that is
[n}Y/M" = K,+ BM"? (7

and a plot on the left-hand side of eq 7 as a
function of MY? should be linear. However, the
relation for ((r%)/M,)*? is based on a constant
value of @, in K, and because we noted the strong
dependence of ®,, on g above it is possible that the
plot obtained could be highly nonlinear. In reality
for our data plotted in Figure 7 we obtain a linear
plot over a molecular weight range of PDHBI
from 20,000 to 150,000 g mol 1. At this point, we
note that as well as a g dependence on the value
of ®@,, there may also be a molecular weight de-
pendence. Pre-empting the discussion on fractal
dimensionality to come later, the scaling relation
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Figure 7. Modified Stockmayer—Fixman plot for hy-
perbranched polymers with the data for PDHBI.

between intrinsic viscosity and molecular weight
can be written as

[n] — KMaq)+(3/df* 1)

where a4, expresses the molecular weight depen-
dence of ®,, and d is the fractal dimension. We
demonstrate below that d; = 2.38, and because
the exponent for the molecular weight depen-
dence is 0.39, then a4, = 0.13, that is, the value of
®, increases with molecular weight and this will
offset the decrease because of the g dependence.
Because of the absence of knowledge of the con-
stant of proportionality in the scaling relation @,
o« M“* we are unable to calculate ®,, but given
the opposing influences of g and molecular weight
on &, we tentatively use the value for &y, that is,
2.87 X 10%%, and this gives (r%)/M)? = 16.97 X
10~? cm. Evidently, the meaning of an end-to-end
distance for a hyperbranched polymer is moot;
consequently we interpret ((r2) /M)V? as an effec-
tive value for comparison with that for the linear
polymer. The value is circa twice that of the anal-
ogous linear polymer and is a reflection of the
reduction in the available minimum energy rota-
tional states because of the high extent of branch-
ing in PDHBI that would lead to a highly ex-
tended configuration in a linear polymer of the
same molecular weight.

Molecular Dimensions and Generalized Ratios for
the Hyperbranched Polymer

In addition to the radius of gyration and hydro-
dynamic radius that are obtainable more or less
directly from intensity and quasi-elastic light
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scattering, there are other parameters related to
the size of the hyperbranched polymer molecule.
These are the thermodynamic radius

B 3 A2m 1/3
T \16m N,

and the viscosity radius

[n]M '
R, = [(1077/3)NA]

These various radii are plotted as a function of
the PDHBI fraction molecular weights in Figure
8. Least-squares fits to the data provide the rela-
tions below, with all radii in centimeters

R, = 1.1 X 10 8M042=005 (8)
Ry, = 1.52 X 107 8M%36+0:04 (9)
Ry = 6.65 X 107 9MY*4=00 (10)
R, = 3.9 X 10 M0 46+001 (11)

The exponent in the relationship between R,
and molecular weight can range between values
of 0.33 for a spherical object with uniform mass
distribution to 1.0 for a rigid-rod particle. Such
clear-cut interpretation can be complicated by
thermodynamic effects leading to chain expan-
sion. Although the R, exponent observed of 0.42
suggests that PDHBI molecules are approaching
spherelike behavior, greater insight into the na-
ture of the hyperbranched polymer can be ob-
tained by interpreting the exponent as a fractal
dimensionality (dy) that is the reciprocal of the
exponent in eq 8, that is, d; = 2.38 = 0.25. For
linear polymers with a Gaussian coil nature, val-
ues of d; range from 1.66 to 2 for thermodynami-
cally good and theta solvent conditions, respec-
tively, reflecting the well-known excluded volume
exponents of ~0.6 and 0.5 for these two condi-
tions.'® For branched polymers, d; is predicted to
have the values of 2 and 2.28 for randomly
branched polymers in good and theta solvent con-
ditions, respectively,2”2° although values of 3
have been observed for some dendrimers®® sug-
gesting a uniform distribution of segments in the
space pervaded by the polymer. The value ob-
served here suggests that the hyperbranched
polymer has a geometry lying somewhere be-
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Figure 8. Characteristic radii as a function of molecular weight for PDHBI fractions
in chloroform at 298 K: (a) radius of gyration, (b) hydrodynamic ratio, (c) thermody-

namic radius, and (d) viscosity radius.

tween that of a sphere (d; = 3) and a disk (d; = 2).
Perhaps the most well discussed highly branched
polymers have been the naturally occurring poly-
mers glycogen and amylopectin, with glycogen
having a fractal dimensionality of 2.86.31 How-
ever, starches from various sources (and thus dif-
fering contents of amylose and amylopectin) have
rather smaller values of d; (~2.4) approximating
to that of a nonswollen cluster although the sec-
ond virial coefficients were positive. Geladé et
al.32 obtained fractal dimensions for hyper-
branched polyesteramides from the scattering
vector dependence of small-angle neutron scat-
tering from solutions in deutero tetrahydrofu-
ran, an average value of 2.04 being obtained
that agreed with that predicted when hyper-
branched polymers are in good solvent condi-

tions. However, the polyesteramides were un-
fractionated and had particularly large polydis-
persities, up to 87 in one case, and this will
influence the values of d;.

Certain combinations of dilute-solution param-
eters form dimensionless ratios that have charac-
teristic values for particular situations. In addi-
tion to the ratio of the various radii, the interpen-
etration function, W, is included

g A
~ RN,

Table 4 sets out these dimensionless ratios and
the values predicted by theory and observed for
linear and 18-arm star polymers in good and
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Table 4. Predicted and Observed Values for Dimensionless Ratios

R/R, R, /R, R /R, R, /R, v
Self-avoiding 0.60 0.64 0.73 1.14 0.269
Random walk
Unperturbed — 0.81 0.82 1.02
Gaussian coil
Hardsphere 1.29 1.29 1.29 1.00 1.61
Linear polybutadiene
Good solvent 0.71 0.72 0.84 1.17
theta solvent — 0.74 0.84 1.13 —
18-arm star polybutadiene
Good solvent 1.19 1.11 1.21 1.08 1.1
Theta solvent — 1.18 1.21 1.03

theta solvent conditions. Figure 9 displays the
values obtained for the four radii ratios; the data
point for the highest molecular weight fraction is
generally anomalously low, attributable to the
broad molecular weight distribution of this frac-
tion (4). Although the data are somewhat scat-
tered, the general feature is an increase in the
magnitude of each ratio approaching an asymp-
totic value. None of these asymptotic values ap-
proach that predicted for a hard sphere; the ratios
R, /R, and R,/R, are closer to the predicted values
for a self-avoiding random walk, whereas R/R,, is
somewhat closer to that for a hard sphere it is still
sufficiently distant that there is probably little

hard sphere character to PDHBI. Values of R, /R,,
are far too scattered to make meaningful conclu-
sions, and as Table 4 shows, the range of values
for this parameter is not wide enough for very
different situations. The experimentally observed
interpenetration function values are very scat-
tered and generally increase as the molecular
weight increases, eventually exceeding the ex-
cluded volume limit value of 0.269 for a linear
chain but still significantly smaller than the hard
sphere limit although no definitive conclusions
can be made from this parameter. The ratio
A,M/[m] also shows a rapid increase with molec-
ular weight (Fig. 10) but with no evidence for an

1.3 : T T T T 13 T T T
12} 12 1
11} 11k B!
10t 1.0F R b
e
ol R R ]
o o o8l . i
o 08 . 1o o
07}o ° T
o ° 08}° -
06} o ° o
05 ° 05 i -
: [ o 04 |- ° -
04 L 1 1 ! i i 1 ! L 1
T 3 T T T T T T
12} -
L ]
1ol 11t E
. _10r o*
== ]
s 0.9+ .
@
=] @ @
o5} osle B
® o
R4
hd L 1 L 1 : 0.7 1 L 1 1 I
0 1x10°  2x10°  3x10°  4x10°  5x16°  ex10° 0 1x10°  2x10°  3x10°  4xi0®  5xi0°  ex10°
-1 -1
M, /g mol M, /g mol

Figure 9. Figure 9. Ratios of radii as a function of molecular weight.
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asymptotic value being approached. Asymptotic
values of 1.07 (linear polymer) and 1.6 (hard
sphere) are predicted for this ratio, but they in-
creased with branching in star polymers and ex-
ceeded the value for a hard sphere.!’ Evidently,
the values we observe here conform to this behav-
ior because the ratio is considerably larger than
that for a hard sphere and reflects the highly
branched nature of the polymer. We note that the
dependence of A,M_/[n] reflects that of the inter-
penetration function, V. Because

AzMW . 771/26\1}
[n] 5@

it appears that the difficulty of interpenetration of
the segment clouds on hyperbranched molecules
becomes dominant at high molecular weights,
whereas the smaller solvent molecules are easily
able to penetrate the volume pervaded by the
hyperbranched polymer molecule.

Concentration Dependence of Diffusion
Coefficients and the Friction Coefficients

Having applied the diffusion coefficients to calcu-
late R,, discussed above, we now turn our atten-
tion to the concentration dependence of the diffu-
sion coefficients, particularly the values of & in
eq 1. This hydrodynamic parameter is related to
the thermodynamic parameters by the equation

szzAzMw_ks_l_)

30 o 4

25F © B

AM,Jn]

15+ ° .

10} 4

1E4 1E5
M

w

Figure 10. Dimensionless ratio A,M /[n] as a func-
tion of molecular weight.
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Figure 11. Friction concentration coefficient, %, ob-
tained for each molecular weight fraction of PDHBI.

where v is the partial specific volume, and %, is a
term in the concentration dependence of the fric-
tion coefficient

flo) = fi1 +he+ -
and
ks =k (4TR3N /3M)

where &, was calculated to have values of 2.23—
7.16 for linear polymer in theta and good solvent
conditions, respectively,'® the latter value also
being the hard sphere limit. The values quoted
pertain to values of kyy, &, and so forth where the
concentration is expressed in volume fraction,
that is

3kpM,,
k]dS = 3
47TNARh
and
8R;
b - L
k=g kb

Values of k&, obtained are very scattered (Fig. 11)
but do exhibit a trend to increasing values as the
hyperbranched polymer molecular weight in-
creases (as does the ratio R/R;). In this respect,
the behavior follows that theoretically predicted;
however, the absolute values of %, are approxi-
mately half that predicted for soft penetrable
spheres.



CONCLUSIONS

A series of fractions of a hyperbranched polyester
in chloroform solution have been examined with
dilute-solution characterization methods, and
ideas have been applied from classical two-pa-
rameter theory of polymer solutions. The viscosity
contraction factor obtained by direct comparison
with the data for an analogous linear polymer
decreases with increasing molecular weight, that
is, the hyperbranched polymer becomes relatively
more compact at high molecular weight. A modi-
fication of the Stockmayer—Fixman extrapolation
equation was used to extract a value for the un-
perturbed dimensions of the hyperbranched poly-
mer, and this is twice that of the linear polymer.
Evidently, there are stronger repulsions to inter-
nal rotation because of steric hindrance in the
hyperbranched polymer. Characteristic radii of
the polymer have the anticipated smaller scaling
exponents with molecular weight as compared
with those for linear polymers. These may be
interpreted as a fractal dimension, the value of
which suggests a flattened spherelike geometry
for the branched polymer. The interpenetration
function and the friction coefficient concentration
factor both suggest that the polymer is not in
particularly favorable solvent conditions and that
the volume pervaded by a molecule is easily pen-
etrated by another similar molecule, that is, the
hyperbranched polymers are ‘soft’ structures in
solution. Conversely, the values of A,M /[n] in-
crease with molecular weight suggesting that the
polymer is hard and impenetrable.

The authors thank the Engineering and Physical Sci-
ences Research Council for the provision of a mainte-
nance grant to EDL that enabled this research.
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