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ABSTRACT: Dilute solution properties of 13 dextrans with different molar masses in water and 0.5 M
NaOH were investigated. Seven of these samples were products of Sigma prepared by bacteria from
Leuconostoc mesenteroides, one was obtained by fractionation of the dextran with the highest molar mass,
and five samples were obtained by degradation via controlled acid hydrolysis. Static and dynamic light
scattering, viscometry and analysis of the reducing end group were applied. The molar mass dependencies
of the radius of gyration Ry, the hydrodynamic radius Ry, the second virial coefficient A, and the intrinsic
viscosity [#] for the nonfractionated samples were determined. The results are compared with data from
the literature. Size exclusion chromatography in on-line combination with multiple-angle laser light
scattering and viscosity detection revealed different calibration curves M; vs V. for the studied samples.
The molar mass dependencies of the radii and intrinsic viscosities could be measured. The data of the
radii of gyration from four fractionated samples were found to form one common curve. The intrinsic
viscosities, on the other hand, gave two curves, one for the Sigma sample and another one for the acid-
degraded samples. These findings are discussed in comparison with the nonfractionated samples. The
polydispersity of dextrans, like those for other hyperbranched polysaccharides, increased strongly with
M, but weaker than predicted by theory. Generalized ratios p = Ry¢/Rn and V, = A;My/[7] are considered
and discussed in comparison with data from other laboratories and compared with predicted values. The
coil—coil interpenetration function W and the solvent-coil draining function ® were found to increase

with the molar mass as a result of increasing branching density.

Introduction

Bacterial polysaccharides have aroused interest for
many years.}?2 Among these dextran is probably the
oldest one that has found much application.® Dextran
is a branched polysaccharide (Scheme 1), composed of
o-D-glucopyronosyl residues, all having preponderant
the a(1—6) linkage. Some dextrans are composed almost
exclusively of (1—6) linkage, whereas others may con-
tain less than 50% of it. The other types of linkages may
be (1—2), (1—3) or (1—4), so that a series of a-d-linked
D-glucans containing a variety of linkage types is
available.1# There are different strains which synthesize
products from glucose after cleaving sucrose of very
different extent of branching. Commercially mostly used
is a dextran from Leuconostoc mesenteroides, strain
B-512(F), with an overall degree of branching of about
5%.4 A large number of these branches appeared to be
short, but the physical chemical properties are mainly
determined by long chain branching which could be
considerably smaller than 5%. However, also strains
with branching density up to 30% were reported.5 In
contrast to other branched polysaccharides such as
amylopectin and glycogen the branched topology is not
well-known. In principle, however, also dextran, to-
gether with amylopectin and glycogen, belongs to the
class of hyperbranched polymers, i.e., one has one focal
end group (the reducing end group) and four other have
nonreducing end groups per repeating unit.6 This means
the dextran can contain units where only two function-
alities are used forming a linear chain, and it can
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Scheme 1. Ri, Rz, R3: Short or Long Range
Branching in C3 and C4-Position; In Total 4%
Branching
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contain trifunctional and tetrafunctional branching
units.

The solution properties of dextran have been repeat-
edly investigated.” A rather comprehensive paper was
recently published by Nordmeier.® Despite the care he
invested, several points remained still not fully clarified.
For instance, the polydispersity was not taken into
account, and also the size distribution and viscosity
behavior were not considered. The present study was
motivated by our interest in the semidilute solution
behavior of branched polysaccharides, e.g., amylopectin,
glycogen, and now dextran.® The study of the semidilute
dextran solution has already been published. It is now
appropriate to supply details of our results obtained in
the dilute solution.

In the following we first will discuss (i) the properties
of nonfractionated commercial available samples, and
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Table 1. Characteristic Parameters of Dextran Samples: D1-D7, SIGMA Dextrans; Dfl, Fractionated D1; Dd1-Dd5,
Acid-Degraded Samples

SLS(4o = 632.8 nm) in Water

SLS (Ao = 488 nm) in 0.5M NaOH

10~*Mw 10%A; Ry Rn [7] 10 *Mw 105A; Ry Rn [7] 1074Mp?
sample DS (%) (g/mol) (mol'mL/g?)  (nm) (nm) (mL/g)  (g/mol) (mol mL/g®) (nm) (nm)  (mL/g) (g/mol)
D1 92 266 5.4 47 47 61.0 270 7.1 50 46 81.1 8.43
D2 91 50.6 17.6 21 17 53.1 48.8 24.3 23 21 64.5 17.0
D3 94 33.4 20.2 19 15 46.1 35.6 28.9 21 19 57.2 3.94
D4 94 13.2 32.8 12 11 35.0 16.6 34.9 14 13 46.4 4.87
D5 89 5.90 45.6 - 10 26.3 6.84 40.8 - 8 30.4 4.20
D6 85 3.74 42.2 - 5 20.9 4.65 51.0 - 6 20.8 2.09
D7 92 0.90 74.9 - 3 8.6 1.18 59.9 - 4 9.3 0.48
Dfl 92 290 5.0 45 38 67.8 301 6.2 52 48 76.7 18.2
Dd1 88 127 9.3 33 29 62.1 173 11.3 39 35 60.5 19.2
Dd2 85 52.2 15.1 29 26 49.8 64.3 155 30 27 48.8 12.2
Dd3 87 16.1 21.9 14 11 28.9 16.1 38.5 18 16 32.1 3.71
Dd4 84 7.75 38.0 - 9 18.1 9.35 58.6 - 10 19.3 1.59
Dd5 87 6.62 37.6 - 9 16.4 7.77 32.3 - 10 18.5 2.24

a End group analysis; method of Nelson-Somogyi.

(i) of some polydisperse fractions which were prepared
by degradation from the high molar mass dextran D1.
Static and dynamic light scattering and viscometry were
applied, and the number-average degree of polymeri-
zation was determined by spectroscopic end group
determination. The second part deals with size exclusion
chromatography (SEC) in on-line combination with
multi angle laser light scattering (MALLS) and viscom-
etry (VISC). These measurements gave results on the
size distribution and on the molar mass dependence of
the radius of gyration and the intrinsic viscosity. Similar
studies were made previously by a few other authors.
Kulicke et al.1% applied the cross-flow field flow frac-
tionation. He focused his attention mainly to a check of
the separation possibilities of this new technique.
Hanselmann et al.'* had no MALLS detector available
and determined the distribution with the aid of low
angle laser light scattering (LALLS) and VISC detec-
tors. In contrast to these earlier measurements the
present paper makes use of the full power of this
combination method. From these data shrinking factors
g (=Rgp/Rg,iin) and g' (=[n]u/[n]iin) could be determined
if data from the linear reference system were available.
Although such reference does not exist, these factors
could still be estimated under certain assumptions. The
problem is involved and will be discussed at some length
in a separate paper. Furthermore, the coil—coil inter-
penetration function W will be derived from the second
virial coefficient and the draining function @ in the
Fox—Flory equation from the intrinsic viscosity. Both
functions give interesting insight into the local segment
density distribution of the macromolecules.

Experimental Section

Samples. Seven dextrans, products of Sigma (D1-D7),
prepared by bacteria from L. mesenteroides, with different
molecular weights were analyzed with regard to My, M, Az,
Ry, Rn, and [7] (see Table 1). To obtain fractions of different
molar masses, a controlled degradation by acid hydrolysis was
carried out.*> The high molar mass dextran (D1) was sus-
pended in methanol and different amounts of concentrated HCI
were added at room temperature (1 g of glycogen + 4 mL of
MeOH + x mL of HCI, with x = 0.04, 0.12, 0.20, 0.28, and
0.36, respectively). Each mixture was shaken for 4 days when,
according to literature,'? the limiting value is reached. The
degraded samples Dd1—Dd5 were neutralized with 1 M NaOH
and washed with methanol. Also, a fractionation of D1 was
made to obtain a sample Dfl with a narrower distribution.
Therefore, methanol was added to the aqueous solution and
the precipitated parts isolated. Measurements were carried

out at 20 °C. Water with 0.01% sodium azide (NaN3) added
and 0.5 M NaOH were used as solvents.

Dry substance content was determined in a moisture
analyzer (Sartorius MA 40). The obtained values were between
84 and 94%.

Number-Average Molecular Mass. M, was obtained by
the reducing end group determination, following the method
of Nelson—Somogyi.*®

Static Light Scattering (SLS). Measurements were per-
formed with two fully computerized and modified SOFICA
photogoniometers (G. Baur, Instrumentenbau, Hausen, Ger-
many). The one was equipped with a He—Ne laser (1o = 632.8
nm) and the other with an Ar-ion laser (1o = 488 nm).
Measurements were made in an angular region from 35 to
145°, in steps of 5°, at 20 °C. Two different solvents were used,
i.e., water and 0.5 M NaOH, with the refractive index incre-
ments dn/dc = 0.151 mL/g (for water and 1o = 632.8 nm) and
dn/dc = 0.142 mL/g (for NaOH and A, = 488 nm).'4

Dynamic Light Scattering (DLS). Measurements were
carried out using an ALV photogoniometer (ALV, Langen,
Germany) equipped with an ALV 5000 correlator. Measure-
ments were made in an angular range from 30 to 150°, in steps
of 10°, at 20 °C. For details see ref 15.

Size Exclusion Chromatography (SEC). Analytical frac-
tionation of the samples was carried out by SEC in on-line
combination with an multiangle laser light-scattering (MALLS)
instrument (DAWN, Wyatt Technology, Santa Barbara, CA)
and with a RI/VISC detector (Knauer, Berlin, Germany), that
allowed the detection of concentration and viscosity. The
chromatography was driven by an HPLC pump 64 (Knauer,
Berlin, Germany) at a pressure of 10 bar. The injection volume
was 50 uL. As elution solvent a 0.1 M NaNO; solution
containing 0.05% NaNs; was chosen. The addition of sodium
azide was necessary to prevent bacterial growth. For the
degraded samples a two-column system, 2xPL aquagel-OH
Mixed 8 um, from Polymer Laboratories Heerlen, NL was used.
For the Sigma dextrans an additional PSS Suprema 10000,
10 um column, from Polymer Standards Service (Mainz,
Germany)) was employed. For the high molar masses (D1, D2
and Dfl) also a four-column system was used, i.e., a PSS
Suprema 30000, 20 um column, from Polymer Standards
Service (Mainz, Germany) in addition to the mentioned three.

Viscosity. Measurements were made with an automatic
Ubbelohde viscometer (Schott, Germany) at 20 °C in water and
in 0.5 M NaOH. A capillary of 0.63 mm in diameter was used.

Results

Properties of Nonfractionated Samples. Mea-
surements were performed in two solvents, i.e., water
and 0.5 M NaOH, by static and dynamic light scattering
and viscometry. The data of My, A2, Ry, Rn, [7], and M,
are collected in Table 1. The radii of gyration Ry and
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Figure 1. (A) Molar mass dependencies of the radius of
gyration (circular symbols) and the hydrodynamic radius
(triangular symbols) for different samples in water: (a), (®)
dextrans—Sigma; (gray triangle), (gray circle) dextrans-
degraded; (2), (O) dextrans—Nordmeier. (B) The ratio p = Ry/
Ry, of the two radii as a function of the molar mass M,;: (®)
dextrans—Sigma; (gray tilted square) dextrans-degraded; ()
dextrans—Nordmeier;® (v) pullulan—Nordmeier® (dashed
line: fit); (O) degraded starches;®@ doted lines, calculated with
eq 4 for branching probabilities p(1 — p) = 0.01, 0.02, and 0.05.
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Figure 2. Molar mass dependencies of the radius of gyration
(circular symbols) and the hydrodynamic radius (triangular
symbols) for different samples in 0.5 M NaOH: The symbols
are the same as in Figure 1. The lower part shows the p
parameter (line: regression through the points).

the hydrodynamic radii Ry, are plotted against the molar
mass M, in Figure 1 for water and in Figure 2 for 0.5
M NaOH. Underneath these figures the ratio of Rg/Rp
= p is plotted, again against the molar mass My,. For
comparison also the data obtained by Nordmeier® are
shown. In all cases the slope for the radius of gyration
is smaller than for the hydrodynamic one. In all
measurements, the p-parameter approaches at large M,,
a constant value of p = 1.09. This is lower by a factor of
1.12 than predicted by the theory for hyperbranched
polymers.1® This asymptotic value is independent of the
branching density. The effect of branching becomes
noticeable at molar masses lower than 10° g/mol. The
dotted lines correspond to theoretical calculations to be
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Figure 3. Molar mass dependency of the second virial
coefficient A; for the studied dextrans samples in water and
0.5 M NaOH. For comparison, literature data® for dextran and
pullulan in water are also presented. For details, see text. Note
the difference in asymptotic slope between linear and branched
samples.
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Figure 4. Molar mass dependency of the intrinsic viscosity
[n] for dextran in water. The data by Senti et al. were taken
from the literature.” The dotted line corresponds to the initial
slope at low M,,, where no branching is expected.

discussed later in this paper. No difference was observed
between the commercial samples and the series of acid-
degraded dextrans. The molar masses determined by
Nordmeier? are systematically about 10% larger than
our values. Very likely this is a result of calibration error
of his or our instruments. On the whole the agreement
is good.

Figure 3 shows the molar mass dependence of the
second virial coefficient A,. Again the data by Nordmeier
are shifted to higher molar masses by the same factor
as found for the radii. In particular the asymptotic slope
is the same, also for both solvents, and has a value of
—0.66 + 0.01. This slope is appreciable more negative
than the value that was found for pullulan. The virial
coefficients in NaOH are in general slightly larger than
in water and indicate NaOH as the better solvent.
Interestingly, at low molar masses the data come
together. Only the value for the lowest molar mass from
Nordmeier is considerably larger. However, we think,
the experimental error in this region might be much
larger than indicated by Nordmeier,® who apparently
tried to fit his data by a simple power law. The observed
deviation from the power law is a clear indication that
asymptotic behavior is not yet reached in this low molar
mass region.

Figures 4 and 5 show the intrinsic viscosity as a
function of molar mass in water and 0.5 M NaOH,
respectively. Surprisingly, the two series of the com-
mercially available and of the degraded samples now
differ from each other. In Figure 4 also data obtained
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Figure 5. Molar mass dependency of the intrinsic viscosity
[#] for dextran in 0.5 M NaOH. Description as in Figure 4.
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Figure 6. Polydispersity of dextran as a function of the root
of the molar mass M,, for dextran in comparison with degraded
glycogen® and degraded starches.!? This comparison appeared
of interest, because degradation may have caused partial
debranching. The dashed lines represent regressions to Sigma
dextrans and the degraded ones. M, was determined by end
group analysis and M, by static light scattering. See also Table
1 and comment on M, in the text.

by Senti et al.” are plotted and show good agreement.
Power law behavior seems to be approached only in the
small molar mass region. The reason for a nonlinear
Kuhn-Mark—Houwink relationship will be discussed
later.

Polydispersity. In contrast to linear chains the
polydispersity ratio M,,//M, remains not constant for
different weight-average molar masses. According to
branching theory this ratio starts at a value of 2 and
increases then drastically.®'” For randomly branched
materials the ratio increases with My, and becomes
infinitely large at the gel point.® For hyperbranched
structures the polydispersity ratio increases asymptoti-
cally only with M,,%5.17 A gel point is never reached. In
view of this theoretical predictions it was of interest, to
know how the polydispersity of the dextrans varies with
the molar mass. A check was possible because the
reducing end group could be determined by a color
reaction and ensuing spectroscopy. The reaction with
the end group consists mainly of Cu?* reduction to Cu™.
The sensitivity of this reaction was enhanced by a
procedure of Nelson—Somogyi'® and turned out to be
very sensitive such that number averages up to My =
200 000 g/mol could be detected, corresponding to a DP,
of about 1000.

Figure 6 shows the results of the polydispersity
ratio for dextran, degraded starches,’? and degraded
glycogens.® The weight-average molar mass M,, was
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determined by static light scattering and the number-
average molar mass My by end group determination.
The M, data from SEC were here not considered
because of the well-known systematic errors. Despite
the fairly large scatter of data the values from the
different polysaccharides follow approximately one com-
mon line. The polydispersity increases first slowly,
because in this range the macromolecule first consists
of linear chains and later contains only a few branches.
The asymptotic region with its strong increase in
polydispersity is apparently attained when the molar
mass My, is larger than 2 x 10° g/mol. The upper curve
in Figure 6 corresponds to a fit through the data of the
commercial samples. The fairly strong difference could
be real, but if the point with the largest polydispersity
is neglected, no significant difference would be detect-
able. Interestingly the plot of M, vs M,, approaches a
power law behavior with an exponent of 0.499 + 0.2, as
theoretically expected, but at low M,, the M,, decreases
stronger. This again is in agreement with the Cascade
theory?” for hyperbranched samples. The experimental
error is certainly lower than 10% and this leads to the
conclusion that the scatter of data is related to inherent
guantities of the samples. There may be a variation in
the branching type, i.e., short chain and long chain
branching.

The large polydispersity ratio of these branched
materials will have a strong influence on the measured
structural properties.® To elucidate this effect we turned
to the determination of the molar mass distribution and
the radii and the viscosity of the individual fractions.

Properties of Fractionated Samples. Recently, the
common size exclusion chromatography (SEC) has been
further developed by the on-line detection of concentra-
tion via a refractometer, multiangle laser light scatter-
ing (MALLS) and viscosity (VISC). Under ideal condi-
tions such a setup should admit determination of the
molar mass distribution and the radii of gyration and
intrinsic viscosity as a function of molar mass. Unfor-
tunately, no ideal separation into monodisperse frac-
tions can be achieved by the SEC columns available on
the market. Furthermore, accurate measurements of the
molar mass, the radii of gyration and intrinsic viscosi-
ties are possible if the corresponding signals are large
enough. These conditions are realized only in a certain
region around the mean of the distribution. The men-
tioned problems may be demonstrated with dextran D1.
If simply the soft ware of the DAWN instrument is used,
one obtains a calibration curve as shown in Figure 7a.
A simple straight line was expected but this is realized
only in the restricted molar mass region from 2 x 10°%
to 5 x 10% g/mol. The deviation at large elution volume
results probably from an incomplete separation. A very
small fraction of large molecules is dragged through the
column into the region where most of the samples have
a much lower molar mass. Unfortunately, in light
scattering even very small numbers of large particles
dominate the scattering behavior. Thus, much larger
molar masses are found than for the majority of the
macromolecules at that elution volume. On the other
hand, a calibration with well fractionated samples
showed that even in this large elution volume region a
linear decrease of the molar mass with elution is
obtained. We tried to increase the separation by using
2 columns (2xPL aquagel-OH Mixed 8 um), 3 columns
(the two column system plus a PSS Suprema 10000, 10
um column) and 4 columns (the three column system
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Figure 7. (a) Dependence of the molar mass on the elution
volume in SEC—MALLS for D1 (open circles). Large scatter
occurs at the edges of high and low molar masses. The filled
symbols correspond to linear extension into these regions. (b)
Molar mass distribution derived from SEC—MALLS (open
symbols) and the calibration curve shown in Figure 7a (filled
circles). The unusual behavior makes no sense and is the result
of bad separation. On the contrary the filled symbols represent
a reasonable molar mass distribution.

plus a PSS Suprema 30000, 20 um column). The
separation remained not satisfactory. Still an effect of
improved separation can be seen in Figure 7b where the
molar mass distribution was calculated from the mea-
sured raw data. Clearly, the bimodal structure becomes
better modeled when passing from the two-column to
the four-column setup (Figure 8). On the whole, how-
ever, senseless distributions are obtained with the raw
data if only two columns are used; but it becomes
increasingly better with the overall length of the
columns. The data obtained with the different columns
are listed in Table 2 and may be compared with these
in Table 1.

In another approach we extended the linear section
of the elution volume to both ends and recalculated with
this modified calibration curve the molar masses. The
justification of such procedure was checked previously
in our laboratory with branched polystyrene and dext-
ran derivatives.118 A considerable improvement of the
distribution was now found. In particular, when using
the four-column system, nearly the same weight-aver-
age of the molar mass M,, was obtained, as found by
static light scattering. Still the number-average molar
mass M, was found much too large. The separation in
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the low molar mass region was apparently not sufficient.
Altogether, we have determined the distributions from
7 commercial dextrans and from 5 samples prepared by
degradation. One sample was obtained by fractionation,
using D1. The low molecular weight tail was removed
by precipitation of the aqueous solution with methanol.
When using the modified calibration curves a very
satisfactory agreement of the weight-average molar
mass with the directly measured ones were obtained.
However, the polydispersity was found in all cases being
considerably narrower. Figure 9 shows for the two series
of samples the modified calibration curves. The corre-
sponding distributions are shown in Figure 10. The
results now are looking reasonable.

Molar Mass Dependencies of the Radii and
Intrinsic Viscosities. Figure 11 shows the result of
the radius of gyration Ry as a function of the molar
masses M; for the various slices of the SEC. Because of
the low dimensions only four samples were analyzed.
These are D1, D2, D3, and D4. Only sections from
reliable signals were used. Very satisfactory agreement
is observed for the different samples with a strikingly
low slope of 0.3. For comparison a dashed line is shown
which corresponds to linear pullulan,? recalculated for
most probable distribution (i.e., Rg = Rgnordmeier x 1.5?).
This modification is required, because in the limit of no
branching, i.e., low molar mass My, a polydisperse
linear chain is obtained. The open triangle symbols
correspond to the z-average of the nonfractionated
samples. For the black triangles the radii were corrected
for the weight-average according to

M,,\ 2
Row) = Rg(z)(vz) @)

The ratios of M,/M,, and My/M, are shown in Figure
12. For the evaluation of M,, see the Discussion.

Figure 13 shows the corresponding results for the
viscosity. The symbols are the same as shown in Figure
11. In addition the data by Senti et al.” are shown. A
very satisfactory agreement between the nonfraction-
ated and the fractionated samples was found. In par-
ticular the curvature is reproduced with the fractions.
Only at very high molar masses do the curves spread.
The straight line was drawn through the initial points
of measurements. In this region we can expect linear
chain behavior, because for the branching density for
about 3—5% the number of branching points can be
expected to be very small. The slope 0.62 corresponds
to expectation for linear chains in a fairly good solvent.1®

Discussion

The molar mass dependencies of the radius of gyra-
tion Ry, the second virial coefficient A, and the intrinsic
viscosity [#] follow for flexible linear chains power law
behavior. These relationships are related to the fractal
dimension ds = 1/v. The various exponents are correlated
via scaling laws which are for A, and [5] as follows:

a, =3v—2=23/d; - 2 @)

The exponents found for nonfractionated and fraction-
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Table 2. Average Molecular Weights and z-Average
Radius of Gyration Derived from SEC in On-Line
Combination with MALLS (4, = 632.8 nm) and VISC
(for Details See Text; Compare also Table 1)

10~*Mp, 107*My, 107*M, R,
sample (g/mol) (g/mol) (g/mol) (nm)
4 Columns
D1 26.5 278 829 44
D2 20.7 44.9 107 25
Df1l 72.3 334 892 44
3 Columns
D1 18.8 182 523 43
D2 19.0 41.8 99.2 24
D3 6.84 27.8 98.6 22
D4 4.36 14.2 39.0 19
D5 3.99 6.53 10.0 11
D6 1.89 3.31 5.13 10
D7 0.58 0.83 111 -
2 Columns
Df1l 128 332 586 49
Dd1 41.6 129 287 33
Dd2 15.3 58.3 15.6 30
Dd3 4.73 15.3 47.3 23
Dd4 1.68 4.30 9.55 20

ated samples are for the radii of gyration

0= 0.43
v,= 0.30

which would correspond to fractal dimensions of

[@,]= 2.33
d,=3.33

Here [d¢[d denotes the ensemble average fractal dimen-
sion and ds that for individual clusters. The [d:{d of the
dextrans agrees almost exactly with that for starches.20
The difference between the two values of the fractal
dimensions is common for randomly branched materi-
als?! and is a result of an influence of polydispersity M,/
Mw. However, the observed cluster fractal dimension
would be with 3.33 larger than for hard spheres which
would be physically meaningless. However, the low
exponent and the apparently too large fractal dimension
could be caused by an increase of the branching density
(number of branching points/per total number of repeat-
ing units), i.e., the branching density would increase
with the size of the cluster. This conjecture is confirmed
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Figure 9. Calibration curves for (a) Sigma dextrans (D1—
D7). The different slopes indicate different branching struc-
tures. Four samples (D2, D5—D7) seem to be of the same
origin; (b) Calibration curves for degraded (Dd1—-Dd4) and
fractionated (Dfl) dextrans, derived from D1. Degradation
apparently causes a change in the branching structure.

by the intrinsic viscosity which in contrast to scaling
prediction shows no power law behavior. The flattening
of the curves at high molar mass is in agreement with
an increased branching density. The quantitative details
will be discussed in the mentioned consecutive paper.
The second virial coefficient A, on the other hand,
asymptotically approaches power law behavior with an
exponent of —0.66. Power law behavior was also found
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Figure 10. Distribution functions of (a) the Sigma samples
and (b) the degraded ones. The curves of Figure 10a were
obtained with a three-column set, with the exception of D1
and Df1, where four columns were used. The curves in Figure
10b were obtained with a two columns set. Note: The differ-
ence of separation power when comparing Dfl in parts a and
b.

by Nordmeier.8 Applying the scaling law of eq 2 this
would give va, = 0.45 and dia, = 2.24, when the
measured exponent @[ is used. The agreement is
surprisingly good, the small deviation between [@CJand
va, may have a physical background. The somewhat
weaker decrease of A, than predicted from the exponent
aa, = —0.71 may be caused by an increase of the coil—
coil interpenetration factor W. This behavior is in fact
observed.

Generalized Ratios. Recently generalized and di-
mensionless ratios have aroused much interest because
it is hoped that these would give special information
on the architecture of the macromolecules.?2 The one is
the p parameter p = Ry/Rp and the other is V, =
A>Mw[n], which is the ratio of two volumes. The p
parameter has been already shortly discussed. In ad-
dition to that we mention that this parameter decreases
with the branching density. For hyperbranched struc-
tures an asymptotic value of p = 1.225 was theoretically
predicted'® on the basis of the Kirkwood—Riseman
preaverage approximation?? for hydrodynamic interac-
tion. Later Freire and co-workers2* showed by Monte
Carlo and Brownian motion simulations that this Kirk-
wood approximation underestimates the effect of hy-
drodynamic interaction by about 13—24% which would
reduce the predicted asymptotic limit to p = 1.08—0.98.
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Figure 11. Molar mass dependence of the radius of gyration
obtained with the five Sigma samples D1, D2, D3, D4, and
D5, using the SEC—MALLS technique. The data form one
common curve. The increase in the radii is unusually weak
with a slope of 0.3, corresponding to an apparent fractal
dimension of dfapp = 3.33. However, the curve is not really
described by a single power law. The initial slope is higher
than the asymptotic one, indicating an increase of branching
density with molar mass. The dashed line represents the
molar mass dependence of pullulan in water,® corrected for
most probable polydispersity. The open triangles represent
the z-average of the radius of gyration of the nonfraction-
ated samples, the filled triangles correspond to the weight
averages, where the corrections were made from the data of
Figure 12.
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Figure 12. Polydispersity ratios M,/M,, (®) and M,/M, (O)
for all samples used. The data were obtained from SEC—
MALLS. The dashed curves were drawn to guide the eye.

Experimentally, we found a value of p = 1.09. The effect
of different branching densities becomes visible at
smaller molar masses. The dotted lines in Figure 1
correspond to theoretical predictions. The corresponding
equation?26 js

3(1 + 2B,)\2

4(1+8B,)

2+B,
1+8B,

0.89 (4)

Bn = p(l - p)DPn

where the last factor corresponds to the correction for
the baseline. By, denotes the number of branching units
in the macromolecules based on the number-average
DP.

The scatter of the data are too large for distinguishing
between branching densities of 1 and 5%. However, the
tendency is more to the smaller branching densities. For
comparison the data of the degraded starches are
shown. Much stronger influence of the branching is
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Figure 13. Intrinsic viscosity dependence on the molar mass
for the same samples as shown in Figure 11 (excepting D5).
The results were obtained from SEC—MALLS in combination
with a viscometer VISC. The open squares are data from Senti
et al.” and the open triangles corresponds to the nonfraction-
ated samples. The dashed line represents the initial slope at
small molar masses, that may be related to linear dextrans.
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Figure 14. Molar mass dependence of the ratio AoMw/[7].
Black symbols are for Sigma dextrans in water (®) and in 0.5
M NaOH (a). The shaded symbols refer to the degraded
dextrans in water (gray circle) and in 0.5 M NaOH (gray
triangle), respectively. The open circles are data from degraded
starches.?® The shaded area represents the range of experi-
mental error. The dashed line represents the values for linear
chains.

noticeable. This behavior could be caused by favored
cleavage of the branching points in the course of the
special degradation technique applied to the samples.

The second generalized ratio V. of the two volumes
from A, and [#] (see Figure 14) shows a more complex
behavior. Again we have compared the data from
dextran and starches. A constant value is theoretically
expected in the limit of large molar masses for reasons
that may be explained by the following equation:

_AM, 47° PN AR IM) W

Wy
Ves [7] D(R,/M)

= 4n3/2NA6 (5)

In this equation W is called the coil—coil interpenetra-
tion function and @ the draining factor or the solvent-
coil penetration function. For linear chains theory
predicts®22 for both quantities asymptotically constant
values of
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W* = 0.269
®* = 3.96 x 10*

A value of V, = 1.04 is predicted for linear chains. Our
results show that a constant asymptote is reached
but with twice the value as found for linear chains.
Similar behavior was observed previously with ran-
domly branched samples?’” and with the degraded
starches,® where the latter are also plotted in Figure
14.

Surprisingly the commercial available Sigma dextran
values approach this limit more slowly than the data
obtained by acid degradation. We are not able to give a
simple explanation for this behavior because the hy-
drodynamic interaction as a function of branching
density is yet not sufficiently well understood.

Effects of Polydispersity. With the data of Ry, A,
and [n], [@Oand (WOcan be calculated with the aid of
the following two equations:

2\3/2

A, = 4n3’2NA%D1PD ©)
R 2@)3/2

] = [@E—4" @

Angle brackets are used to indicate that these param-
eters are those from polydisperse systems. Unfortu-
nately, these quantities are derived from ratios of two
different average types. Thus, the derived values be-
came physically senseless when applied to systems with
a broad size distribution. A simple correction can be
made by transforming the z average of [ng into the
weight-average.

2 MW 3 2

Ry = (1] R (8a)
2 Mn 3 2

Ry = 11| R (8b)

The ratio of two weight averages is rather insensitive
to a broad size distribution.

The correction for [dis more complex. As shown by
Marriman and Herman?® the intrinsic viscosity of
polydisperse systems is given by

3 [Rg3m (ERgzm)Q:/Z
[7] =@ M= b M

©)

n n

The finally corrected data are then given by eq 10

M. \3v
= (MW) WO (10)
M, \3[M, 3 -1
b = (M—W) (M_n) [0 (11)

The result of ® and W are shown in Figure 15, where
also the data for degraded starches®® are plotted. With
the exception of the highest molar mass of the dextrans
the ® parameter increased strongly with the molar
mass, but remained smaller than the value of impen-
etrable spheres. The reason this highest molar mass
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Figure 15. Molar mass dependence of (a) the draining
function ® and (b) of the coil—coil interpenetration function
W. The symbols are the same as in the previous Figures. The
lines are drawn to guide the eye. For details see text.

deviates so strongly is not understood. A similar ten-
dency is observed with the coil—coil interpenetration
function, where the value for hard spheres is even
exceeded, but still may be within the experimental error.
The increase of both, the ® and W, can be considered
as a result of an increased branching density with
increasing molar mass. The initial part can be ap-
proximated with a power law for the exponents of s =
Se =S, = 0.50 (£ 0.01) for the dextrans and s = 0.31 (£
0.02) for degraded starches. In earlier measurements
from end-linked polystyrene stars an exponent of s¢ =
0.28 was found.® Thus, the slope is a measure of the
branching efficiency.

The correction procedure depends much on the ac-
curacy in the determination of the polydispersity. In
SEC experiments the maximum of the light scattering
elution curve is often taken proportional to the z-average
of the molar mass.?® We checked this conjecture and
plotted Mmax against the z-average M, as determined
from SEC (Figure 16a). The two quantities were found
not only proportional to each other, but within the
experimental error also the absolute values agree with
each other. The measured data of M, and M, as a
function of My, are summarized in Figure 16b.

Conclusion

After studying the structure of amylopectins and
glycogens with branching densities of ca. 4% and 8%,
dextran was chosen as another branched polysaccha-
ride, which like the others was suspected to show
hyperbranched behavior. This conjecture was found to
be correct. All three polysaccharide types could ap-
proximately be described by hyperbranching theory.

In contrast to linear chains power law behavior is
observed only asymptotically at large M,,. In fact short
chains do not contain branching points.

The effect of branching is best recognized from the
molar mass dependencies of A, and [7].
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Figure 16. (a) Molar mass of the intensity maximum in SEC
(Mmax) as a function of the z-average molar mass M,. Both
quantities are not only proportional to each other, but coincide
within experimental error also in value. (b) M, and M, as a
function of M, according to SEC measurements.

It also can be concluded from the exponent for Ry vs
My, of the SEC-fractions. Furthermore, the calibration
curves of log M; against V. exhibit characteristic changes
as the branching density varies.
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