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Solution Properties of Exocellular Microbial Polysaccharides. 3.
Light Scattering from Gellan and from the Exocellular
Polysaccharide of Rhizobium trifolit (Strain TA-1) in the Ordered

State
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ABSTRACT: Exocellular microbial polysaccharides (EPS) from Rhizobium trifolii strain TA-1 (TA-1-EPS)
and from Pseudomonas elodea (Gellan) have been studied in dilute aqueous salt solutions by static and dynamic
light scattering (LS) under conditions where the two polysaccharides are in the ordered (helical) state. The
two polymers show pronounced chain rigidity. Their LS behavior has been evaluated from static and dynamic
Zimm plots, i.e., Kc/R, versus g% and D,y,(q) = T'/g¢? versus ¢?, and from Holtzer plots, i.e., gRy/ (Kc) versus
q = (4w/X) sin /2. From the two types of Zimm plots the common molecular parameters, i.e., molecular
weight M,, radius of gyration R, = (5?),'/2, and translational diffusion coefficient Dy, were obtained. The
Holtzer plots exhibit a clear asymptotic rod behavior. The value of the asymptotic plateau at large g gives
the linear mass density (=mass per unit length) M; = M/L. Comparison of the experimentally observed data
to those calculated for a single-stranded helix allowed determination of the number of laterally associated
strands which were found to be n = 3.02 = 0.07 and n = 1.85 + 0.02 for TA-1-EPS and Gellan, respectively.
The Kuhn segment lengths could be estimated from the ratio of the heights of the maximum and asymptotic
plateau in the Holtzer plot and were found to be [ = 152 nm for TA-1-EPS and /, = 322 nm for Gellan. These
large values lie in the same range as the Kuhn segment lengths for other microbial polysaccharides. The observed
angular dependence was checked with the predictions by Koyama for stiff chains and by Benoit et al. for
flexible chains with large excluded volume. A good agreement was found with Koyama'’s prediction whereas
application of the relationship for chains with large excluded-volume effect produces strong deviations. The
large chain stiffness is confirmed by the value of the p-parameter R,/Ry, where R, is the hydrodynamically
effective radius.

Introduction

In recent years a number of exocellular microbial poly-
saccharides (ESP) have aroused keen interest because of
their unique solution and gelling properties.! In many
instances, these properties have already opened avenues
to the industrial utilization of such biopolymers,? while new
species continue to appear as additional, interesting can-
didates for both basic and applied researches.?

A feature which seems to be in common to all EPSs so
far studied is that in very dilute aqueous solution more or
less disordered chains (probably, but not necessarily, single

* Author to whom correspondence should be addressed.
*Universita di Roma.
t Universitat Freiburg.

0024-9297/88,/2221-3312$01.50/0

chains) would prevail. However, upon increasing polymer
concentration and with added salt the EPS chains almost
invariably undergo conformational disorder~order tran-
sitions. Because of the often highly cooperative character,
this transition can be easily monitored by common phys-
ical-chemical techniques, e.g., chiroptical, calometric, and
viscometric techniques.*?

None of these experimental approaches can give, how-
ever, an unambigious answer to the central question of the
final ordered conformation for the chains in each case (e.g.,
single helix or multiple-stranded helix). Kinetic mea-
surements can be of valuable help in elucidating this im-
portant point.8” In the context, radiation scattering (i.e.,
small-angle X-ray, small-angle neutron, and laser light
scattering) appears quite naturally the most appropriate

© 1988 American Chemical Society
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Figure 1. Chemical repeating unit for (a) the exo polysaccharide
(EPS) from Rhizobium trifolii, strain TA1 (TA1-EPS), and (b)
Gellan.

approach, at least in principle, provided the occurrence of
unspecific chain aggregation can be avoided.

With the present investigation we continue our studies
on the conformation of microbial polysaccharides in dilute
salt solution, which was started with a detailed examina-
tion of native xanthan and chemically modified xan-
thans.#1° The applied technique, a combination of static
and dynamic light scattering, makes it possible to deter-
mine the chain stiffness and the number of strands
building up the ordered conformational states.

The two polysaccharides of this study are (1) the EPS
product by Rhizobium trifolii strain TA-1 (hereafter in-
dicated as TA-1-EPS) and (2) the EPS from Pseudomonas
elodea, commonly named Gellan. The repeating units of
TA-1-EPS and Gellan are depicted in Figure 1. The
salt-induced, highly cooperative conformational transition
of these two anionic bacterial polysaccharides in dilute
aqueous solution has been already characterized in a rather
detailed fashin in terms of associated energy, optical ac-
tivity, and intrinsic viscosity changes 4511

Experimental Section

Sample Preparation. The origin and purification of the
exocellular polysaccharide from Pseudomonas elodea, deacetylated
sample (Gellan), have been reported elsewhere.*® The exocellular
polysaccharide (EPS) extracted from Rhizobium trifolii, strain
TA-1, has been isolated at the Department of Microbiology of
the University of Wageningen, The Netherlands, by Dr. Zeven-
huizen.!? Further purification was performed as follows: The
polysaccharide was dissolved in water and the solution was dia-
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Table 1
Molecular Weight M,; Experimental and Calculated Radii of
Gyration® R (exptl), R (calcd, poly), R (calcd, mono); Second
Virial Coefficient A ,; Calculated and Measured Linear Mass
Density M;(single) and M, (exptl); Ratio of Measured and
Calculated Linear Mass Density; Ratio of Maximum and
Asymptote from the Holtzer Plot; Contour Length L ,; Number
of Kuhn Length N;° and Length of Kuhn Segment I,*

parameter TA1-EPS Gellan xanthan  PBLG
M, % 107, Da 1.29 0.434 2.94 0.560
Rg(exptl), nm 127 159 290 101
Ry(caled, poly), nm 113 = 10 153 + 17 298
R (caled, mono), nm (100 £ 2)® (134 = 14)* (263)°
Ay X 104, cm® mol/g?  6.90 22.0 4.94 2.50
M, (single), Da/nm 826 395 899
M (exptl), Da/nm 2490 £ 60 71010 1830 £ 80

M;(exptl) /M, (single) 3.02 + 0.07 1.80 + 0.02 200 % 0.10

max/asymptote 1.30 £ 0.03 1.12+0.01 1.52 & 0.07

Ly, nm 517+ 10 611%9 1609 = 70 392
Ny(poly) 4.2+ 0.3 3.0+ 0.2 6.3 £ 0.6 2.8
Ny(mono) 2.8 = 0.3 1.7+ 0.2 (4.6 £ 0.6)
ly(poly), nm 123+ 86 204 £ 14 255 + 15 140
ly(mono), nm 185+15 3596 (350 % 50)*

d, nm* 1.89 1.01 1.62

¢For polydisperse and monodisperse chains. ?The parentheses in-
dicates that these data can be excluded from the position of the maxi-
mum in the Holtzer plot. °According to eq 8.

lyzed over night against NaCl and then dialyzed exhaustively
against double-distilled water, until the absence of an excess of
salt was indicated by conductivity measurements. The sample
solution was then neutralized, filtered, and freeze-dried. The
equivalent weight of the TA-1-EPS sample, determined on the
basis of potentiometric titration data, was found to be 396 in
agreement with structural data.!?

Preparation of Solutions for Light Scattering. Stock
solutions for light scattering were prepared by dissolving the
polymer in the proper concentration of NaCl and then dialyzing
against aqueous solutions of the same salt concentration for 5 days
in a special cell at constant volume. The dilutions were made
with the dialyzed solvent, and the solutions of suitable concen-
tration (0.2 X 107 to 1 X 107 g/cm?®) were filtered trough 0.45-um
Millipore, sterilized, one-way filters, directly into the light
scattering cells.

Light Scattering. Static and dynamic light scattering mea-
surements were carried out simultaneously in the angular range
30-140° at 25 °C with the blue line (A = 488 nm) of an Ar ion
laser (Spectra Physics, Model Ar 165-06). Details of the instru-
ment and on data evaluation are given in ref 13.

Refractive Index Increment. The values of the refractive
index increment of the two polysaccharides were evaluated with
a Phoenix 60 differential refractometer at Ay = 488 nm. Values
of 0.145 and 0.156 cm®/g were found for TA1-EPS in 0.1 M NaCl
and for Gellan in 0.0756 M TMAC! (tetramethylammonium
chloride), respectively.

Results

TA-1-EPS Polysaccharide. 1. Static Light Scat-
tering. Static and dynamic light scattering experiments
have been performed simultaneously at 25 °C in a wide
concentration range up to 8.6 X 1073 g/cm? in aqueous 0.1
m NaCl solutions. According to the optical rotation
measurements, the polysaccharide is in the ordered state
at that ionic strength. Here we confine ourselves to the
dilute concentration regime. Figure 2 shows the typical
Zimm plot for the five lowest concentrations (2.2 X 107
to 1.1 X 107® g/cm®). The angular dependence shows a
slight downward curvature, which is characteristic of stiff
chains.!*1% The very strong concentration dependence
indicates the aqueous salt solution as a thermodynamically
good solvent. The molecular weight M, radius of gyration
R, = (8%),!/% and second virial coefficient A, are given in
Table 1.

For a better characterization of the structure the same
data were plotted in Figure 3 as gR,/7Kc against g(S?),/?,
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Figure 3. Holtzer plots for the same TA-1-EPS as in Figure 2 in 0.1 M NaCl at 25 °C; lowest curve corresponds to ¢ = 1.1 X 1078
g/cm?®; (O) extrapolated values for ¢ = 0; full lines were calculated according to the Koyama theory with the set of parameters as given

in Table L

where R, is the Rayleigh ratio, K the optical contrast factor,
and (S?),/2 the apparent radius of gyration at the con-
centration ¢. This plot, named the Holtzer plot,’8'7 is most
instructive for the interpretation of semiflexible chain
molecules as it approaches asymptotically a constant
plateau at large g values. This asymptote is indicative of
rigid-rod behavior!? of short chain sections (Kuhn segment
lengths). Its value gives the linear mass density M;

ng/ﬂ'KC g ML (1)

which represents the mass per unit length of the rod. This
value can be calculated for a single-stranded chain by using
the repeating unit molecular weight of M, = 1554 and the
corresponding length of 1.88 nm (assuming the typical
(1,4)-glucose unit length in a cellulose backbone), which

gives M (single strand) = 827 Da/nm (Da = dalton). The
experimental value of M; is difficult to estimate from
Figure 3 since the asymptote has not been reached.
However, from the extrapolated curve and from the second
lowest concentration, it becomes clear that the asymptotic
value of M;(exptl) must lie in between 2430 and 2545
Da/nm. The ratio of My(exptl)/M(single) gives the
number of laterally interacting strands of the ordered
TA-1-EPS conformation in solution (0.1 M NaCl), which
is found to be n(strands) = 3.02 + 0.07.

The Holtzer plot shows a maximum at low values of ¢
as predicted theoretically by the Koyama theory'® for
semiflexible chains. In a recent paper Schmidt et al.l
noticed that the ratio of the heights of the maximum to
the asymptote is a function of the number of Kuhn seg-
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Figure 4. Dynamic Zimm plot of the light scattering measurements from TA-1-EPS in 0.1 M NaCl at 25 °C. T is the first cumulant

and g = (4x/)) sin 8/2). The value of I'/¢? = D,,(q) at zero angle
c.

ments N, per chain. The dependence of this ratio as a
function of Ny was calculated for polydisperse (z = 1, i.e.,
M, /M, = 2) and for monodisperse chains (z = =; i.e.,;
M, /M, =1). With the experimentally determined ratio
of 1.3 = 0.3 we obtain Ny = 4.2 + 0.3 and 2.8 + 0.3 for
polydisperse and monodisperse chains, respectively. The
contour length L, is found from the molecular weight M,,
and linear mass density M; according to the equation

Lw = Mw/ ML (2)
which gives 517 £ 6 nm. Finally the Kuhn segment length
is obtained from the relationship

ly = Ly/Ny

@)

Inserting the values for L, and Ny, one obtains [, = 123
% 6 nm for the polydisperse and 185 % 15 for the mono-
disperse chain.

In principle the polydispersity of the chain can be es-
timated from the position of the maximum in the Holtzer
plot.1® For the polydisperse chain the maximum should
occur at u = gR, = 1.73 (R, = (S?)1/?), while for the
monodisperse one it should occur at u = 1.4. The maxi-
mum occurs in Figure 3 at 1.6 £ 0.11. This leads to the
conclusion that the TA-1-EPS sample has a polydispersity
index of approximately M,,/M, = 1.6. All conformational
properties that were derived from the Zimm plot are
collected in Table I. The obtained data can be cross-
checked by calculating the radius of gyration and angular
dependence of the scattered light by using the equation
of Benoit and Doty*® and Koyama,'® respectively. These
calculations give radii of gyration of 113 and 100 nm for
the polydisperse and monodisperse cases, respectively.

2. Dynamic Light Scattering. From the initial slope
of the dynamic light scattering time correlation function
(TCF) the first cumulant T'; can be obtained. Since the
correlation function deviates from a single exponential,
second- and third-order cumulant fits were applied. Under
the applied routine conditions, where 80 channels are used,
the third cumulant fit deviated significantly from the
second-order one. This behavior is an indication that the
applied procedure might not be sufficient for a correct
determination of the initial slope at ¢ — 0. Therefore, we
reduced the number of channels down to 40, 35, 30, and
25 delay times until the second- and the third-order fits

gives the translational diffusion coefficient D, at the concentration

Table II
Translational Diffusion Coefficient D,, Hydrodynamic
Radius Ry, p = R /R, Coefficient C as Defined by Eq 7,
and the Coefficients k4 and ko2

parameter TAI-EPS  Gellan xanthan PBLG
D, % 105, cm?/s 3.58 4,70 1.55 6.65
Ry(exptl), nm 68.5 52.2 137.2 36.0
plexptl) 1.80 3.06 217 2.81
C 0.17 0.09 0.22 0.19
kg,® cm®/g 405 436 873 33.5
o’ 8.26 2.80 0.92 4.4

¢ Derived from the equation D, = D,(1 + ky4c). ®Calculated ac-
cording the equations kg = kM /(N,Vy), ke = 24,M — kg + 0,5, and
Vi = (47/3)R.? (0, the partial specific volume of polymer).

gave almost the same value for the initial slope I' = T';.
Figure 4 shows the angular and concentration depen-
dence of the apparent diffusion coefficient

Dapp(Q) = (Fl/q2) 4)

in the form of a dynamic Zimm plot. Extrapolation of the
apparent diffusion coefficient toward g% = 0 and ¢ = 0 gives
the translational diffusion coefficient D,. Applying the
Stokes—Einstein relationship

R, = kT /67D, (5)

the hydrodynamic radius Ry, of the macromolecules can be
estimated. Results are listed in Table II.

In combination with static light scattering we can ac-
quire two further structure-sensitive dependent parame-
ters:

(1) The first one is the p-parameter,?® which is obtained
from the ratio of the geometric to hydrodynamic radius

p= Rg/Rh (6)

(2) The second parameter is the coefficient C.2! It is
obtained from the initial slope of the angular dependence
for the apparent diffusion coefficient, which is given by
the equation

Dapp(q) = Dc(l + Cc<Sz)cq2 - -") (7)

At concentration ¢ the zero-angle diffusion coefficient D,
is found from the intercept of the dynamic Zimm plot and
the corresponding (S?), from the angular dependence of
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Figure 5. Shape function (=scaled time correlation function
&(T)) (a) for TA-1-EPS in 0.1 M NaCl at ¢ = 2.2 X 10 g/cm?
and at scattering angles of 50°, 70°, 90°, 110°, and 130° and (b)
for Gellan in 0.075 M TMACI at ¢ = 2.0 X 10™ g/cm? and at
scattering angles of 60°, 90°, and 120°. (A) Single exponential;
(B) shape function of a rod; (C) shape function of a flexible chain.

the static light scattering. Extrapolating the data of C,
toward ¢ = 0 the parameter C is found. The two param-
eters, p and C, are given in Table II. The curvature in the
angular dependence results from the spectrum of internal
modes of motion, which are different for flexible and
semiflexible chains.

The influence of the relaxation spectrum gives rise to
a special shape of the TCF which shows characteristic
scaling behavior. This “shape” function is attained from
the TCFs measured at different angles by plotting them
against I';t where I, is the first cumulant. Both the TCF
and the first cumulant are strongly angular dependent, but
in this scaled plot the various TCFs form one common line;
i.e., the whole angular dependence is absorbed in the first
cumulant. The shape function has been calculated for
flexible chains?2 with and without hydrodynamic inter-
actions and for rigid rods.??® Figure 5a shows the ex-
perimentally found shape function in comparison to the
theoretically derived ones for rigid rods and flexible chains
with hydrodynamic interaction.

Gellan. 1. Static Light Scattering. The counterion
in this case is tetramethylammonium [(CHg),N*, TMA].
This ion is considerably larger than Na* and in addition
partly hydrophobic. The Gellan sample originally in the
Na form was transformed to this specific TMA form
whereby polymer aggregation can be widely prevented. An
ionic strength of 0.075 M TMACI! was used, and under
these conditions Gellan is in its ordered (helical) form in
solution 8

Figure 6 shows the Zimm plot and Figure 7 the corre-
sponding Holtzer plot for this Gellan sample. The highest

Macromolecules, Vol. 21, No. 11, 1988
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Figure 6. Zimm plot of the static light scattering measurements
from Gellan in 0.075 M TMACI at 25 °C, ¢ = 0.20, 0.41, 0.68, 0.81,
and 1.01 X 10 g/cm?®

concentration was 1.0 X 107 g/cm?, which corresponds to
the range of concentrations used for TA-1-EPS. Gellan
has a larger radius of gyration; therefore, a wider range of
u = R,q values is covered and a clear plateau is reached.
The maximum position occurs at a value of 1.65, which is
very near to the position for polydisperse chain at 1.73.
The two diagrams were evaluated in the same manner as
described in the previous section. The data are collected
in Table I.

2. Dynamic Light Scattering. The dynamic Zimm
plot for the apparent diffusion coefficent shown in Figure
8 has a similar appearance as for TA-1-EPS. The initial
linear part at low g2 values is better developed for Gellan
than for TA-1-EPS and thus allows a more accurate de-
termination of the coefficient C. The high accuracy can
be recognized also from Figure 9 where the concentration
dependence of the apparent coefficient C, is plotted against
¢ for the two polysaccharides. The results from dynamic
measurements are given in Table IL

The shape function derived from the time correlation
functions at various angles is shown in Figure 5b.

Discussion

In spite of the great difference in the primary structure
of several microbial polysaccharides which have been
discovered in recent years, all these chains show similar
dilute solution properties. Most striking probably is the
high viscosity at low concentrations, and from the present
measurements and the results obtained with xanthan® and
schizophyllan,?® we know now that these properties are
caused by an extraordinarily high chain stiffness. In fact,
optical rotation measurements have shown that under the
conditions applied for the present ligth scattering exper-
iments the polysaccharides are in the ordered, i.e., helical,
state.” In some respects ORD and LS appear to be
equivalent techniques, but ORD cannot give information
on the number of strands involved in such helices. Because
of the very high chain stiffness the Kuhn segment length
is already of the order of the wavelength of the light and
this allows the study of the structure of the rodlike Kuhn
segment in more detail. One property of great value is the
height of the asymptotic plateau in the Holtzer plot.

Table I contains the values of the experimentally ob-
served mass per unit length, calculated from the height
of the asymptote according to eq 1. For Gellan the cor-
responding value of a single helix could be calculated from
recent X-ray diffraction measurements by Chandrasekaran
et al.? From their detailed analysis the authors came to



Macromolecules, Vol. 21, No. 11, 1988

Figure 7. Holtzer p

1000

800

600

400

200

Exocellular Microbial Polysaccharides 3317

gR,/xKec  (nm-1)
- Z=1
7L o
- o DN O 0,
/, ‘O"Q-o..__ T
, =
= 4 Lm0 —g.g—O _ g _G_a-0-V"
e * g_‘.ﬂf--—l—rl!.
o 4 /. Qﬂi‘
/ ’
o ’ogg
L— .
4 //@l
,I’Io
II//
'
//,
= [,
i,
|/
!
1
! | | 1 1 1 | 1 | | | | 1 | |
0 1 2 3 4 7

20/2
<S>,

lots for the same Gellan concentrations as in Figure 6 in 0.075 M TMACI at 25 °C; lowest curve corresponds to

¢ = 1.01 X 107 g/cm?; (<) extrapolated values for ¢ = 0; full lines were calculated according to the Koyama theory with the set of
parameters as given in Table I.

10

(rq2)x 10%  (cm?s)

» <o *

— 1 |

a2x10™° + K'c (em-2)

Figure 8. Dynamic Zimm plot of the light scattering measurements from Gellan in 0.075 M TMACI at 25 °C.

— 0.4

0.3

— 0.2

—01

—0

C
4 /a
o .
/./.
1° -
S
a /
. ./
o
! 1 1 1 1 |
] 2 4 6 8 10

C x 10*(gs/cm?)

Figure 9. Concentration dependence of the apparent coefficient
C in the equation D,(q) = D, (1 + C(S?%),q% ~ ...) for the two
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the conclusion that Gellan forms a 3-fold intertwined
double helix. The pitch, formed by three repeating units,
has a value of P = 5.64 nm. Thus the repeating unit
projected length is /, = 1.88 nm; their molecular weight
is M, = 720, and thus the linear mass density of a single
helix is M} (single) = 383. Accordingly the Gellan mac-
romolecule is built up of n = M; (exptl)/M; (single) = 1.85
strands. This stands in very satisfactory agreement with
the X-ray data by Chandradekaran et al.2%

For TA-1-EPS only estimates can be made, since X-ray
data similar to those for Gellan are still missing. We as-
sumed a projected length of [, = 1.88 nm for the four sugars
in the repeating unit of the backbone. The molecular
weight of the repeating unit is M, = 1554, which yields the
value of M;(single) = 827. Thus with the experimental
value M;(exptl) one finds n = 3.02. Thus the ordered
conformation of TA-1-EPS in solution is composed of three
strands.

TA-1-EPS does not form gels, and this behavior may be
caused by the highly organized aggregation of the three
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Figure 10, Holtzer plots for the scattering behavior of semi-
flexible chains, with the molecular data of Gellan as given in Table
1, according to the Koyama theory,'® and of a flexible chain, with
large excluded volume (x = 1.18) and the same radius of gyration
and degree of polymerization, according to the theory by Loucheux
et al.;3! (©) experimental data.

strands. The mechanism may be such that the sites, re-
sponsible for association, become saturated, possibly in a
similar manner as in tropocollagen,® but we are not able
to decide whether a real triple helix is formed; the three-
stranded structure may alternatively be produced by lat-
eral aggregation of single helices.

The value of [, = 1.88 nm for TA-1-EPS is of course a
little arbitrary, but it appears worth mentioning here that
the same length is found for xanthan and for Gellan. The
values for the contour lengths L., the Kuhn segment
lengths /,, and the number of these segments N, per chain
given in Table I follow then from eq 2 and 3.

At this point of the discussion one may wonder whether
a similar scattering curve, in the presentation of a Holtzer
plot, is also obtained by excluded-volume effects. The
corresponding scattering curve has been calculated inde-
pendently by Ptitsyn®® and by Benoit and his co-work-
ers®!® 30 years ago. We applied the equations for mono-
disperse and polydisperse chains which were given by
Loucheux et al. and used an exponent of up = 1/¢ = 1.18.
The maximum excluded-volume effect corresponds to u
= 1,20, as was predicted first by Flory®? and which now
is generally used in scaling theory.?

The result is plotted for Gellan in Figure 10 together
with the experimental data and the curve derived from
Koyama’s theory.!® Clearly a chain that is expanded by
excluded volume can by no means describe the experi-
mental curve, while the Koyama theory gives a good fit.
Of course, excluded volume is present in these chains (4,
> 0), but its influence effects the chain conformation only
if chain sections are close enough to interact. This can
happen if a chain is much longer than one Kuhn segment
in length. Therefore, the excluded-volume effect for such
stiff chains may be observable at very small u values (i.e.,
for long chain section) but has no influence at large u =
qR,, which corresponds to chain sections of the order of
one Kuhn segment.

The next point of interest is the fact that all the mi-
crobial polysaccharides have approximately the same Kuhn
segment lengths, and these lengths are of the same order
as those observed for the ordered polypeptides (Table III).
There is a big gap in the properties of these polysaccharide
chains with high Kuhn lengths and common synthetic
polymers.?* There are only a few synthetic chains known
which have Kuhn lengths between 20 and 80 nm.3538
DNA® shows a strong variation of its Kuhn segment length
as a function of ionic strength. This effect is induced by
the electrostatic interaction which causes the chain to
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Table III
Comparison of the Kuhn Segment Length I, and Number of
Associated Strands n (strands) of TA-1-EPS and Gellan
with Other Biopolymers

polymer Iy n(strands) ref
TA1-EPS 1529 3
Gellan 3229 2
xanthan 255b) 2 9
schizophillan 390 3 28
collagen 260 3 30
PBLG 140 1 21a
DNA 120 2 39

¢ Average value for a polydispersity of M,/M, = 15.
b Polydispersity M, /M, = 2.
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Figure 11. Experimental data for the quantity C plotted against
N, for (O) TA-1-EPS, (@) Gellan, (A) xanthan, and (¢) PBLG
at two different molecular weights. For comparison the theoretical
curves for L,/d = 10° are given: (A) monodisperse (z = ); (B)
Schulz-Flory distribution (z = 1). The full curves were calculated
by employing the approximations for the stiff and the flexible
chain limits, respectively.?’®2 The shaded area represent the
Schmidt estimate for an interpolation between the two approaches.

stretch out. A similar effect is not observed with most ionic
polysaccharides in their ordered conformation. The reason
for this behavior results from the comparatively low charge
density in the polysaccharides and from the fact that the
charges are positioned at fairly large distance along the
chain. This distance is mostly larger than the Debye
screening length at the applied ionic strengths. A slight
increase in [, is found, however, for TA-1-EPS at low ionic
strength.*

Conclusions on chain stiffness are mostly drawn from
static light scattering data, and this raises the question of
whether these conclusions can be confirmed by dynamic
light scattering measurements. As is shown by Schmidt
and Stockmayer?! the two parameters and C, defined by
eq 6 and 7, should give additional information on chain
stiffness. The variation of these parameters with the
number of Kuhn segments according to their estimation
is shown in Figures 11 and 12. These figures also contain
the experimental data for the three polysaccharides of
Table II and two points for PBLG as measured by
Schmidt.?!* The p values for the polysaccharides are
consistent with the values observed for PBLG by Schmidt,
and they show the correct dependence on the number of
Kuhn segments. The experimental data would correspond
to chains with large cross-section diameters. The cross
section can be estimated from the linear mass density M;
and the partial specific volume o

0= (xN,/4)(d?/M,) 8

Assuming & = 0.68 for the polysaccharides, one obtains
with the data of Table I d = 1.89 nm (TA1-ESP), d ~ 1.01
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Figure 12. Experimental data for the parameter versus N, /2
for (0) TA-1-EPS, (@) Gellan, (a) xanthan, and (¢) PBLG at
two different molecular weights. For comparison the parameter
p calculated by Schmidt for different polydispersities is also
represented.?® Curves A—C: L,/d = 10%. CurveD: L,/d = 102
m = z, polydispersity parameter; z = 1, M,/M, = 2,z = M /M,
=152 =o M,/M,=1

nm (Gellan), and d >~ 1.62 nm (xanthan). These data
represent lower bounds. The hydrodynamically effective
radii may be larger since the side chains may stretch out
orthogonally to the backbone.

The experimental C parameters for PLBG samples do
not form a common curve with the three polysaccharides.
It appears that at large numbers of Kuhn segments the
correct limit for flexible chain (curve B, polydisperse
chains) is approached, but for a smaller number of Kuhn
segments the C parameter seems to decay much more
strongly than predicted. The C parameter gives first in-
formation on the internal flexibility of the chains but it
corresponds to a certain molecular average. Thus, a de-
pendence on polydispersity and on the hydrodynamically
effective chain cross-section exits. Probably, however, the
following reason is most likely responsible for the deviation
from theory. If a chain is very stiff the orientational
fluctuations of the Kuhn segments become a very fast
process which no longer can be detected by the autocor-
relator. This nondetectable contribution from the rota-
tional diffusion reduces the C parameter significantly.
Therefore, of the two parameters p and C the p-value gives
more reliable conclusions on structure.

Another possibility to obtain information on chain
stiffness arises from the relaxation spectrum. This
spectrum has its reflection in a special form of the TCF
&,(T't). In the previous study of xanthan, a clear transition
of rodlike behavior at short delay times to that of flexible
chains was observed.? For the present two polysaccharides
we find a good agreement with the shape function of
flexible chains, although the two polysaccharides and
xanthan have similar rigidity (parts a and b of Figure 5
for TA-1-EPS and Gellan, respectively). It appears pos-
sible that the Kuhn segments in xanthan behave like truly
rigid rods; in the two other polysaccharides, on the other
hand, the units in the Kuhn segment may still have some
flexibility, as would befit the wormlike chain model. Po-
lydispersity is expected to have only little effect on the
shape of the time correlation function in these time- and
g-domains, because this shape is here determined only by
internal modes of motion and no longer by the transla-
tional diffusion coefficient, which, of course, is strongly
chain length dependerit.

The last point to be discussed is the angular dependence
of the apparent diffusion coefficient at infinite dilution.
In Figure 13 the ratio of D,,,(q) /D, for TA-1-EPS, Gellan,
and for native xanthan is plotted against the dimensionless
parameter gL. The two theoretical curves for a rigid-rod
and for the sliding-rod model do not describe the mea-
surements. It is, however, instructive to calculate the ratio
D_(segment)/D;) at very large g values, assuming the
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Figure 13. Normalized apparent diffusion coefficient D,/ Dy
versus qL; D, is the translational diffusion coefficient at con-
centrations ¢ = 0 and g = 0. (A) theoretical curve for a rigid rod®
assuming the contour length as the rod length; B) theoretical curve
for the sliding-rod model;* (O, ®) experimental points for TA-
1-EPS and Gellan. The bars indicate the limiting plateau values
according to the Hammouda theory, assuming the Kuhn length
as a rod.

Kuhn segment to behave as a rigid rod. This ratio can be
estimated by Hammouda’s theory:*

D._(segment) /Dy = 1.5 In (I, /d)(2R, /1)

where d is the chain diameter. The data are indicated by
bars on the right side of Figure 13.

It is not surprising that the theoretical curves A and B
do not describe the experiment: the present poly-
saccharides are not completely rigid; on the other hand it
has been pointed out by Hammouda?! that the sliding-rod
model*? is capable of describing only chains of rather high
flexibility. Evidently these polysaccharides are more rigid
than in the corresponding sliding-rod model. The exper-
imental curves appear to lead into the asymptote of a rod
whose length is that of a Kuhn segment, which is a sensible
behavior of the wormlike chain model. We have to men-
tion, however, that the asymptotic values depend not solely
on the chain stiffness but also on the dimensional chain
thickness as can be recognized from eq 9. Also, the
right-hand side in eq 9 refers to the apparent segment
diffusion at ¢ = 0 (D) and ¢ > 1 (D.), whereas the ex-
perimental Dy is the translational diffusion coefficient of
the wormlike chain and D., that of a Kuhn segment at very
large g values. Thus the asymptotic values of eq 9 will in
general not coincide with the experimental asymptote.
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ABSTRACT: Generator matrix methods have been used to compute (r%u2)o, (r?)o, and (u2), for poly(vinyl
bromide), poly(vinyl chloride), and poly(styrene) chains as functions of the stereochemical composition. The
squared end-to-end distance and squared dipole moment are denoted by r? and 12, respectively, angle brackets
denote the statistical mechanical average of the enclosed property, and zero as a subscript denotes the ensemble
that is unperturbed by long-range interactions. The values of (r2u2)o/ (r?)o(u?), are larger than 1 for chains
with a finite number of bonds, n. They approach 1 as a limit as n increases. At a specified value of n, the
largest values of (r2u?)o/ (r?)o(u?), are obtained with racemic poly(vinyl chloride) chains. The tendency for
a correlation of u? with r? arises from the parallel alignment of the components of the C-Cl bond in the plane
of the backbone atoms in the fully extended racemic chain. Simulations that permit the introduction of excluded
volume show that {u2) for all three chains is insensitive to (r?)/(r2), unless the stereochemical composition
is predominantly racemic. The response of (u?) to chain expansion is more dramatic in racemic poly(vinyl

chloride) than in the other two polymers.

The mean-square end-to-end distance, (r?), is sufficient
for the specification of the distribution function, W(r), for
the end-to-end vector, r, in the special case where that
distribution function is Gaussian. Expressions for W(r)
that more accurately describe the distribution function for
real chains are available. A common approach is formu-
lation of W(r) in terms of the higher even moments of r.
In the formulation due to Nagai,! departures from a
Gaussian distribution function are expressed by a series
of terms that contain dimensionless ratios of the form
(r*)/(r?)*. Deviation of the values of the dimensionless
ratios from their asymptotic limits at large n is seen in
chains of finite n. For example, (r*),/{r*),? and (r%),/
(r?),? are less than 5/4 and /,, respectively, for unper-
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turbed polyethylene chains with finite n, but they ap-
proach the Gaussian limits of 5/5 and %/g as n becomes
infinite.? Nagai’s formulation uses the actual values of
(r?)/(r?)" to increase the accuracy of the expression for
W(r).

Methodology is available for the efficient computation
of (rt)o/(r?),? for real unperturbed chains via the rota-
tional isomeric state theory. The method derives from the
expression of r* for a specified conformation as r2 ® r2
(where ® denotes the direct product) and an appeal to the
theorem on direct products.® The averaging over all con-
formation accessible to the unperturbed chain is obtained
by the usual combination of statistical weight matrices and
generator matrices that contain information about the

© 1988 American Chemical Society



