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Optical properties of dextran in solution and in films
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Abstract

Flow birefringence of dextran solutions in dimethylsulphoxide was studied and the intrinsic optical anisatrepy 6f its chains was
determined to be+ 12.5% 10-%° cm®. The dependence of birefringence in dextran films of different thickness on the angle of incidence of
polarized light was then studied and the surface birefringence of the film was determined. The dependence of surface birefringence on
thickness has made it possible to determine the effective thickness of the anisotropic near-surface layer, while the comparison of the sui
birefringence with the value ob(-«>) enabled the estimation of the orientation of the molecular fragments with respect to the film surface.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction angle method to measure the phase difference in stretched
(oriented) polymer films. Cherkasov et al. (1976) have
Polysaccharides are one of the key components of biolo- modified the tilted film method and have also developed a
gical structures facilitating the various functions of the theory making it possible to interpret spontaneous birefring-
living organism (Marchessault, 1984; Yalpani, 1988; ence in polymer films at the molecular level. Grishchenko
Kochetkov, 1994). The complex spatial organization of bio- (1996) has applied this method to the study of orientation
logical structures cannot be completely understood without effects in surface layers of films made of various synthetic
considering the behaviour of biological macromolecules at polymers.
or near the interfaces near which gradients of various phy- The present work deals with the study of optical molecu-
sical properties are formed. One of the quantitative physical lar properties of the neutral bacterial polysaccharide,
characteristics of molecular structures (including biological dextran, by dynamic flow birefringence method in solution
structures) is the degree of orientational order of molecular and the study of the optical properties of dextran films by a
regions or fragments near the interfaces. Consequently themethod using an inclined polarized beam.
degree of orientational order can be regarded as a measure Dextrans, polysaccharides synthesized by micro-
of the ability of biological molecules for self-organization. organismes, are constructed from glucose residues
Moreover, polysaccharides are natural polymers which cancombined mainly byx1 — 6 bonds with different degrees
be recycled. Their commercial use is preferable in many of branching (Yalpani, 1988). Chains of low molecular
cases to that of synthetic polymers because they exhibitweight material are virtually linear. As the analysis of
natural affinity for the living organism and are biologically hydrodynamic data shows (Gekko, 1971; Huber, 1991;
pure. The interest in both fundamental and practical investi- Pavlov et al., 1994; Pavlov and Korneeva, 1995), dextran is a
gations of polysaccharides is thus growing. flexible chain polymer with an equilibrium rigidity character-
McNally and Scheppard (1930) were the first to observe ized by the Kuhn segment length= 13 x 108 cm.
that acetate cellulose and nitrate cellulose films which are  The conclusion that dextran chains exhibit high equili-
optically isotropic for normal light beam incidence exhibit brium flexibility is also confirmed by calculation carried out
birefringence when incident light falls on the film at an by the methods of statistical mechanics (Burton and Brant,
angle to the normal. Later Stein (1959) used the tilted 1983). Their high chain flexibility is due to additional
possibilities of internal rotation aboutl — 6 bonds as
* Corresponding author compared to those for4 4, 1— 3, 1— 2 polysaccharides.
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2. Experimental polarized light passes at different angles to the film surface.
This method is based on the measurement of the phase
2.1. Materials differencess which appear between two light components

polarized in perpendicular directions on passing through a

Commercial dextran from Sigma and Pharmacia Fine film by the incident anglé (Stein, 1959; Cherkasov et al.,
Chem. AB, Uppsala (Sweden) was used. The molecular 1976; Grishchenko, 1996).
weights determined by these companies as followg:=M The optical phase difference or ‘optical retardatién’
2000, 500, 250, 71.4, 40, and 10. induced by the film was determined on special device for

The films were prepared from aqueous solutions of high observing birefringence. The film was placed between two
molecular weight dextran samples. A range of solution con- crossed polarizing prisms. Thé& value was measured
centrations were used in order to obtain films of different visually by a Brace penumbral elliptic compensator. In
thicknesses. The solutions were cast on horizontal glassthis case we havé = 6,sin2A¢ (6, = 0.076 is the phase
supports (without contact with vertical walls) and dried difference induced by the compensator) ard= ¢ — ¢ is
under room conditions. The drying rate per unit surface the difference between compensator counts when the light
area was 3.8< 10°g s cm? Spontaneous macroscopic passes at an arbitrary angle and at 0. Fig. 1 shows the
transport was observed during film formation. Its direction dependences af — ¢ oni for dextran films of different
was opposite to that of the concentration gradient (chemical thickness.
potential). Solvent evaporates from the entire solution sur- The difference between main polarizabilities of the sta-
face in contact with the air: however, the films are formed in tistical segments of dextran chains was evaluated by flow
the region of the three-phase boundary (support—solution—birefringence in dextran solution in DMSO. The FB effect
air), i.e. over in the range of contact angle in which the was detected by photoelectric recording of light flux
evaporation rate of the solvent is high. Spontaneous trans-(Pen’kov and Stepanenko, 1963; Tsvetkov, 1989). A mica
port of the polymer substance into this region takes place compensatord = 0.0078) was used for compensating FB,
and the film formed is not of uniform thickness near the An, induced by the shear field. Flow birefringence was
boundary. The peripheral region of the film is the region measured in a thermostatted’ (= 21.CC) titanium
of its thickness gradient. The central part of the film — the dynamooptimeter with an inner rotor 3 cm long along the
most uniforn region of thickness — was removed and used light beam path. Samples with the molecular weight #

for investigations. 10, 40, and 71.4 were investigated. Flow birefringence
values for solutions in DMSO were positive and propor-
2.2. Methods tional to rate gradient, which made it possible to determine

the ‘reduced birefringenceAn/Ar = An/G (n — 59) = +
The orientational order of anisotropic regions or ‘frag- 1.35% 107'°(Fig. 2). Herey andn, are dynamic viscosities
ments’ of molecules in the surface layers of dextran films of solution and the solvent, respectivel@ is the rate
was evaluated by measuring the birefringence when gradient, andAr is the flow shear stress. The refractive
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Fig. 1. Dependence of birefringendg (rotation angle of compensator) \si. (the angle between the beam and the normal to the film) for dextran films of
different thicknes#: 1 —— H = 0.47 mm, 2 —0.23 mm, 3 —0.13 mm, 4 —0.075 mm.
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index incrementAn/Ac for dextran solutions in DMSO was the following equation was obtained (Cherkasov et al.,
measured by a differential refractometer based on Lebedev1976):
polarizing interferometer (Pavlov, 1988). An Ostwald visc-

3 2 2 . 2
ometer was used for viscometric measurements. 8= — (2n/\n*)[(n° + 2)/3]*No(ey — arp)sirfi
T H
2.3. Results and discussion y JJ(3CO§0— 1)/2f,,(6)dbaH
00

The orientational order of anisotropic chain fragments

with respect to polymer film surface may be characterised wherefy(6) is the density of orientation distribution of ani-

by the orientational order parameter (de Gennes, 1974;sotropic elements on angtein the layer of thicknessHi

Grishchenko, 1996; Grishchenko and Cherkasov, 1997)  (ai-a) is the difference between the main polarizabilities
of a statistical chain segmem is the number of anisotro-

S= 1/2(3{cosh) — 1) pic elements in unit volume is the film thicknessn is the
average refractive index, arfids the wavelength of light.

wheref is the angle formed by the segment (an anisotropic  Using the following expression for the orientational order

element) axis and the normal to the film surface 4d  parameteS

means an averaging of c@svalue. If cogd is 1/3, thanS

is equal to zero, which shows that predominant orientation S= 2((3cogh)cost — 1)

of chain fragments relative the surface does not exist. When ™ H

orientational order exists in surface laye®# 0), the film — 1H Jj(gcogg — 1)/2f,,(6)dgdH

exhibits optical anisotropy when the polarized light beam

passes through the film obliquely. The birefringence in films

is caused by different polarizabilities of anisotropic chain and bearing in mind thalo = Nao/Ms we obtain

elements along vertical and horizontal axes in the plane(3= _N 7rp/)\n3((n2+2)/3)2[(a — a,)/Mg]SH(L — cos2)
normal to the beam (Cherkasov et al., 1976; Grishchenko A 1S

function of the polar angléand the azimuthal angteof the p is the average polymer density in bulk.

orientation of chain elements counted from a¥eand X, The resulting phase difference depends on the incident
respectively. When the film is optically isotropic at a normal  gnglej as follows:

incident angle, the difference distribution of polarizabilities
with respect toy is regular, and in this case the phase dif-
ference will depend only on the andleUsing the Lorentz—
Lorenz ratio for experimentally observed phase differehce

00

6=DB(1— cos3) (1)

B= — aNgH(n? + 2)?[(a; — ap)/9n°N\]S (2)

According to Eg. (1), the experimental dependencesarf
(1 — cos2) for all dextran films were found to be linear

3,01 regardless off (Fig. 3). Hence, in each case, it was possible
to determine the value of surface birefringerigeFig. 4
2,5 shows the dependence Bfon H. It can be seen tha for
A m thin films is proportional to their thicknedd, but for thick
2,0 flms (H > 0.3 mm) B becomes independent of film
| thickness. This dependence can be interpreted by using a
S 154 < three-layer model for polymer films (Grishchenko, 1996;
"é Grishchenko and Cherkasov, 1997). This model assumes
<4 104 on that the film consists of three-layers: two optically anisotro-
' pic surface layers with thickness, (to the first approxima-
tion these layers are assumed to be identical) and an
0.5 optically isotropic layer with a thicknegs; = (H — 2H,)
located between them. It is assumed that surface layers are
0,0 & - T y T y T : . characterised by predominant orientation of chain frag-
0 50 100 150 200

ments, whereas the fragment in the intermediate layer are
At, @ cm’ s? arranged chaotically.
Therefore, it is possible to evaluate the thickness of the

Fig. 2. Dependence of the flow birefringence valirevs. shear rate tension anisotropic surface |ayer of dextran films from the analysis

A7 = G(n — n¢) for three dextran samples of different molecular weights

(kDa = kg/mol) at different solute concentrations, (g MM = 71.4,c = of the experiment_al dependence®bn H. It can be Seen
1.851 @A); 0.536 (A); M = 40, c = 2.945 @); 1.763 (0); 1.142 @); M = that for dextran this dependence reaches a plateau region at

10,c = 4.347x 10 2g cm 3 (O). H > 0.28 mm. Henceéd, = H/2 = 0.14 mm.
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Fig. 3. The optical phase difference (optical retardatiovg. [1 — cos2(i — ig)] fo
3 — 0.13mm, 4 — 0.075 mm.

Eq. (2) makes it possible to determine the orientational
order parameteS. For this purpose the intrinsic optical
anisotropy &i-op) of dextran molecules contained in
Eq. (2) will be evaluated. The following relationship will
be used in which the value of reduced birefringence (shear
optical coefficient) f)/[n] = An/A7r(Fig. 2) is related to the
value of (;-ap) and other dextran molecular parameters
(Tsvetkov, 1989):

[n)/[n] X (45KTn/4n(n2 + 2)?) = (3)
= (a1 — o) + [(ANVAC)*Mg/27 7N A]
+ (2.618(ANVAC)?/(®NZ) X (M/[])

where An/Ac = 0.034 cni/g is the refractive index incre-
ment measured in DMS®g = 1.477 is the refractive index
in DMSO, Mg = 369.5 is the molecular weight of a dextran
segmenty = 0.61 cni/g is the specific partial volume is
the Flory hydrodynamic parameteM and [] are the
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Fig. 4. Dependence of surface birefringer®en thicknessH of dextran
films.
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r dextran films of different thicknedd: 1 — H = 0.47 mm, 2 — 0.23 mm,

molecular weight and intrinsic viscosity of dextran samples.
To minimize the contribution of form effects deriving
(mainly from the macroform effect for flexible chain
dextran) the solvent, DMSO was chosen in which the
form effects are about twenty times lower than those in
water [in water we have for dextrain/Ac = 0.15 cnv/g
(Huglin, 1975)]. Moreover, samples with low molecular
weights M = 10, 40, and 71.4) were investigated for reduc-
ing the contribution of the macroform effect. In the mole-
cular weight range investigated tid@/Ar ratio is virtually
independent oM (Fig. 2). The number of Kuhn segments in
dextran chains [/Mg) is sufficiently great, so that the
chains behave as Gaussian chains in the absence of volume
effects, and Eg. (3) enabling us to determine the intrinsic
optical anisotropy of a statistic segment{«,) is obeyed.

As a result it was possible to obtain ferfo,) = + 12.5
X 107% ¢cm®. This value is in reasonable agreement with the
value of @1-a5) = + 33.0% 1072 cm® obtained previously
for pullulan molecules (Pavlov and Yevlampieva, 1995;
Pavlov et al., 1998). The different values @i {a;) for
dextran and pullulan are probably a consequence of
glucopyranose rings in their macromolecules being oriented
differently with respect to the main chain. In order to deter-
mine the parametes, Eq. (2) is rearranged as follows:

S= — (3/(n* + 2))’ [N (M7 Ny(at; — atp))](dB/AH) (4)

where ®/dH = 0.72 cm* is the tangent of the slope &
vs. H (Fig. 4) at lowH.

It follows from Eq. (4) thatS= — 0.007. The negative
sign of Sshows that the mean orientation angle of anisotro-
pic dextran chain fragments to the normal to the film surface
is6 > 54.7. In other words, anisotropic chain fragments are
predominantly parallel with respect to the surface. It must
be noted that the value of thickness of an optically aniso-
tropic surface layer for dextran films coincides with that for
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poly-bis-trifluoroethoxyphosphasene (PTFP) a polymer  viscosity-molecular weight relationshipvakromol. Chem. 148
with a tendency to adopt orientational order (Schneider, 229-238.

1978), and is seven times that for polystyrene (a classical de %i?\?;z’its;fégg74)he physics of liquid crystalsondon: Cambridge

representative of amorphous synthetic polymers). This fact, gishchenko, A.E. (1996Mechanooptics of polymerst. Petersburg: St.
without doubt, indicates that dextran chains have a high  Ppetersburg State University Press.

ability to form orientational order. At the same time the Grishchenko, A.E., & Cherkasov, A.N. (1997). Orietational order in poly-
parametelS= — 0.007 for dextran is 26 times smaller in ;"6‘3; ;‘ggace layersAdvances in Physical Sciences (Russiz7,
abSOIUte_Value than that for PTFAP (GrIShChenko et al, Grishchenko., A.E., Kulichikchin, V.G., & Rjumtsev, E.I. (1996). Tempera-
1996; Grishchenko et al., 1997). Whether or not these values e ransitions and orientational order in surface layers of poly-bis-
are peculiar for dextran molecules or not, could, we believe, trifluoroethoxyphosphazenesVysokomol. soedin., Ser. , B38,

established after films of polysaccharides with other chain  1593-1599.

structures have been investigated. Grishchenko, A.E., Rjumtsev, E.I., & Turkov, V.K. (1997). Optical proper-
ties and orientational order in surface layers of polyn@gtical Jour-
nal, 64, 26-31.

Huber, A. (1991). Characterization of branched and linear polysaccharides
by size-exclusion chromatography/low-angle laser light scattedng.
Appl. Polym. Sci. Appl. Polym. Symg8, 95-102.

Flow birefringence of dextran solutions and birefringence Huglin, M.B. (1975). In: Brandrup, J., & Immergut, E.H. (Ed2plymer
in surface layers of dextran films by the method of tilted  handbook(Vol. IV, p. 267). New York: Wiley.

polarized beam have been studied. Effects related to Spon_Kochetkov, N.K. (1994)Synthesis of ponsaccharideMoscow: Science.

. . . . Marchessault, R.H. (1984). Contemporary Topics. In: Vandenberg, E.J.
tapeous orlentayon of dextran chain fra}gments Or regions ) polymer Sciencévol 5, p. 458). New York: Plenum Press.
with respect to film surface were determined. A three-layer vcnally, J.G., & Scheppard, S.E. (1930). Double refraction in cellulose
model for dextran films was discussed. This model has acetate and nitrate film3.Phys. Chem34, 165-172.
enabled us to determine the thickness of the effective opti- Pavlov, G.M. (1988). Differential refractometer based on principal of Lebe-
cally anisotropic layer = 0.14 mm). The orientational dev's interferometerSt. Petersburg State University BulletiRart 4,

o 89-91.
order parameter of dextran chains in surface layers wasp, oy G.M., Komeeva, EV., & Yeviampieva, N.P. (1994). Hydro-

negative § = — 0.007), which indicates that molecular dynamic characteristics and equilibrium rigidity of pullulan molecules.
fragments are oriented predominantly parallel with respect  Int. J. Biol.Macromol, 16, 318-323.
to film surface. The discrepancy between the relatively large Paviov, G.M., & Korneeva, E.V. (1995). Polymaltotriose. Molecular
surface layer thickness and the small value of the parameter ~characteristics and - equilibrium - chain - rigidityBiophysics 40,

: . i ) 1241-1247.
Sis probably related to considerable thermodynamic flexi-

" . o * Pavlov, G.M., & Yevlampieva, N.P. (1995). Dynamic birefringence of
bility of dextran chains and some peculiarities of their polymaltotriose solutionsiophysics40, 1233—1239.

3. Conclusion

structure (branching of macromolecules). Paviov, G.M., Yevlampieva, N.P., & Korneeva, E.V. (1998). Flow
birefringence of pullulan molecules in solutioRolymer 39, 235—
239.
Pen’kov, S.N., & Stepanenko, B.Z. (1963). The measurements of flow
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