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ABSTRACT: Intrinsic viscosity measurements were carried out on dextran samples (of
different molecular weights) in aqueous solutions at 25, 28, 31, 34, 37, 40, and 43°C. The
extrapolation methods were used for the data; they gave unperturbed dimensions, K0,
of the chain. The unperturbed root-mean-square end-to-end distance ^r2&0

1/ 2 calculated
for the polymer samples in water indicate that the polymer coils are slightly contracted
in this solvent as the temperature is increased. The long-range interaction parameter,
B, was also determined. In aqueous dextran solutions, this showed a significant de-
crease in the long-range interactions between 25 and 43°C. The values of Q 5 317.82
and 316.57 K were obtained from the temperature dependence of the interaction
parameter B in the Kurata–Stockmayer–Fixman and Berry equations. Calculated
values were interpreted mainly on the basis of hydrogen-bond formation between
polymer segments and dextran–water molecules in solution. © 1999 John Wiley & Sons,
Inc. J Appl Polym Sci 72: 871–876, 1999
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INTRODUCTION

Dextran is a water-soluble polymer and has im-
portance in different chemical technologies. De-
spite keen interests in the solution properties1–4

of dextran, few investigations have been made on
the thermodynamics of polymer solutions. Hef-
ford5 studied the phase behavior of dextran in
aqueous solutions. Haynes and coworkers6 exam-
ined aqueous solutions of dextran to obtain virial
coefficients and calculated liquid–liquid equilib-
ria in ternary systems from the constituent bi-
nary systems. Diamond and Hsu7 found a
semiempirical thermodynamic expression in a
poly(ethylene glycol)/dextran aqueous two-phase
system.

The theta temperature is the temperature at
which, for a given polymer–solvent system, the
polymer exists in its unperturbed dimensions and

can be determined by colligative property mea-
surements or cloud-point temperature measure-
ments.8–10 The aim of this work was to study the
unperturbed dimensions, hydrodynamic expan-
sion, and long-range interaction behavior of dex-
tran in dilute solutions between 25 and 43°C by
intrinsic viscosity measurements and to deter-
mine the theta temperature of the polymer in
aqueous solutions.

EXPERIMENTAL

The four polymer samples studied in this work
were obtained from Pharmacia Fine Chemicals
AB (Uppsala, Sweden). The molecular weight
characteristics were determined by Pharmacia
(except in T 70) and the number-average molecu-
lar weights of T 40, T 110, and T 500 are given in
Table I. All dextran samples were dried and
stored in a dessicator over CaCl2 and were used
without further purification.
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Deionized and bidistilled water was used to
prepare the aqueous dextran solutions. The vis-
cosity measurements were performed at 25, 28,
31, 34, 37, 40, and 43°C, using an Ubbelohde-type
capillary viscometer, and all the polymer solu-
tions were used immediately after preparation.
The temperature of the thermostat was controlled
to within 60.1°C, the efflux times were reproduc-
ible to 60.2%, and the flow times were measured
with an accuracy of 60.1 s. In the molecular
weight range investigated, shear rate effects were
assumed to be negligible. The concentration de-
pendence of the viscosity of dilute dextran solu-
tions was followed by the well-known Huggins
equation:

hsp/c 5 @h# 1 kH@h#2c

The intrinsic viscosities [h] were obtained from
plots of the hsp/c ratio against the polymer concen-
tration with subsequent extrapolation to infinite
dilution. The intrinsic viscosity–molecular weight
relationships at these seven temperatures were
determined with the well-known Mark–Houwink
equation, [h] 5 KMa, and the constants K and a
values are given in Table II.

RESULTS AND DISCUSSION

The unperturbed dimension parameter, K0, inde-
pendent of solvent, temperature, and molecular
weight of the polymer, can be calculated by ex-
trapolation methods.11 Information on the unper-
turbed dimensions, starting from the viscosity re-
sults, was obtained from the Kurata–Stockmayer–
Fixman (KSF) equation12,13:

@h#M21/2 5 K0 1 0.51BF0M1/2 (1)

where

K0 5 @h#Q/M1/2 5 F0~^r2&0/M!3/2 (2)

K0 and B are parameters for short-range and
long-range interactions, respectively, ^r2&0

1/ 2 rep-
resents the root-mean-square end-to-end distance
of the unperturbed polymer chain, and F0 is
Flory’s universal constant (in this study, the
value of 2.1 3 1023 mol21 was used). The plot of
[h]Mn

21/ 2 versus Mn
1/ 2 yields a straight line, the

intercept being K0 and the slope being character-
istic of polymer–solvent interactions (Fig. 1). It is
also possible to determine the intrinsic viscosity
[h]Q at the theta temperature and the root-mean-
square end-to-end distance of the polymer at the

Table I Number-Average Molecular Weights of
Dextran Samples

Sample

Number-Average
Molecular Weight

(g/mol)

T40a 29,500
T70b 46,800
T110a 74,000
T500a 191,500

a Determined by Pharmacia Fine Chemicals AB, Uppsala,
Sweden,

b Determined by a Knauer membrane osmometer in aque-
ous solution at room temperature.

Table II Mark–Houwink Constants of Dextran
Samples in Aqueous Solutions

Temperature
(K) K 3 104 (dL/g) a

298 7.337 0.533
301 7.455 0.529
304 8.268 0.519
307 8.474 0.515
310 8.518 0.513
313 8.860 0.508
316 9.462 0.500

Figure 1 KSF plot for the dextran fractions at the
25–43°C temperature range.
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unperturbed state using eq. (2). The intrinsic vis-
cosity may be expressed in the form

@h# 5 @h#Qah
3 (3)

where ah is the hydrodynamic expansion factor.
Experimentally determined [h] values at various
temperatures and calculated [h]Q, ah, and ^r2&0

1/ 2

values are given in Table III.

Table III Calculated Data for Dextran Solutions from Intrinsic Viscosity
Measurements in the Temperature Range of 25–43°C

Dextran [h] 25°C (dL g21) [h]u (dL g21) ah ^r2&0
1/2 3 107 (cm)

T40 0.178 0.170 1.015 2.88
T70 0.226 0.214 1.018 3.63
T110 0.288 0.269 1.023 4.56
T500 0.482 0.433 1.037 7.34

[h] 28°C (dL g21)

T40 0.175 0.168 1.013 2.86
T70 0.222 0.212 1.015 3.60
T110 0.283 0.266 1.021 4.53
T500 0.471 0.428 1.032 7.30

[h] 31°C (dL g21)

T40 0.173 0.168 1.009 2.87
T70 0.222 0.212 1.013 3.60
T110 0.279 0.267 1.014 4.54
T500 0.459 0.429 1.023 7.31

[h] 34°C (dL g21)

T40 0.171 0.167 1.007 2.87
T70 0.216 0.211 1.008 3.60
T110 0.274 0.265 1.011 4.54
T500 0.448 0.427 1.016 7.31

[h] 37°C (dL g21)

T40 0.168 0.165 1.006 2.85
T70 0.213 0.208 1.008 3.59
T110 0.269 0.262 1.009 4.52
T500 0.439 0.422 1.013 7.27

[h] 40°C (dL g21)

T40 0.166 0.164 1.004 2.85
T70 0.209 0.207 1.003 3.59
T110 0.264 0.260 1.005 4.52
T500 0.429 0.418 1.009 7.27

[h] 43°C (dL g21)

T40 0.163 0.163 1.000 2.83
T70 0.206 0.205 1.001 3.56
T110 0.259 0.258 1.001 4.48
T500 0.416 0.415 1.001 7.22
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Another extrapolation method was reported by
Berry14:

@h#1/2M21/4 5 K0
1/2 1 0.42K0

1/2BF0M@h#21 (4)

Similar to KSF behavior, a straight-line plot of
[h]1/ 2Mn

21/4 versus Mn[h]21 was obtained, the
intercept being K0

1/ 2 and the slope also being char-
acteristic of polymer–solvent interactions (Fig. 2).

Unperturbed dimension and long-range inter-
action parameters calculated by both extrapola-
tion methods are given in Table IV. However, it
would be better to evaluate the viscosity data
given in Table III before explaining these param-
eters in detail. It is known that dextran forms
hydrogen bonds with water molecules in its aque-
ous solutions.4 These bonds break with increasing

temperature, and the hydrodynamic volume of
the polymer decreases. This is in accordance with
decrease in the intrinsic viscosity values. Still, it
is interesting to observe that no significant differ-
ence exists between the [h] and [h]Q obtained
from eq. (2). Similarly, ^r2&0

1/ 2 does not change
significantly with increasing temperature, but an
18°C temperature increment causes decreases in
the ah values. The highest decrease is observed
with the highest molecular weight (T 500) of the
dextran sample. According to eq. (3), ah 5 1 only
when [h]Q 5 [h]. On the other hand, ah values
obtained at 43°C are equal to 1 or very nearly so.
Up to this point, the theta temperature of dextran
in water is expected to be 43°C or slightly above
this in view of the calculated values.

Another consideration parallel to this idea is
true again with respect to the viscosity values. At
a 25–43°C temperature interval, a, the super-
script in the Mark–Houwink relationship, de-
creases with increasing temperature. At the theta
temperature, it is known that a 5 0.5. Besides,
the Mark–Houwink constant K also increases
with increasing temperature and approaches the
unperturbed dimension parameter K0 evaluated
by extrapolation methods.

The K0 values, obtained from both extrapola-
tion techniques, are in accordance with each other
(Table IV). With increasing temperatures, the de-
crease in K0 values is quite obvious and also the
difference between the Mark–Houwink constant,
K, at the highest temperature, and the unper-
turbed dimension parameter, K0, obtained from
extrapolation methods, is about 4 3 1026.

Considering the relationship between the tem-
perature increment and reduction in K0, under
theta conditions (or as commonly used at unper-

Figure 2 Berry plot for the dextran fractions at the
25–43°C temperature range.

Table IV Calculated Thermodynamic Parameters for Aqueous Dextran
Solutions at Various Temperatures

1/T 3 103

(K21)

KSF Berry

K0 3 104

(dL g21) B 3 1030
K0 3 104

(dL g21) B 3 1030

3.355 9.90 2.37 9.88 1.57
3.321 9.79 2.05 9.76 1.39
3.288 9.81 1.48 9.83 0.89
3.256 9.76 1.02 9.74 0.66
3.225 9.64 0.84 9.61 0.58
3.194 9.56 0.51 9.53 0.37
3.174 9.50 0.33 9.50 0.01
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turbed dimensions), segmental interactions be-
come attractive. Considering the structure of dex-
tran, one can easily see that the polymer has
ring-oxygen and bridge-oxygen atoms in each re-
peating unit besides the three hydroxyl groups in
the ring structure. It is strongly expected that
hydrogen bonding will form between hydroxyl
groups with hydrogen acceptor–donor character-
istics and ether oxygen, showing hydrogen-accep-
tor behavior. Obviously, these hydrogen bonds
will break at increased temperature and hydro-
phobic interactions between polymer segments
will be more dominant. Finally, due to these in-
teractions, a contraction will be observed in the
polymer coil. This change can also be followed
from temperature–intrinsic viscosity behavior.

The long-range interaction parameter, B, is
defined as the magnitude expressing polymer–
solvent interactions. It is quite well known that
dextran forms hydrogen bonds both with water2,4

and some conventional polar solvents.1,15 In this
study, a significant drop was observed in the long-
range interaction parameters (Table IV) obtained
by both of the extrapolation methods. One can
evaluate this large difference in terms of a tem-
perature increment causing the break of hydro-
gen bonds between polymer and water molecules.

The temperature dependence of B, as sug-
gested by Flory,16 is given by

B 5 B0~1 2 Q/T! (5)

where B0 is a constant, independent of tempera-
ture, which can be found from the temperature of
the second virial coefficient near the theta tem-
perature. The plots of B obtained from KSF and
Berry equations against the reciprocal of the tem-
perature according to eq. (5) are shown in Figures
3 and 4, respectively. In these figures, the
straight lines through the seven experimental
points are given by the following equations:

(i) According to the B values obtained from the
KSF equation,

1.1084 3 10226 5 2(23.4879 3 10229)Q
(6)

Q 5 317.82 K (7)

(ii) According to the B values obtained from he
Berry equation,

7.9080 3 10227 5 2(22.4981 3 10229)Q (8)

Q 5 316.57 K (9)

In this work, however, the theta temperature
of the dextran–water system was lower than that
of some other water-soluble polymers in their
aqueous solutions (Table V). When polyvinylpyr-
rolidone (PVP) and poly(ethylene oxide) (PEO)
are considered, respectively, hydrophillic car-

Figure 3 Plot of the interaction parameter B as a
function of the reciprocal of the absolute temperature
(KSF).

Figure 4 Plot of the interaction parameter B as a
function of the reciprocal of the absolute temperature
(Berry).
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bonyl in the lactam ring of PVP and, again, hy-
drophillic ether oxygen of PEO can be seen. Ex-
perimental studies have proved that these poly-
mers form hydrogen bonding with water
molecules due to these characteristics.23–26 The
destruction of polymer–solvent interaction and,
consequently, the dominance of hydrophobic in-
teractions between polymer segments at unper-
turbed dimensions may only be valid at high tem-
peratures for these two water–soluble polymers.

In the dextran structure, as previously dis-
cussed, each repeating unit has hydrogen-bond-
ing donor and acceptor groups very similar to
the water structure. In other words, polymer–
solvent interactions and interactions between
polymer segments occur almost at the same
level. It is useful to keep in mind that the su-
perscript, a, in the Mark–Houwink equation
was found as 0.533 at 25°C. Of course, this
behavior gives hints about the solvent character
of the solvent employed for dextran. Basedow
and coworkers1 claimed that dimethyl sulfox-
ide, a strong hydrogen acceptor, may be a better
solvent for dextran than is water on the basis of
the enthalpy values evaluated for the solutions
of the polymer in various solvents.

As a conclusion, referring to hydrodynamic
magnitudes, it has been observed that interac-
tions, both between polymer segments and poly-
mer–solvent molecules, are in competition with
each other. Polymer–solvent interaction seems to
be a bit more dominant, while interactions be-
tween polymer segments may also be effective,
and with increasing temperature, it is most prob-
able that both types of interactions may be sup-
pressed.

The author wishes to express his thanks to Prof. Dr.
Olgun Güven for supplying the dextran samples.
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26. Güner, A. J Appl Polym Sci 1997, 65, 1307.

Table V Theta Temperatures of Some Water-Soluble Polymers

System Q (K) Method

Dextran–water 317–318 KSF and Berry
Poly(ethylene oxide)–water17–19 369–373 Cloud-point temperature measurementsa

Poly(ethylene oxide)–water20 381 KSF
Polyvinylpyrrolidone–water9 420 6 7 Cloud-point temperature measurementsa

Polyvinylpyrrolidone–water21 413 6 5 KSF
Polyvinylpyrrolidone–water22 404 Cloud-point temperature measurementsb

a In the presence of inorganic salts.
b In the presence of Na2CO3.
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