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THE STRUCTURE OF POLYMER
CLUSTERS IN AQUEOUS SOLUTIONS
OF HYDROXYPROPYL CELLULOSE

The wviscosity, turbidity, and heat capacity of dilute aqueous solutions of hydroxypropyl cellu-
lose have been studied in a concentration interval of 0.047-1.5 g/l and a temperature interval
of 20-80 °C. The data obtained testify that, if the temperature does not exceed 40 °C, hy-
drozypropyl cellulose molecules are prolate spheroidal globules with semiazis lengths of 7 and
490 A. At temperatures above 70 ° C, the hydrozypropyl cellulose solution consists of clusters;
every cluster is composed of 11 globules and has a prolate spheroidal form with semiaxes of
41 and 490 A. In the temperature interval from 40 to 70 ° C, the solution concerned contains
both globules and clusters, with the concentration of the latter increasing, as the temperature

grows.
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1. Introduction

The formation and structure of polymer clusters in
solutions is one of the key problems in colloidal
physics. Those issues are dealt with in a significant
number of works (see, e.g., works [1,2] and references
therein).

A challenging problem in this domain is the study
of mechanisms giving rise to the formation of clus-
ters in aqueous solutions of rigid-chain polymers. It
is well known [1] that the chains of these polymers
can be considered as a set of segments, i.e., rods that
are characterized by a considerable rigidity and a defi-
nite length and linked to one another. For this reason,
the aqueous solutions of rigid-chain polymers tend to
form clusters, in which those rods are arranged in
parallel to one another and, in effect, are nuclei of
liquid-crystal structures.
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When studying the properties of solutions of rigid-
chain polymers, the solutions of cellulose derivatives
are analyzed, as a rule. For instance, the formation
of clusters of rigid-chain polymers in rather concen-
trated aqueous solutions — in other words, in the sys-
tems that already contained clusters — was studied,
e.g., in works [3-5]. However, the mechanism of poly-
mer cluster formation has not been discussed at that.

In this work, dilute aqueous solutions of hydrox-
ypropyl cellulose have been studied in order to eluci-
date this issue.

2. Experimental Part

As a research object, hydroxypropyl cellulose was se-
lected. Its IR spectrum is presented in Fig. 1 (spec-
trum 2). For comparison, this figure also demon-
strates the IR spectrum of reference hydroxypropyl
cellulose (Alfa Aesar) (spectrum 1). For convenience,
spectrum 2 in Fig. 1 is shifted vertically by 0.2 with
respect to spectrum 1. The both spectra were reg-
istered for powder specimens in an interval of 460—
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4000 cm ™! on a Nicolet Nexus 470 Fourier spectrom-
eter and making use of a Smart Orbit device (Thermo
Scientific).

One can see that the spectra of both hydroxypropyl
cellulose specimens are almost identical. Therefore,
we consider their molecular masses and substitution
degrees to be also close. For reference hydroxypropyl
cellulose (spectrum 1), the molecular weight was 10°,
and the substitution degree was 75.7%.

In order to study the viscosity, turbidity, and heat
capacity of dilute aqueous solutions of hydroxypropyl
cellulose, we prepared solutions with hydroxypropyl
cellulose concentrations ¢ = 0.094, 0.185, 0.375, 0.75,
and 1.5 g/1.

The shear viscosity of the hydroxypropyl cellulose-
water systems was determined in a temperature in-
terval of 20-80 °C. For measurements, we used a cap-
illary viscometer with a vertical capillary and a ther-
mostatic system. Figure 2 illustrates the measure-
ment results obtained for the temperature-dependent
shear viscosity of the solution under study. The data
in this figure were used to plot the dependence of the
relative viscosity of the solution 1’ = n/ng, where ng is
the viscosity of water, on the volume polymer concen-
tration ¢ = ¢/p, where p = 1.27 g/cm? is the density
of hydroxypropyl cellulose [6] (see Fig. 3). Approxi-
mating this dependence by the polynomial

() =1+bip+ bd® + ..., (1)

we obtained the temperature dependence of the coef-
ficient b; in formula (1), which is shown in Fig. 4.
The turbidity of the aqueous solutions of hydrox-
ypropyl cellulose was measured at various tempera-
tures on an installation, whose schematic diagram
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Fig. 1. IR spectra of frustrated total internal reflection in the
specimens: reference hydroxypropyl cellulose (1), our speci-
men (2)
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Fig. 2. Temperature dependences of shear viscosity in hydrox-
ypropyl cellulose-water systems with various hydroxypropyl
cellulose concentrations: (1) 0.047, (2) 0.094, (3) 0.185,
(4) 0.375, (5) 0.75, and (6) 1.5 g/1
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Fig. 3. Dependences of the relative viscosity in hydroxypropyl
cellulose-water systems on the bulk concentration of hydrox-

ypropyl cellulose at various temperatures: 20 (1), 30 (2), 40
(3), 50 (4), 60 (5), 70 (6), and 80 °C (7)
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Fig. 4. Temperature dependence of the coefficient by in for-
mula (1) for hydroxypropyl cellulose-water systems
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Fig. 5. Schematic diagram of the installation for turbidity
measurements: fiber optic cables (1, 2), thermostat chamber
(8), mirror (4), nipples for connection with thermostat (5, 6),
light-proof housing (7)
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Fig. 6. Temperature dependence of the relative turbidity in

the hydroxypropyl cellulose-water system (at the concentration
c=1.5g/l)
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Fig. 7. Temperature dependence of the specific heat for the

hydroxypropyl cellulose-water system (at the concentration ¢ =
1.5 g/1)

is exhibited in Fig. 5. As a light source and a light
detector, we used the corresponding semiconductor
devices G-Nor GNL-5013 and Osram SFH-203 with
known spectral characteristics. Light with a wave-
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length of about 5500 A was supplied with the help of
a fiber optic cable I into a thermostatically controlled
chamber 3 filled with the polymer solution. Being
reflected from mirror 4, the light beam returned
to the photodetector. The resulting photo current
was amplified using a low-noise operational ampli-
fier OPA128LM. The relative turbidity of the solution
was determined by the formula

_ -V

=2 2
TV @

where Vj, V', and V; are voltages at the amplifier out-
put corresponding to measurements with distilled wa-
ter, polymer solution, and at complete photo detec-
tor shading, respectively. A typical temperature de-
pendence of the turbidity of the examined solution is
depicted in Fig. 6.

The specific heat at a constant pressure, C), was
measured following the method described in work
[7]. Using a dynamic calorimeter which registered
changes in the heat flow entering the specimen, the
temperature dependence of C, was obtained for the
aqueous solution of hydroxypropyl cellulose with the
concentration ¢ = 1.5 g/l in a temperature interval
of 25-85 °C (Fig. 7). The rate of specimen heating
was 2 K/min. The relative measurement error did not
exceed 3%. From the analysis of experimental data
presented in Fig. 7, it follows that the temperature
dependence of C), has two exothermic minima at the
specimen temperatures 77 = 44 °C and 15 = 60 °C.

3. Discussion of Experimental Results

While interpreting the experimental results, we ap-
plied the hydrodynamic theory of solutions [8]. In the
framework of this theory, the solution is considered as
a two-component system consisting of a liquid matrix
(the solvent), in which solid inclusions of the dissolved
substance are located.

Let us firstly assume that the inclusions are spher-
ical. As was shown by A. Einstein [8], the coefficient
by in formula (1) should have been equal to 2.5 in this
case. However, as one can see from Fig. 4, the exper-
imentally obtained b;-values substantially exceed the
indicated value. Hence, the inclusions in the matrix
arenot spherical.

Then we assume that the inclusions are prolate el-
lipsoids of revolution (spheroids). In this case, the fol-
lowing formulas are valid [9]:
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at 1 <p <15,
by = 2.5+ 0.4075(p — 1)'-598, (3)
and at p > 15,
2 1 1
by =1.6+2 (4)

5 [3(In2p —1.5) + In2p—05]/
where p = ay/az, and a; and as are the lengths
of the large and small, respectively, semiaxes of the
spheroid. The values of the parameter p calculated
by formulas (3) and (4) are shown in Fig. 8. An anal-
ysis of this figure allows three temperature intervals
to be distinguished:

e T < 40 °C; here, the value of p is constant and
approximately equals 70);

¢ 40°C < T < 70 °C; the value of p decreases with
the temperature growth; and

e T > 70 °C; the value of p is invariable again and
equals 12.

Since the dilute solutions are studied, it is reason-
able to assume that, within the interval T < 40°C,
the dissolved substance exists in the form of isolated
molecules. In a dilute solution of flexible-chain poly-
mers, the molecules of the substance form a statistical
ball under definite conditions. If the chains are rigid,
the existence of this form is problematic. As was
already noted, for the researched objects, b; > 1,
so that an inclusion (in this case, a molecule) is not
spherical. Therefore, the molecules in the examined
solutions are not statistical balls.

Let the hydroxypropyl cellulose molecule have a
completely stretched form. The molecular weight of
this polymer is of an order of 10°. The molecular
weight of the glucose residue is 162. Every elementary
link includes two such residues. Therefore, there are
approximately 300 links in the complete chain (the
molecule).

Using the data for the crystal lattice parameters
of cellulose [6], we obtain values of 10 and 8 A for
the link length and width, respectively. Accordingly,
the length of the completely stretched chain is about
3000 A. If the chain has a prolate spheroidal form,
the lengths of its semiaxes equal a; = 1500 A and
as = 4 A, so that p ~ 370, which differs substan-
tially from our experimental value. Hence, the hy-
droxypropyl cellulose molecule is not a completely
stretched chain in the solution. Thus, we should
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Fig. 8. Temperature dependence of the ratio between the
semiaxis lengths of a spheroid of inclusions

Fig. 9. Schematic diagram of the globule formation: a chain
of rigid blocks connected by flexible crosspieces (a), packing of
blocks into a globule (b)

adopt that the molecular chain is packed into an elon-
gated globule.

Hydroxypropyl cellulose is known to be formed by
substituting atoms in the lateral cellulose groups, As
a result, the hydrogen bonds that connect neighbor
glucose residues become destroyed, and the chain be-
comes flexible at this sites. In accordance with this
mechanism, the chain of the hydroxypropyl cellulose
molecule can be imagined as a sequence of rigid blocks
connected by flexible crosspieces (Fig. 9, a). A glob-
ule is formed owing to the chain bending at the cross-
pieces and the packing of blocks close to one another.

Let us evaluate the size of the formed globule. Ac-
cording to the assumption made above, the globule
is spheroidal by its form. Let h; and ho denote the
lengths of the major and minor, respectively, semi-
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axes of this spheroid. The volume occupied by the
molecule equals

4
Var = —

3 aa3, (5)

and the volume occupied by the globule

47
Vo= hih3. (6)
It is reasonable to assume those volumes identical,

Vam = Vg, so that
alag = hlhg (7)

As was already mentioned above, according to our
experimental data, p = hy/hs &= 70 in the analyzed
temperature interval. Then, Eq. (7) reads

aia3 = T0h3. (8)

After substituting the ai- and as-values given above
into formula (8), we obtain hy = 7 A and, accordingly,
hy = 490 A.

The model of a globule with the indicated dimen-
sions is shown in Fig. 9, b. The figure demonstrates
a half of the spheroid that models the globule: the
dashed circle with the diameter 2hy = 14 A deter-
mines the boundaries of the spheroid profile. As
one can see from Fig. 9, b, the ellipsoid surface is
a smoothed globule boundary. This smoothing is a
result of equating the volumes of the globule and the
chain molecule that forms this globule (see Eqgs. (5)—
(7)). The polymer chain partially extends beyond the
smoothed boundary, as is shown in Fig. 9, b. A circle
that encircles those bulges has a diameter of 17 A.

If considering a spheroid characterized by the pa-
rameter p = 70 as a globule, it is reasonable to assert
that a spheroid with p = 12 is a cluster formed from
the globules by means of their merging. This model
allows us to talk about two phase states of the solu-
tion:

eat T < 40 °C, stable is the solution phase, in
which the polymer chain looks like a globule (here-
after, the low-temperature phase);

eat T > 70 °C, stable is the solution phase, in
which the globules are grouped into clusters (here-
after, the high-temperature phase);

e at 40 °C < T < 70 °C, the both indicated phases
coexist.
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The presence of a phase transition in the solution
is also confirmed by a minimum in the temperature
dependence of the specific heat capacity at 40 °C (see
Fig. 7).

The described model for the structure of a hy-
droxypropyl cellulose solution, which follows from the
temperature dependence of the parameter p (Fig. 8),
is confirmed by the temperature dependence of the
relative turbidity (Fig. 6). Here, three temperature
intervals can be distinguished as well:

¢ the turbidity is stable at T" < 40 °C;

e in the interval 40 °C < T < 70 °C, the turbidity
increases with the temperature;

eat T > 70°C, the turbidity also has a con-
stant value that substantially exceeds the value at
T <40 °C.

Thus, the logic of our speculations is not violated:
the growth in the concentration of clusters in a liquid
system leads to the growth of its turbidity.

Let H; and H, denote the lengths of the major and
minor, respectively, semiaxes of a spheroidal cluster.
When constructing the latter, it is thermodynami-
cally beneficial for the globules to form a structure
that would be the densest among all possible ones.
This requirement is satisfied at such a globule pack-
ing, when the major semiaxes of the globules are ori-
ented in parallel to one another, and the following
condition is obeyed:

Hy = h;. 9)

Let n be the number of globules in the cluster. As-
suming that, when a globule is formed, the chain is
folded three times (see Fig. 9), the profile area of the
spheroidal cluster is described by the formula

nH3 = 3nma3. (10)
Since, as was determined experimentally, Hy/Hy =
= 12, Egs. (9) and (10) imply that H; = 490 A,
H2:41Aandn:11.

The globule and cluster models that are discussed
here were constructed on the basis of viscosimetric ex-
perimental data. Let us verify whether those models
agree with the turbidity data.

Let J; and Jy denote the intensities of light scat-
tering in the temperature intervals 7' < 40 °C and
T > 70 °C, respectively; o1 and o9 the scattering
cross-sections for a globule and a cluster, respectively;
and n; and ny the bulk concentrations of globules and
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clusters, respectively. Those quantities are connected
by the known dependence [10]

Ji2(x) = Jpexp (—o1,2n1 27), (11)

where x is the path length passed by light, and Jy the
intensity of the initial beam. Let us rewrite relation
(11) in the form

q1,2(x) = —01,2n1 07, (12)

where 12 = In (JLQ/JO).

As was marked above, the turbidity plot in Fig. 6
corresponds to the polymer mass concentration in the
solution ¢ = 1.5 g/1. The mass of a hydroxypropyl cel-
lulose molecule (a globule) equals m; = 10% x 1.67 x
x 1072% g. Hence, n; = ¢/my = 4.9 x 10*® ecm~3. As
was found in our viscosimetric experiment, one clus-
ter consists of 11 globules. For the bulk cluster con-
centration, we have ny = ny/11 = 4.5 x 10*® ecm~3.
The average values of the parameters ¢; and ¢, which
were determined from the experimental dependence
in Fig. 6, equal —0.033 and —4.117, respectively. The
path length x in the experimental installation was
7.5 cm. Substituting the obtained numerical values
of ¢1, g2, x, n1, and ny into Eq. (12), we obtain
o1 =49 x 107! em? and 07 = 6.7 x 1071% cm?.

Let us approximately assume that an ellipsoid of
revolution scatters light identically as a sphere with
the same volume does. Using the known expressions
for the ellipsoid and sphere volumes

4 4
% hih2 = % 3, (13)
ar dT

together with the values for hy, ho, Hi, and Hy de-
termined fron the viscosimetric experiment, we obtain
the following values for the radii of relevant spheres:
r1=28x10"" cm and ro = 9.4 x 1077 cm.

In our experiment, the light wavelength was about
5500 A. Hence, for the wave vector magnitude, we
obtain & = 1.1 x 10° cm™!. Therefore, the condi-
tion kry 2 < 1 is satisfied. In this case, the following
relation is valid:

o120 ~ 17 5(kr12)*, (15)
and, thus, the equality
1/6
o1 T2
71 — 2 16
(2) -= (16)
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must be obeyed. The ratio ro/r; determined from
the data of the viscometric experiment equals 3.4. At
the same time, the value of (o1 /02)"/¢ equals 4.7. In
view of the assumptions made in calculations, this
difference should be considered, in our opinion, as
negligibly small. Therefore, we may assume that the
mechanism of cluster formation proposed by us agrees
with the experimental turbidity data.

4. Conclusions

Dilute aqueous solutions of hydroxypropyl cellulose
with concentrations lower than ¢ = 1.5 g/l can exist
in two phase states. The low-temperature phase ex-
ists in the temperature interval T' < 40 °C, and the
high-temperature one in the interval T' > 70 °C. At
40 °C < T < 70 °C, the both phases coexist.

In the low-temperature phase, the hydroxypropyl
cellulose solution is a set of separate chains. In this
case, every chain forms a prolate spheroidal globule
with semiaxis lengths of 490 and 7 A. In the high-
temperature phase, the globules are packed into clus-
ters. Every cluster contains 11 globules. In this case,

the clusters are also prolate spheroids, but with semi-
axis lengths of 490 and 41 A.
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Translated from Ukrainian by O.I. Voitenko

O.M. Anexcees, I0.D. Babawma,

B.I. Kosaavwyk, M.M. Jlazapenro, JI.A. Byarasin

CTPYKTVYPA KJIACTEPIB ¥V BOJHUX
POBYMHAX I'IAPOKCHUITPOITIJIHEJJIOJIO3U

Peszwowme

JociizkeHo B’sI3KiCTh, MyTHICTb 1 TEIJIOEMHICTh PO36aBJIEHUX
BOJIHUX PO3YMHIB TI'iIPOKCHIIPOIIJIIEIIONIO3U B iHTepBasi KOH-
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nenrpaniit (0,047-1,5) r/n i inrepsani remueparyp (20-80) °C.
Ha migcraBi oTpuMaHHX JJaHUX BCTAHOBJIEHO, IO IIPH TEMIIe-
patypi, menmiii Big 40 °C, MOJEKyJaU TIiIPOKCHUIIPOMIIIIETIO-
JIO3U € IJI00yJIaMu, sKi MaoThb POPMY eJIIcolja obepTaHHs 3
nosxxuHamu Hamisoceit 7 A i 490 A. IIpu Temmneparypax, Bu-
mux 3a 70 °C, po3YnH IiAPOKCUIIPOIIIIIIETIONO3H CKIIAIAETHC
3 KJIACTepiB, KOXKEeH 3 SKUX MICTUTh B CBOEMY cKjanai 11 rio-
Oyn i mae dopmy esincoima obepranns 3 HamiBocsaMmu 41 A
490 A. B TeMueparypHomy inrtepsadi (40-70) °C B posunsi
PiIPOKCUTIPOIIJIIEIOIO3U OJHOYACHO MICTSITBhCS SIK TJIOOYJIH,
Tak i Kiaacrepu. KisbKicTh ocTaHHIX 3pocTa€ 3i 361JIbIITEeHHAM
TEMIIEPATYPH.
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