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The results of a polythermal study of the dynamic viscosity (1) of the ternary system
containing water and the mixture of propylene glycol (PG) and macrogol 400 (M400) are
presented. The values of 1 for the ternary system vary widely depending on its composi-
tion and temperature. The isotherms of 1 are nonlinear. The isotherms of excess dynamic
viscosity (N¥) are asymmetric, which indicates a different structure of the ternary system
depending on the water content. The absolute values of the n€ on the relevant isotherms
decrease with increasing temperature. The quasi-thermodynamic activation parameters of
viscous flow are positive regardless of the ternary system composition. Changes in their
values indicate the destruction of water structure under the influence of PG and M400.
The dependencies of the excess quasi-thermodynamic activation parameters of viscous flow
on the mole fraction of non-aqueous solvent (PG - M400) make it possible to differentiate
the areas of compositions with different structures: structure of water, structure of mixed
solvents with the dominance of water structure or non-aqueous solvent, and structure of
non-aqueous solvent. The structure of the ternary mixed system can affect the properties
of heterogeneous disperse systems with a liquid dispersion medium.

Keywords: water, propylene glycol, macrogol 400, viscosity, activation parameters of
viscous flow.

JocaigskenHs BifA3KOCTI Ta KBa3iTepMOAMHAMIYHMX IIapaMeTpiB AKTHUBAIl B’A3KOI Tedwiil
cucreMud Boxa - (upominenriaikoas - maxporoa 400). O.I1.Besyezna, A.II.Kpacnonwvoposa,
A.M.Jlanynosa, I J[.FOxno, M.OJlanynos

Hageneno pesynbraTit mositTepMmivHOro gociimykeHHsA AuHaAMiuHOl BisiskocTi (1) moTpiiiHol
cucTeMu, IO MicTUTh Bomy Ta cywmim mpomijenraironio (PG) i maxporoay 400 (M400).
Benuunan n morpifiHol cucTeMu 3MiHIOIOTHCA B IIMPOKUX MeMKaxX 3aleHo Big i cxkmamy i
TeMueparypu. Izorepmu M e Hemimifinumu. IzorepmMu HagmuInKoBol AuHaMiuHOI B’SBKOCTL
(nf) e acumerpuumHmMMM, IO BKAa3ye Ha DisHY CTPYKTYPY IOTDiliHOI CHCTeMH 3alesxHO Bif
BMicTy Bomm. A6comorTHi smHauemusa NE Ha BigmoBiZHUX izoTepMax 3 POCTOM TeMIepaTypH
sMeHIIyIOTECA. KBasitepmoguuamiuni Gynriii akrupanii B ssKol Teuil mosuTuBHI Hesasex-
HO Bix ckiaxy morpifiHoi cucreMu. SMiHU IX BeawYMH CBifUaTh PO PYHHYBAHHS CTPYKTYPU
Boau mig BomaueBoMm PG i M400. 3ame:xHocTi HAAIUITKOBUX KBasiTepMoguHAMIUHNX QYHKITIH
axTuBarii B’s3xoi reuil Bix mosbHOI uwacTKu HeBomHoro posumuHuka (PG i M400) moseoss-
IOTH PO3PIBHUTH O0JACTi CKJIIALIB 3 PIZHOI0 CTPYKTYPOO: CTPYKTYPOIO BOAU, CTPYKTYPOIO 3MiIlia-
HUX POSUMHHUKIB 3 AOMIHYBAHHSAM CTPYKTYPU BOAUW 400 HEBOLHOI'O POSUMHHUKA, CTPYKTYPOIO
HeBogHOrO posumHHUKA. CTPYKTypa HOTpifiHOl aMimranol cucTeMu MOYKe BILJIIMBATU HA BJIACTII-
BOCTI I'eTePOTreHHUX [JUCIIEPCHUX CHCTEM 3 PIAKUM AUCIEPCIHUM cepefOBUIIEM.
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1. Introduction

Currently, mixed solvents are widely
used in the composition of bases-vehicles for
medicinal products, in particular, mixtures
of water with propylene glycol (PG) and
macrogol 400 (M400) [1]. The choice of the
composition of such mixed solvents should
be based on the results of physicochemical
studies. Viscosity is one of the key parame-
ters of liquid systems, which is quite easy
to determine. In addition, viscosity can be
used to understand intermolecular interac-
tions by calculating the quasi-thermody-
namic activation parameters of viscous
flow. All this makes it possible to consider
studies of viscosity as one of the most in-
formative methods of physicochemical
analysis of liquid multicomponent systems
[2]. The results of the study of the binary
systems water-PG, water-M400 are de-
scribed in the number of publications [8—5].
The aim of this work was to determine the
viscosity, calculate the activation parame-
ters of viscous flow, and evaluate the struc-
ture of the ternary system water-(PG-M400)
for use in semi-solid preparations.

2. Experimental

Materials

We studied ternary systems containing
purified water (hereinafter water) and a
mixed non-aqueous solvent PG-M400 with
the constant ratio between PG and M400
equal to 60:40 % w/w. The average molecu-
lar weight (Mr) of the PG-M400 mixed sol-
vent was 112.57. Non-aqueous solvents (PG
and M400) were purchased from BASF (Ger-
many) and met the requirements of the rele-
vant monographs of the European Pharma-
copoeia [6].

Mixed ternary systems with different
composition were prepared by mass using an
analytical balance (AUW 120D, Shimadzu).

Ubbelohde viscometers were used to
measure the kinematic viscosity (v) of the
solvents and pycnometers were used to de-
termine their density (p) [6]. Measurements
were carried out at temperatures from 20°C
to 55°C. A Julabo F12-ED refrigerat-
ing/heating circulator (Julabo Labortechnik
GmbH) was used to maintain necessary tem-
perature with an accuracy of +0.1°C. The
dynamic viscosity () was calculated accord-
ing to the equation:

nEvee (1)
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Excess dynamic viscosity (nf) was calcu-
lated as the deviation of the experimental
data (nexp ) from the additive values using
the following equation:

;- x, (2)

where M,,, is the dynamic viscosity of the
ternary system; m; is the dynamic viscosity;
x; is the mole fraction of the components.
Gibbs free energy of activation (AGﬁ) was
estimated from the Eyring equation [7]:

BN [aGE 3)
="y, P|RT|

where N is the dynamic viscosity, mPa-s; h
is the Plank constant; N is the Avogadro
constant; V,; is the mole volume, 1/mole; R
is the universal gas constant; T is the abso-
lute temperature, K.

Entropy values (ASﬁ)were found by dif-

= Nexp. —

ferentiating the free energy of activation
for viscous flow by temperature, and the

values of the enthalpy, AHf]

mated by the fundamental thermodynamic
relationship:

were esti-

AG}, = AH}, — TAST,. (4)

The excess quasi-thermodynamic activa-
tion parameters of viscous flow (AYf]E) were

calculated similarly to the calculation of the
excess dynamic viscosity.

3. Results and discussion

The dynamic viscosity of the ternary sys-
tem under study varied significantly de-
pending on its composition and temperature
(Fig. 1). Thus, the dynamic viscosity at the
transition from the structure of water to
the structure of the mixed non-aqueous sol-
vent (PG-M400) increased at 20°C by
66.1 times from 1.01 to 66.77 mPa-s. With
an increase in the temperature of the ternary
system from 20°C to 55°C, the dynamic vis-
cosity decreased by 5.1 times. At the same
time, dynamic viscosity isotherms at all tem-
peratures were nonlinear, which is typical for
systems that do not obey Raoul’s law. In gen-
eral, the dynamic viscosity isotherms were
typical for systems water-glycol [4].

The properties that are additive in the
absence of interaction between the compo-
nents of the system are of great importance
for interpreting the results of physico-
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Fig. 1. Dynamic viscosity (1) of the ternary
system water - (PG -M400) vs mole fraction (X)
of the mixed non-aqueous solvent (PG - M400)
in the temperature range from 20°C to 55°C.

chemical studies of liquid systems. The de-
viations of the viscosity experimental data
from the additive values for the studied ter-
nary ystem indicate the dependence of the
nature of intermolecular interactions on the
mole fraction of the mixed non-aqueous sol-
vent (PG-M400) (Fig. 2).

The isotherms of excess dynamic viscos-
ity are asymmetric (Fig. 2). At 25-35°C
they have a minimum at near 0.1 mole frac-
tion of a non-aqueous solvent (PG-M400),
and the values of the excess viscosity are
negative. With an increase in temperature,
the n¥ values increase in the area of mini-
mum on the isotherms, and at 55° C the
minimum practically disappears. With an
increase in the mole fraction of the non-
aqueous solvent (PG-M400) above approxi-
mately 0.2, the values of the excess dy-
namic viscosity become positive (Fig. 2).
These values increase with an increase in
the mole fraction of the mixed non-aqueous
solvent, pass through a maximum at its
content of about 0.6-0.7 mole fractions and
decrease with further increase in its con-
tent. With increasing temperature, the posi-
tive deviations Mf on the isotherms de-
crease, which indicates a weakening of the
interaction between solvent molecules.

The asymmetric dependence of N on the
composition of the ternary system (Fig. 2)
may indicate different specifics of interac-
tions between molecules of water and non-
aqueous solvents at different water con-
tents. The positive deviations of the excess
dynamic viscosity are probably due to the
predominance of the interaction between
water molecules and the PG and M400 polar
groups. The negative values of n€ may indi-
cate the effect of hydrophobic hydration of
PG and M400 molecules [4, 8]. The n% iso-
therms indicate that the nature of intermo-
lecular interactions in the ternary system
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Fig. 2. Excess dynamic viscosity (nf) of the
ternary system water - (PG -M400) vs mole
fraction (X) of the mixed non-aqueous sol-
vent (PG -M400) in the temperature range
from 20°C to 55°C.

under study varies significantly depending
on the composition and temperature [2]. It
can be assumed that the greater the nmE
value, the stronger the interaction between
water and glycols.

One of the elementary acts of the viscous
flow of associated liquids is the movement
of individual molecules, which requires the
breaking of a certain number of hydrogen
bonds [7]. A certain free activation energy

of viscous flow (AGﬁ) is necessary for this

process.

For a viscous flow to occur, a molecular
vacancy must form, into which a flowing
molecule can move. The total activation en-
ergy of the viscous flow is the sum of the
energies required to create vacancies in the
liquid and move flowing molecules into
these vacancies. The ratio of the enthalpy

and entropy constituents of AGf] can be de-

termined from the nature of the AGﬁ iso-

therm. According to the data shown in
Fig. 3, the main contribution into AGT]E is

made by the enthalpy.

There are two regions with different
slope angles on the plots of the quasi-ther-
modynamic functions of viscous flow activa-

tion (AYf]) versus the composition of the ter-

nary system (Fig. 3). With an increase in
the content of the non-aqueous solvent (PG-
M400) to 0.2 — 0.8 mole fractions, a greater
increase in the values of the quasi-thermo-
dynamic functions is observed. In this range
of the ternary system compositions, the
non-aqueous solvent structure is more influ-
enced by the structure of water. A further
increase in the mole fraction of the non-
aqueous solvent does not lead to a signifi-

cant increase in the AYf] values.
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Fig. 3. Activation parameters of viscous flow
for the ternary system water - (PG -M400) vs
mole fraction (X) of the mixed non-aqueous
solvent (PG -M400) at 298.15 K.

The values of the free activation energy
(AGﬁ) of the viscous flow activation process are
positive regardless of the composition of the
ternary system under study. The increase in
the AGﬁ values in the transition from the water

structure to the mixed structure can be ex-
plained by an increase in the energy required
for the formation of vacancies in the liquid.

The AHﬁ values are positive regardless
of the composition of the ternary system.
The AHf] value is proportional to the en-
thalpy of vaporization (AH,,) [2]; the in-
crease in AHﬁ values when transition from

structure of water to a mixed structure
was probably due to an increase in the AH,,
of the mixture and, consequently, an in-
crease in the energy required to form va-
cancies in the liquid.

The changes in the AYﬁ values indicate that

the mixed non-aqueous solvent (PG-M400)
destroys the structure of water.

The quasi-thermodynamic activation pa-
rameters of viscous flow are mole-additive
[2]. This makes it possible to calculate their
deviations from additive values for the sys-
tem under study (Fig. 4). The excess quasi-
thermodynamic parameters of viscous flow

activation (AYf]) are positive and are charac-

terized by the presence of maxima on the
isotherms in the region of approximately
0.25 - 0.85 mole fractions of the mixed
non-aqueous solvent (PG-M400). The max-

ima AHﬁ and —T-ASf] on the isotherms indi-

cate the predominant effect of the breaking
the structure of the water under influence of
a non-aqueous solvent up to ~ 25 — 35 mol %
(67.0 — 76.6 % w/w) and stabilization of the
structure of the non-aqueous solvent with a
further increase in its content to 100 %.
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Fig. 4. Excess activation parameters of viscous
flow for the ternary system water- (PG -M400) vs
mole fraction (X) of the mixed non-aqueous
solvent (PG -M400) at 298.15 K.

According to the plots of AYﬁE versus the

mole fraction of the non-aqueous solvent
(PG - M400), it is possible to approximately
distinguish areas of compositions with dif-
ferent dominant structural organization: this
is the structure of water at the content of
the non-aqueous solvent not higher than ~
4.0 mol% (~ 20.8 % w/w); the structure of
the mixed solvent with the dominance of the
structure of water at the content of the non-
aqueous solvent in the range of ~ 4.0 mol% to
18.0 mol% (~ 20.8 — 57.83 % w/w); the struc-
ture of the mixed solvent with the dominance
of the structure of the non-aqueous solvent at
its content from ~ 18.0 mol% to 70.0 mol% (~
57.8 — 93.6 % w/w); the structure of the non-
aqueous solvent at its content over 70.0 mol%.

4. Conclusions

The structure of mixed solvents can af-
fect the performance characteristics of drugs,
which are heterogeneous dispersed systems
with a liquid dispersion medium stabilized by
surfactants. Solvents that destroy the structure
of water can contribute to the stability of such
dispersed systems [9]. Probably, in viscoplastic
o/w emulsions, the content of a mixed non-
aqueous solvent (PG-M400) in the dispersion me-
dium should not exceed 60 % w/w. At a higher
content of this mixed non-aqueous solvent, its
structure dominates, which might lead to a sig-
nificant weakening or elimination of hydropho-
bic interactions [10]. In this case, emulsifiers
lose their ability to stabilize emulsions.

In the case of higher content of the mixed
non-aqueous solvent in emulsions, another stabi-
lizing factor not related to hydrophobic interac-
tions is required. Such a factor may be gel for-
mation in the disperse medium of o/w emulsions
or a high viscosity of the lipophilic medium in
w/o emulsions, which will prevent flocculation
and coalescence of emulsion globules.
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