CTPYKTYPA TA B(IACTHBOCTI
STRUCTURE AND PROPERTIES

https://doi.org/10.15407/polymer;j.45.02.246
YVIK 541.182

V.F. SHUMSKY,

Institute of Macromolecular Chemistry NAS of Ukraine, 48, Kharkivske Shose, Kyiv, 02155, Ukraine,
e-mail: vfshumskiy26@gmail.com

ORCID: 0000-0003-4458-7256

I.P. GETMANCHUK,

Institute of Macromolecular Chemistry NAS of Ukraine, 48, Kharkivske Shose, Kyiv, 02155, Ukraine,
ORCID: 0000-0002-6924-1430

V.P. BOIKO,

Institute of Macromolecular Chemistry NAS of Ukraine, 48, Kharkivske Shose, Kyiv, 02155, Ukraine,
e-mail: boikovita@bigmir.net

ORCID: 0000-0002-0157-6664

V.K. GRISHCHENKO,

Institute of Macromolecular Chemistry NAS of Ukraine, 48, Kharkivske Shose, Kyiv, 02155, Ukraine,
e-mail: oligomer8@gmail.com

ORCID: 0000-0002-4951-936X

RHEOLOGICAL PROPERTIES OF OLIGOISOPRENE LIQUIDS. PRE-
SENTATION IN THE FRAMEWORK OF THE ANGELL’S CONCEPT

The work is devoted to the study of self-organization processes in disperse systems. The most relevant aspect of such self-
organization is the relationship between structure and properties in polymer composites. In this paper, we are talking about
dispersion media (matrices), namely, the mechanisms of phenomena and interactions that occur during the deformation of
disperse systems. These interactions depend on the properties and processes of self-organization of dispersion media and
determine the properties of future polymer composites. One of the most popular dispersion media are diene oligomers (liquid
rubbers). In this work, the rheology of diene oligomers with terminal hydroxyl groups (HRD) was studied in a wide range of
shear rates and temperatures. It was assumed that in the case of oligoisoprene, an increase in the activation energy of viscous
flow (from 46 to 95 kj/mol) with decreasing temperature is associated with an increase in the density of the fluctuation
dynamic structure with an increase in the volume content of associates of polar OH groups (i.e., nonionic micelles) with a
decrease in thermal energy kT (k is the Boltzmann constant). The results of rheological studies for the first time (for non-
ionic liquids) were presented within the framework of the Angell’s concept, from which it followed that these systems are
fragile, i.e. they are very promising in terms of studying structure formation in a shear field.

Keywords: rheology, viscosity, shear deformation, activation energy, fragility, fragile liquids.

Introduction

An important trend in the modern development
of composite polymer materials is the conduct of
theoretical and experimental studies, which make
it possible to outline new ways of obtaining mate-
rials with new unique properties. One of the effec-

tive ways to obtain such materials is the creation
of particulate-filled materials. Filled systems (sus-
pensions) of various types occupy a huge place in
wildlife, technology, and everyday life. This is due
to the variety of phenomena and effects in suspen-
sions of various nature, therefore, the first topical
direction in terms of creating such materials is the
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study of the processes of structural self-organiza-
tion of dispersion media (matrices). It is also sig-
nificant that currently filled systems (suspensions)
are considered as a special case of a more general
class of materials called soft media. This should be
understood as a continuous transition in structure
and properties from suspensions of solid (hard)
particles to deformable dispersed particles and to
emulsions. Indeed, the rheology of suspensions
and emulsions has much in common [1, 2].

When considering the mechanisms of phe-
nomena that occur during the deformation of dis-
persed systems, two determining factors should be
taken into account: the nature of the distribution
of dispersed particles in a limited volume (their
packing) and the interaction between particles [3,
4]. These interactions can be of the most diverse
physical nature, and they largely depend on the
properties and processes of self-organization of
dispersion media (matrices). That is why, first of
all, it is especially important to study the processes
of structural self-organization of dispersion media
(matrices), and this is an important direction in
terms of solving the problem of creating new com-
posite polymer materials.

One of the most popular dispersion media, as
is known, are diene oligomers (rubbers). Diene
oligomers with terminal hydroxyl groups (HRD)
can be obtained with different molecular weight,
that is, different content of polar hydroxyl groups.
The presence of polar groups in a non-polar hy-
drocarbon matrix (i.e., the amphiphilic nature of
the molecules of a substance) leads to structure
formation due to the formation of non-ionic mi-
celles during the aggregation of hydroxyl groups.
Aggregation is carried out mainly due to hydrogen
bonds. Therefore, it should be emphasized that it
is precisely amphiphilicity that predetermines the
possibility of the formation of various structures,
i.e. it is a generator of structural self-organization
(5, 6].

Modification of the original ORD can be car-
ried out by polymer-analogous transformations of
terminal hydroxyl groups. Without changing the
structure of the main chain, hydroxyl groups can
be converted into urethane or isocyanate groups.
The terminal isocyanate groups can then be treat-
ed with alcohols of varying length and branching
to give the urethane group in the chain and the ter-
minal alkyl radical. The nature of the radical will

affect the structure formation of the oligomer in
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solution. If the alcohol contains a second function-
al group that does not react with the isocyanate
one, a series can be obtained in which structure
formation in the oligomeric matrix will be differ-
ent.

Wide variety of structures can be obtained by
copolymerizing isoprene with other monomers,
both containing and without functional groups.
Structure formation will be determined by the ra-
tio of the non-polar diene monomer and the polar
one. It is also possible to obtain a block copolymer.
The most promising is the preparation of various
oligomers (polymers) through macrodiisocy-
anates, since the structure of the main initial chain
will not change in this case.

To implement the rheological approach to the
processes of structural self-organization, we chose
diene oligomers with terminal hydroxyl groups,
which can be obtained with different molecular
weights, i.e. different content of polar hydroxyl
groups. The presence of polar groups in a nonpolar
hydrocarbon matrix leads to structure formation
due to the formation of micelles during the aggre-
gation of hydroxyl groups. Aggregation is carried
out mainly due to hydrogen bonds.

Experimental part

We measured the rheological characteristics of
three diene oligoisoprenes obtained by radical
polymerization (RDP), obtained under different
conditions, but having almost the same molecu-
lar weights: 2037 (sample 1), 2212 (sample 2) and
1731 (sample 3) . The molecular weight was deter-
mined by intrinsic viscosity (solvent was benzene)
at 25°C using the known formula:
[n] = 5.02:10 M°7 . (1)
The initial isoprene was modified with various
alcohols: n-butanol (samples 1 and 2) and iso-bu-
tanol (sample 3).
Rheological studies were carried out in a wide
range of shear rates from 10 to 10° s™ and temper-
atures from 15 to 80 °C on a PIRSP-03 rheometer.

Research results and discussion

The flow curves (viscosity n versus shear rate y )
of the studied oligoisoprenes at different temper-
atures are shown in Fig. 1. It follows from this
figure that, in the studied range of shear rate and
temperature, ORDs behave like Newtonian fluids,
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Fig. 1. Dependence of viscosity on shear rate of HPS at different temperatures: 15 (1), 40 (2), 60 (3), 80 (4, samples 2 and

3) and 85 °C (4, samples 1)

i.e. their viscosity does not depend on the mode of
deformation. This result is consistent with litera-
ture data for other reactive oligomers.

The dependences of the shear stress 7 and the
effective viscosity # in the generalized coordinates
7 - yn, and n/n - yn, (1, is the highest Newtonian
viscosity) are presented in Fig. 2. Within the range
of experimental error, all values of shear stress and
the effective viscosity are described by single gen-
eralized curves. Possibly, this result is explained
by the fact that the examined ORDs have close
equivalent weights, that is, weights on one hydrox-
yl groups.

Despite the fact that the viscosity n of liquids,
which reflects the transfer (transport) of the force
impulse, viscous flow is not an activation process
[7], and to describe the temperature dependence
of viscosity, the Arrhenius equation is still used:

— E(J
——ral
where: #_is the limiting (highest Newtonian) vis-
cosity, E_is the activation energy, R is the universal
gas constant, and T is the temperature.

At the same time, the dependence of viscosity
on temperature for room ionic liquids with an am-
phiphilic molecular structure (electrolytes) in the
temperature range Tg + (70 - 120 °C) (see, for ex-
ample, [8]) is adequately described by the Vogel-
Fulcher-Tammann equation [9-11]:

=0, T |
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(2)

3)

where: _(Pa-s), B(K) and T (K) are empirical con-
stants (fitting parameters) for a given substance.
In terms of the theory of free volume, the pa-
rameter T is a certain critical temperature at which
the free volume disappears. The same dependence
is also valid for most other liquids at lower tem-
peratures (up to the glass transition temperature).
Figure 3 shows the temperature dependences of
the viscosity for the ORD. As can be seen from this
figure, such a dependence for the studied liquids is
non-linear in the temperature range of 15-80 °C
and is satisfactorily described by relation (3). In
this case, this relationship is represented by a sin-
gle solid curve calculated using the following fit-
ted parameters: log 7 = -3.481 (17, = 0.00033 Pas),
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Fig. 2. Invariant dependences of the shear stress and
viscosity of the ORD
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Fig. 3. Temperature dependences of the viscosity of the
ORD: I (sample 1), 2 (sample 2), 3 (sample 3)

B=995K, T, =203 K (coefficient of determination
R*=10.9999) . Using the values of these parameters
and taking into account that the liquid passes into
a glassy state at a temperature at which the viscosi-
ty becomes equal to 102 Pa s (see below), the “vis-
cous” glass transition temperature T = 217 K was
calculated using equation (3).

From the foregoing, it follows that the activation
energy of the viscous flow of the ORD is an effective
(depending on temperature) quantity. It is related
to the parameters B and T by an equation [11, 12]:

E, =RB _T |, (4)
T_?:]

where: R is the gas constant.

Calculation of E_ for oligoisoprenes according
to equation (4) using the parameters and gave the
following activation energies of the studied liquids
at different temperatures: 95 (15 °C), 67 (40 °C), 54
(60 °C), 46 kJ/mol (80 °C) .

It is known that the activation energy of viscous
flow strongly depends on the structure of poly-
mers [13]. So, for example, if the activation en-
ergy of the linear polyethylene melt flow is 25 kJ/
mol, then for branched PE it exceeds 50 kJ/mol.
Therefore, it can be assumed that in the case of ol-
igoisoprene, the marked increase in the activation
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Fig. 4. Temperature dependence of the viscosity of the
ORD: sample 1 (1), sample 2 (2) and sample 3 (3) in the
coordinates of equation (2)

energy with decreasing temperature is associated
with an increase in the density of the fluctuation
dynamic structure with an increase in the volume
content of associates of polar OH groups (i.e., no-
nionic micelles) with a decrease in thermal energy
kT (k is the Boltzmann constant) .

Now it is expedient to present these rheologi-
cal data in terms of the Angell concept [14]. This
concept was developed for amorphous substances.
It is known that the most studied characteristic of
liquids is viscosity and its dependence on tempera-
ture. The equilibrium glass transition temperature
is usually defined as the temperature at which the
viscosity is 10> Pa s [15]. Another generally accept-
ed result of the observation is that at “infinitely”
high temperatures the limiting viscosity is #, = 10
Pa-s. Therefore, in the temperature range between
T > oo and T, the viscosity changes by 16 orders

8
of magnitude. It was this data that Angell used to
classify liquids by scaling and plotting their state
diagram. The diagram is a semi-logarithmic de-
pendence of viscosity on temperature, normalized
toT,ie.logn, - T, /T. Suchadiagram for the in-
vestigated oligoisoprene liquids is shown in Fig. 4.

Here, the straight dotted line represents the in-
terface between two classes of liquids: “strong” and
“fragile” according to [14].
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The general concept of “fragility” (instability)
was first proposed by Angell [14] to classify lig-
uids according to their dependence of viscosity
versus temperature. Fragility m was determined as
the limiting slope of log  versus T /T at the glass
transition temperature T This made possible to
avoid measuring the temperature dependence of
viscosity at the glass transition temperature. The
larger the value of m, the higher the fragility and
the stronger the viscosity change for the tempera-
ture increment at T,. Thus, m can be represented
by the following expressron [16]:

—( ) (5)
d(r, 1T) "

Applying this expression to the Vogel-Tam-
mann equation with the energy parameter D = B/
T, (B is the constant of this equation), leads to a
simple relationship between m and D:

m= D Tn rx (6)
InlU T, — -T,f
Thus, the equilibrium glass transition tempera-
ture is usually defined as the temperature at which
the viscosity exceeds 10"° mPa-s (10'* Pa-s) [15,
17]. Since at the glass transition temperature the
viscosity changes by many orders of magnitude
within a very small temperature range, its actual
value used in this approach is not so critical (de-
cisive) for the final results, therefore, in accord-
ance with the literature, 11(T) = 10" mPa-s is also
used. And since the llmltlng viscosity is 7, = 10"
mPa:s at “infinitely” high temperatures, this leads
to the conclusion that the viscosity typically spans
a range of about 16 orders of magnitude between
T>ecand T,
For strict Arrhenius behavior (equation 2), fra-
gility has its minimum value m__, obtained by ap-
plying equation (5) to equation (2) [8]:

m,. = log[@] =15,5. (7)

On the other hand, in the case of using the
Vogel-Tammann equation (3), m_. can be deter-
mined from the following equation:

DT, 1
”Imin =
1o (7, -7,

(8)

And after some transformations, we get:
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T,
Loy, D 9)
T, m,.. In10

min

and

m=m,_. +_]1110m2. . (10)

min min

This shows the inverse proportionality between
the fragility m and the energy parameter D. Taking
m_. = 15,5, we find a simple expression by analogy
to[18]:

ma15,5+222 .
D

(11)

This is a very useful relationship between m and
D, similar to the model relationship between D
and the average coordination number z_of mole-
cules in the liquid phase (i.e., the average number
of neighbors) and its variability (instability) Az,
derived by Vilgis [19]:

o)
4\ Az

Strong liquids (small fragility m and large value
of the parameter D) have very low variability Az
of the average coordination number z . The proto-
types of this class liquids are melts of glasses with
a network structure, such as SiO,, GeO,, and B,O,,
for which typical values of z_ are approx1mately
3-5. They are characterized by strong direct in-
termolecular interactions and high resistance to
structural change upon heating (high thermal sta-
bility). Weak or fragile liquids, on the other hand,
have weaker direction-independent intermolecu-
lar interactions with much higher variability Az.
Molecules form a disordered dense packing in a
liquid with high fluctuations (instabilities). This
results in a higher tendency towards structural
change with temperature change, hence high fra-
gility. For the lower D limit, z = 14 and Az = 4, giv-
ing D_. = 3.2; this corresponds to the upper limit
for fragﬂrty m_ = 200. Typical examples of highly
fragile hqurds are melts of organic glass formers
such as o-terphenyl, propylene carbonate, and
some polymers [8]. The transition between these
classes of fluids is a nonergodic - ergodic transi-
tion by definition [14].

Thus, for the first time we apply the Angell’s
concept to non-ionic liquids in the entire temper-
ature range of their state. As we expected, the lig-
uids studied by us belong to the most interesting
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temperature region of the transition of a liquid
with low viscosity and its weak dependence on
temperature to a region with high viscosity and
a stronger dependence on temperature. Based on
the obtained experimental results and calculations
of some characteristic parameters of oligoisoprene
liquids (7, = 3.3x10* Pas, B=995K, T, = 203 K,

Tg =213 K, Tg“z 217K, D =49, m = 128,4), we
consider these liquids to be fragile liquids. Such
substances are very promising in terms of studying
structure formation in a shear field. The obtained
results make it possible to further study controlled
structure formation in fluid systems, when the
shear field is the main structure-forming factor.
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PEOJIOTTYHI BJTACTMBOCTI OJIITOI3OIPEHOBMX PIIVIH. ITPEACTABIEHHSA B PAMKAX KOHIIEIIIIT
AHXKEJITA

Po6oTa mpucBsiueHa MOCTIKEHHIO MPOIECIB camMoopraHisamii y BUCIIEPCHUX CUCTEMaX. Hai6inp aKTya/lbHUM
aCIIEKTOM TaKOI CaMOOpraHisallii € B3a€MO3B>A30K CTPYKTYPU Ta BIACTMBOCTEN y HOMIMEPHMX KOMIIO3MTaX. Y Ll
po6oTi MeThCst Ipo AUCHEpCiitHi cepenoBmina (MaTpuiyi), a caMe MeXaHi3MU sBMII i B3aEMOAII, [0 BifOyBaoThCs
npu pedopMyBaHHi gucnepcHux cucreM. 1li B3aemopii 3aymexarb Bif BlacTMBOCTeN Ta IpoleciB caMoopraHisamii
IVCIIEPCITHUX CepelOBNUI i BU3HAYAIOTh B}IaCTMBOCTiMaﬁ6yTHiXnoniMepme KoM1103uTiB. OFHIM i3 HalIIOMy/IAPHIIINX
IVCIIePCiiTHUX cepeloBMII € Ni€HOBi omiroMepu (kayaykn). JJoCmimKeHO peonorio Ni€HOBUX OTiroMepis 3 KiHI[eBUMU
rigpokcunbHyMY rpynamu (OPD) y mmpoxoMy fiama3oHi MIBUAKOCTe 3CyBy Ta TeMuepaTypu. [Tpunycrm, mo y pasi
oriroisonpeny 36inbineH s eHepril akTuBarii B>s13Koi Tedil (Big 46 fo 95 kJI)K/MO/Ib) Py 3MEHIIEHH] TeMIIepaTypu
nop>si3aHe 3i 30iMblIeHHAM LIIBbHOCTI (IYKTyalifiHOI AMHAMIYHOI CTPYKTYpH 3i 3pOCTaHHAM 00 €MHOrO BMICTY
acoriariB mosipanx OH-rpyn (to6ro HeioHHmMX Minen) mpu 3menureHHi Tterwrosoi eHeprii kT (k - xoHcraHTa
Bonbimana). Pe3yibratu peoorivHux fOCIIKeHb Bliepie (/11 HelOHHMX pifuH) 6y/I0 IOZaHO y paMKaX KOHI[EMIii
Amxera, 3Bi/JK BUIUIMBAJIO, IO Lii CHCTEMM Hajtexarb 10 “Kpuxkux_ (“fragile”) pigns, To6TO BOHN Ay>Ke MEPCIEKTUBHI
LIOMI0 JOCTI/PKEHHA CTPYKTYPOYTBOPEHHSA B 3CYBHOMY ITOJIi.

Kntouoei cnosa: peonorisi, B’3KicTb, feopMaliis 3CyBy, eHepris akTUBAaLLii, KPUXKICTb, KPUXKI pifuHIL.
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