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A method for the experimental determination of turbidity in thermoresponsive polymer solutions is
presented. The method is based on measuring the intensity of light streams: weakened and backscattered
from the sample, which is in the region of the volume phase transition. The turbidimeter developed by us,
unlike industrial devices of this type, is equipped with a thermostat that allows to study the dependence of
the solution turbidity on the temperature. The device operates automatically, the values of luminosity and
temperature from digital sensors are processed by the microcontroller and transmitted via the RS-232 pro-
tocol to USB ports of a personal computer. The error of luminosity measurement does not exceed 0.1 lux,
the temperature measurement accuracy is + 0.1 °C. This article demonstrates an example of using the de-
signed turbidimeter to study the first-order phase transition in an aqueous solution of hydroxypropylcellu-
lose (2 wt. %) in the presence (absence) of NaCl ions. It is assumed that the sol-gel transition in the inves-
tigated solution is due to swelling of polymer coils and their subsequent aggregation. In our opinion, the
displacement of the phase transition temperature is due to additional swelling of polymer coils owing to
shielding of the electrostatic interaction of monomers in the presence of NaCl ions. It is shown that the in-
tensity of backscattered light corresponds to the kinetics of the formation of the gel network, which makes
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it possible to establish the dimensions of formed aggregates in the network nodes.
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1. INTRODUCTION

Phase transition in aqueous solutions of thermo-
responsive polymers — simple cellulose ethers — is an in-
tensive area of research based on promising technologies
in various fields, including food processing, personal care
products, medicine, pharmacology, and environmentally
friendly materials [1, 2]. Phase separation in solutions of
cellulose derivatives is a rather complex process, the un-
derstanding of which is necessary to create materials with
specified physicochemical properties. Aqueous solutions of
thermoresponsive polymers undergo a sol-gel transition
upon heating, returning to their original state upon cool-
ing [3, 4]. Gelation of such a system is associated with an
increase in the solution turbidity resulting from phase
separation. To date, the mechanism of gelation is still not
well understood, although many different hypotheses
have been proposed ([5] and references therein).

Turbidimeters (turbidity analyzers) are devices
based on measuring the luminosity when the light flux
passes through a scattering (dispersed) system. A typi-
cal turbidimeter consists of a stabilized light source, a
transparent cuvette containing the test solution, and a
photodetector that records the luminous flux after the
passage of light through the sample. One of the disad-
vantages of industrial devices of this type, along with
the high cost, is often the impossibility to change the
temperature of the solution (no thermostatic chamber).
Therefore, according to the tasks studying the phase
transition kinetics, our laboratory has developed and
manufactured a device that allows us to research the
temperature dependences of turbidity in the sample
under study.
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2. EXPERIMENTAL SETUP

Fig. 1 illustrates a block diagram of a turbidimetric
setup, which is an improved version of the instrument
used in [6] for turbidity measurements.
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Fig. 1 — Installation diagram of turbidity measurements (ex-
planations are in the text)

As a light source 1, a GNL-5013PGC LED was used,
which was powered by a micropower current stabilizer
made on an LP2951 microcircuit. A light beam with a
wavelength of 525 nm was fed through the fiber-optic
cable 2 into the thermostated chamber 3 filled with a
polymer solution. The beam reflected from the mirror 4
returned through the fiber optic cable 6 to the digital
optical sensor 7 (TLS237) connected to the microcon-
troller 8 (AVR ATmega328P). As a result, the total in-
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tensity was measured: Jr=dJr+Jg, where Jr is the
intensity of the weakened light flux due to the passage
through the sample, Jr is the intensity of the light flux
reflected (backscattered) by the sample. To measure Jg,
mirror 4 was shielded by the shutter 5 made of light-
absorbing material (black anodized aluminum). Thus,
in order to determine J1 and Jr for a specific sample, it
was necessary to perform two measurements: with and
without screen 5.

The solution temperature was measured by the dig-
ital temperature sensor 9 (LMTO1LPG) connected to
the second identical microcontroller in block 8. The
values of luminosity and temperature were synchro-
nously read by the unit 8 and transmitted via the RS-
232 protocol to USB ports of a PC. Data collection, their
subsequent processing and visualization were imple-
mented by a program written in Delphi. The luminosity
measurement error did not exceed 0.1 lux, and the
temperature measurement accuracy was =+ 0.1°C.
Chamber 3 was enclosed in the light-tight case 10 and
connected through outputs 11 and 12 to a Julabo ME-6
circulation thermostat. Structurally, elements 4, 5, and
9 together with the output (input) of fiber-optic cables 2
and 6 were designed as a probe immersed in the solu-
tion to be tested.

3. ANALYSIS OF EXPERIMENTAL RESULTS

Fig. 2 demonstrates the results of measuring the
transmitted light flux for a 2 wt. % aqueous solution of
hydroxypropyl cellulose (Alfa Aesar, molecular weight
105, substitution degree 75.7 %) with and without NaCl
ions. The sodium chloride concentration was 0.9 wt. %.
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Fig. 2 — Temperature dependences of the transmittance JJr for
2 wt. % aqueous solutions of hydroxypropyl cellulose: o —
without sodium chloride ions, ® — with sodium chloride ions.
The heating rate was 1.1 °C/min

All curves in Fig. 2 were calibrated to 100 % trans-
mittance that corresponds to the optical sensor lumi-
nosity for the sample without ions at 25 °C. The phase
transition temperature, T, was determined as the
temperature of the so-called cloud point [5, 7], corre-
sponding to the intersection of lines 1 and 2 (Fig. 3).

It follows from Fig. 3 that for the solution without
ions T =38.9°C. The obtained temperature is in
agreement with the data of other authors:
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Fig. 3 — Determination of the phase transition temperature
for the sample without ions

Tep=39+1°C [8], Tep =40.3 °C [9]. It also follows from
Fig. 2 that T = 36.2 °C for the sample with NaCl ions.

The observed decrease in the T¢, value in the pres-
ence of NaCl ions can be qualitatively explained as fol-
lows. Cellulose derivatives are moderately rigid-chain
polymers [10], the macromolecules of which in various
solvents are characterized by a certain conformation
that depends on the type of solvent, polymer concentra-
tion, etc. For example, hydroxypropyl cellulose macro-
molecules are elongated in ethanol solutions [11] and in
highly diluted aqueous solutions [12]. In [13], it was
shown that the polymer chain of hydroxypropyl cellu-
lose in a 2 wt. % aqueous solution has the conformation
of a statistical coil.

The equilibrium state of a polymer coil (conditional
point A in Fig. 4) is characterized by its root-mean-
square radius R, which is determined by the balance of
electrostatic repulsion forces acting between monomers
(that leads to an increase in R) and elastic forces pre-
venting coil swelling.
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Fig. 4 — Temperature dependence of the recorded light inten-
sity for the sample without ions: Jr — transmittance,
Jr — backscattered (reflected) light. Letter designations are
explained in the text

The transition from A to B (cloud point) is accom-
panied by a temperature increase and further swelling
of the polymer coil (P. Flory, [14]). The presence of ions
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is a factor that causes additional coil swelling due to
the screening of interaction forces between the links of
the polymer chain. On the other hand, the same effect
can be obtained by slightly heating of the non-ionic
solution. We suppose that this is one of the possible
mechanisms qualitatively describing the observed de-
crease in the phase transition temperature in the pres-
ence of NaCl ions.
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Fig. 5 — The same as in Fig. 2, but for backscattered light

REFERENCES

1. P.T. Anastas, J.C. Warner, Green chemistry: theory and
practice (Oxford University Press: 1998).

2. K. Kamide, Cellulose and Cellulose Derivatives (Amster-
dam: Elsevier Science: 2005).

3. H. Garate, K.-W. Li, D. Bouyer, P. Guenoun, Soft Matter.
13, 7161 (2017).

4. T.P.Lodge, A.L.Maxwell, J.R.Lott, P.W. Schmidt,
J.W. McAllister, S. Morozova, F.S. Bates, Y. L,
R.L. Sammler, Biomacromolecules 19 No 3, 816 (2018).

5. J.P.A. Fairclough, H. Yu, 0. Kelly, A.J. Ryan,
R.L. Sammler, M. Radler, Langmuir 28, 10551 (2012).

6. O.M. Alekseev, Yu.F. Zabashta, V.I. Kovalchuk,
M.M. Lazarenko, L.A. Bulavin, Ukr. J. Phys. 64 No 3, 238
(2019).

7. S.A. Vshivkov, E.V. Rusinova, N.V. Kudrevatykh,
A.G. Galyas, M.S. Alekseeva, D.K. Kuznetsov, Polym. Sci.
A. 48, 1115 (20086).

8. D.Desai, F.Rinaldi, S.Kothari, S.Paruchuri, D.Li,
M. Lai, S. Fung, D. Both, Int. J. Pharm. 308, 40 (2006).

9. P. Khumana, W. Binod Kumar Singh, S. Dushila Devi,
H. Naorem, J. Macromol. Sci. A. 51, 924 (2014).

JJ. NANO- ELECTRON. PHYS. 14, 01004 (2022)
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TypOigumMeTpuYHNIl MOHITOPUHT PO3dijIeHHs a3 y BOTHUX POIYNHAX
TEePMOPEAKTUBHUX II0JIiMePiB

B.I. KoBampuyr, O.M. Anercees, M.M. Jlazapernko

Kuiscoruli nayionanvruli ynisepcumem imeni Tapaca Illesuenka, 64/ 13, 8ysn. Bonodumipcvka,
01601 Kuis, Yxpaina

¥V poboti mpeicTaBIeHO METOJ eKCIIePUMEHTAIBEHOI0 BU3HAYEHHSI MYTHOCTI PO3YHMHY TEPMOPEaAKTHUBHUX
mosiiMepiB B obJracTi 06'eMuOro ¢rasoBoro mepexoay. Meron 3acHOBAHUM HA BUMIPIOBAHHI 1HTEHCHBHOCTEM
CBITJIOBHX IIOTOKIB: 0CJIa0JIEHOTO 1 3BOPOTHO PO3CIAHOIrO 3paskoM. Po3pobiiennit HamMu TypOiguMeTrp, Ha BiJ-
MIHY BiJ] IPOMFCJIOBUX IIPUJIAJIB TAKOTO THUITY, OCHAIIEHII TEPMOCTATOM, II[0 JI03BOJISIE BUBYATH 3AJIEIKHICTD
MyTHOCT1 PO34YHHY BiJ #ioro tremmeparypu. [Ipuiasn mpaifioe B aBTOMATUYHOMY PEKUMI, 3HAYEHHS OCBITJIEHO-
CTI Ta TeMIIepATypPHU BiJ UG POBUX JATIYNKIB 00POOIIIOITHCS MIKPOKOHTPOJIEPOM 1 ITePeIatoThCA II0 IIPOTOKO-
ay RS-232 B USB-mopTu nepconasbsHoro komm'orepa. [loxnbka BUMIpIOBAHHS OCBITJIEHOCTI He IEPEBUIILYE
0.1 jI0KC, TOYHICTH BUMIpIOBaHHS TemiepaTypu ckiamgae + 0.1 °C. B poGoTi mpomeMoHCTPOBaHO IPUKJIAM
BUKOPUCTAHHS TYPOIIUMETPY [IJIs1 BUBYEHHS (PA30BOTO IIEPEX0Ty MEePIIoro poay y 2 mac. % BOJTHOMY PO3UMHIL
TIIPOKCHUIIPOITLIIIE 03U 3a HasaBHOCTI (BicyTHOocT) iomie NaCl. BuciossieHo mpurryineHHs, 110 30J1b-TeJlb
mepexij y JOCIIIPKeHOMY PO34HHI 00yMOBJIeHNM HAOyXaHHSAM IIOJIMEPHHX KJIyOKIB Ta II0JAJIBIIO iX arpe-
raiiero. 3MIIeHHs TeMIIepaTypu (PasoBOro Mepexoiy MOSCHIOETHCSA JI0JATKOBUM HAOYXaHHAM IT0JIMEePHHUX
KJIYOKIB Uuepe3 eKpaHyBaHHs eJIeKTPOCTATHYHOI B3aeMoil MoHoMepiB y npucytHocti ioHiB NaCl. Ilokaszamo,
110 1HTEHCHBHICTH 3BOPOTHO PO3CITHOIO CBITJIA BiTOOpaskae KIHETHKY YyTBOPEHHS TeJIeBOI CITKH, IO Jae Mo-
JKJIMBICTH BCTAHOBUTH KIHIIEB1 pO3MipH Ii arperaris.
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