Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2025;20(4):357-371 ISSN 2686-7575 (Online)

Analytical methods in chemistry and chemical technology

AHannTnyeckne MeToabl B XMIMUN N XUMUYECKOW TEXHOJIOI NN

UDC 54.04, 544.032.72, 544.032.76, 544.353.21

https://doi.org/10.32362/2410-6593-2025-20-4-357-371 [(cc)
EDN ONESUI
RESEARCH ARTICLE

Interaction of poly(diallyldimethylammonium chloride)
with inorganic acids

Yaroslava N. Golubeva™, Alexander V. Krylov™, Tatyana A. Chebotareva

MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies), Moscow, 119454
Russia

™ Corresponding authors, e-mail: Yaroslava N. Golubeva, golubeva.ya.n@gmail.com; Alexander V. Krylov, allylnmr@yandex.ru

Abstract

Objectives. The study set out to investigate the state of poly(/V,N-diallyl-N,N-dimethylammonium chloride) (polyDADMAC) in aqueous
solutions and the exchange reactions of polyelectrolyte anions with anions of inorganic acids, as well as to assess the effect of the acidity,
basicity, and nature of H, X, acids on the state of the polymer-colloidal complex (PCC) in aqueous solutions.

Methods. Potentiometry, dynamic light scattering, infrared spectroscopy, and nuclear magnetic resonance spectroscopy methods were
used.

Results. The main factors affecting the state of the polyDADMAC polyelectrolyte in aqueous solutions were determined along with the
characteristics of exchange processes involving anions of inorganic acids. The polymer electrolyte polyDADMAC is shown to exist in
an aqueous solution in the form of impermeable polymer coils, representing polymer solvent-separated ion pairs. The CI™ anion of the
polyelectrolyte is exchanged for the OH™ ion of water or the X"~ anions of inorganic acids to form PCCs with polymer chain links and
various counteranions. The exchange of the anions takes place mainly on the surface of the polymer coil, which limits the degree of
substitution of anions and depends on the strength, nature, and basicity of the H, X acids. A relationship was found between the degree
of substitution of the X"~ anions of the polymer coil and the strength of the resulting PCC with the enthalpy of solvation of inorganic
acids H, X, .

Conclusions. The polymer electrolyte polyDADMAC exists in an aqueous solution in the form of impermeable polymer coils, which are
represented by polymer solvent-separated ion pairs. The exchange of the CI™ anion of the polyelectrolyte for the OH™ ion of water or the
X" anions of inorganic acids results in the formation of PCCs with polymer chain links and various counteranions. The exchange of the
anions, which takes place on the surface of the polymer coil, mainly involves the OH™ anion of the polyelectrolyte. A relationship was
identified between the state of polymer coils of polyDADMAC, the degree of substitution of anions with different pK,, and the degree of
acid solvation. The degree of substitution of the X"~ anions of acids, which decreases with a decrease in the strength of the H, X, acid and
the charge of the resulting anion in the series HCIO, > HCl > HNO, > HBF, > HSO,, H,POy, is characterized by a significant change
in the size of the coil of the slow mode of motion of the PCC polyelectrolyte. Here, the increased diffusion coefficient from 3.0-10713
to 1.3-10710 cm?/s corresponds to a decrease in the degree of association of the links of the polymer coil of PCC in the same series. The
degree of substitution of the X"~ anions of the polymer coil and the strength of the forming PCC decrease symbatically with a decrease
in the degree of solvation of inorganic acids in water.
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AHHOTaUuS

Lean. Uccnenosars cocrosuue noiu-N,N-mumernn-N,N-nmuammunammonnit xinopuna (IIAMJAAX) B BOOHBIX pacTBOpax M peakIUH
oOMeHa aHMOHOB MOJIMANEKTPOJIUTA C AHHOHAMH HEOPraHMYECKUX KHCIIOT; OLEHUTH BIHMSHHE KHCIOTHOCTH, OCHOBHOCTH U IIPUPOJIBI
kucyot H, X, Ha coCTosHHE MOTMMEP-KOJIOMIHOTO KOMILIEKCA B BOIHBIX PaCTBOPAX.

MeTtoaml. Mcnons30Banuce METOIBI NMOTCHUUOMETPHUHU, NUHAMHWYCCKOI'O CBETOPACCCAHMAA, HH(i)paKpaCHOfI CIICKTPOCKOIINU U CHEKTPO-
CKOIINHU AACPHOI0O MarHuTHOI'O pE€30HaHCa.

Pe3yabTarhl. YCTaHOBICHBI OCHOBHBIE 3aKOHOMEPHOCTH, BIUSIONINE HA cocTostHUE TonmdiekrponuTa [IIMIAAX B BOTHBIX pacTBO-
pax 1 XapaKTepUCTUKH OOMEHHBIX IPOIIECCOB C YIaCTHEM aHHOHOB HEOPTaHUUECKHUX KUCIOT. [IokazaHo, 9TO MOIUMEPHBIH IEKTPOINT
NAMIAAX HaxoguTcess B BOTHOM PacTBOpe B opMe HEMPOTEKAEMBIX MOTMMEPHBIX KITyOKOB, IPEICTABISIONINX COOOH MOTMMEpHBIC
COJTEBATHO-PA3/IeNICHHBIC HOHHBIEC TAaphl. YCTaHOBICHO Hammdne oomeHa annoHa Cl™ monm»nextponmTa Ha moH OH™ Boms! mim aHu-
oHbl X"~ HEOpPTaHMYECKHUX KHCIOT ¢ 00pa3zoBaHHeM MomuMep-KoutouaHbeix komiuiekcoB ([TKK) co 3BeHBsME MoOIMMEpHOU IIETH, CO-
JeprKalluX pa3IHIHbIe MPOTHBOAHHOHEL. OOMEH aHHOHOB MPOTEKACT MPEUMYIIECTBEHHO Ha MMOBEPXHOCTH MOIMMEPHOTO KITyOKa, ITO
OTPaHMYHMBAET CTETIEHb 3aMENICHUS AHMOHOB M 3aBUCHT OT CUJIBI, IPUPOMIBI B OCHOBHOCTH KucnoT H, X, . YcTaHOBNEHA CBA3b CTENEHH
3aMeIIeHNs aHHOHOB X'~ MONMMEpPHOTo KiIyOKa i mpogHocTH oOpasytomerocs [IKK ¢ sHTanbmmeid conpBarauyi HeOPraHMYECKIX KHC-
aor H X .

BosiBoabl. YcranoBneHo, uto noiaumepHslid anektpoaut [IIMIAAX HaxoauTcst B BOMHOM pacTBope B (popMe HEMPOTEKAEMBIX TOITHUMEP-
HBIX KITyOKOB, IPEACTABIISAIOMNX cOOOH MOTMMEpHBIE CONBBATHO-PA3/ICICHHbIC HOHHBIE Maphl. Pesynsratom oomena annona Cl™ momm-
anekTpoanTa Ha noH OH™ Boabl min aHMOHBI X"~ HEOPraHMUYECKUX KUCIOT siBisercs odpaszoBanue [IKK co 3BeHbsiMM monumepHOH
LIETIN, COAEP KAIINX Pa3TUIHbIe TPOTHBOAHNOHBI. OOMEH aHMOHOB MPOTEKAET HA TOBEPXHOCTH MOIMMEPHOTO KIyOKa M MpenMylle-
CTBEHHO ¢ ydacTheM aHnoHa OH™ monmaniekTponnTa. YCTaHOBICHA CBA3b MEXIY COCTOSHHEM MoiuMepHbIX kiyOkoB ITJIMJIAAX,
CTENEHBIO 3aAMENIEHHUSA AHNOHOB C Pa3IMIHBLIM DK, ¥ CTENIEHBIO CONbBATALMN KUCIIOT. CTENEeHb 3aMEIEHHs aHMOHOB KUCIIOT X"~ yMEHb-
IIAETCSA ¢ TIOHMKEHUEM CHIlbl kuenotel H, X, m 3apsnom obpasyromerocs anmona B psy HCIO,, > HCI > HNO, > HBF, > HSOy, H,PO,,
1 XapaKTepU3yeTcsl CYIIeCTBEHHBIM U3MEHEHHEM Pa3MePOB KiIyOka MeTIEHHOI Mob! ABrkeHHs noiudiaektponnTa ITKK, ms kotopsix
BenuuuHa kodpdunmenta muddysun ysemmumpaercs ot 3.0-10713 10 1.3-10710 cm?/c, 4T0 COOTBETCTBYET yMEHBIIEHHIO CTEMEHH ac-
couuanuu 38eHbeB noauMepHoro kiayoka [TKK B Tom ke psaay. CreneHp 3aMenieHnss aHMOHOB X' MOJIMMEPHOTo KiTyOKa M IIPOYHOCTh
obpazyromerocs [TIKK cumbaTHO yMeHbIIAeTCs ¢ TOHMKCHUEM CTETICHH COJIbBATAIlM HEOPTaHUYECKUX KUCIIOT B BOJIE.

Kniouesble cnosa MocTtynuna: 26.10.2024
IIIMIOAAX, morenromerpudeckoe Tutposanune, MK-crekrpockomnusi, Aopa6oTaHa: 27.03.2025
SIMP-CHIEKTPOCKOIIHS, IMHAMHYECKOE CBETOpACCEsIHIE, 0OMEH aHHOHOB XJIOpa NpuHsaTa B nevatsb: 16.06.2025
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INTRODUCTION

As an ionic liquid, the polymer electrolyte poly(V,NV-diallyl-
N,N-dimethylammonium chloride) (polyDADMAC)
(Fig. 1) has wide practical, including biological,
applications as a coagulant/flocculant in water treatment
facilities (for example, in polyelectrolyte VPK-402), or
as part of polymer inorganic hybrid materials based on
it[1,2].

The transition to the use of gel or polymer inorganic
hybrid materials [3—5] leads to the demand for coagulants
having higher molecular weights and larger molecular
sizes for increasing treatment efficiency in comparison
with conventional inorganic coagulating salts [5].
Polymer inorganic hybrid materials are also noted to
be more resistant to temperature and pH in wastewater
treatment technology [4].

Polyelectrolytes based on polymeric quaternary
ammonium compounds (QACs) are used as effective
biocidal agents in medicine, biology [6], and the food
industry [1], as well as in the method of layer-by-layer
assembly of polymer layers on the surface of metal
hydroxides [1].

The water-soluble cationic polyelectrolyte VPK-402,
which is used for natural and waste water treatment,
is currently the only polyDADMAC-based product
currently manufactured in the Russian city of
Sterlitamak. This is a fairly viscous, opaque
substance with a relatively high molecular weight of
250-350 kDa. Any addition of acids or salts to the
solution of the polymer leads to its salting out, as
confirmed experimentally in the present work. The
product used in this work, which has a molecular weight
of 20—70 kDa and offers high biocidal and penetrating
activity, is recommended for use in medicine,
disinfectology  (disinfectant VOLAVELA) and
agriculture (Matritsa Rosta agent, protected by a patent
of'the Russian Federation [7]). The manufacturer of the
agents is Penta Tekhnologii (Russia), a developer and
manufacturer of biologically active environmentally
friendly high-molecular compounds, in partnership
with and under the direction of whom this work was
carried out.

PolyDADMAC is widely used in agriculture as
an effective surfactant that exhibits structuring and
moisturizing effects on the soil. This beneficial effect
is due to the ability of the polyelectrolyte to dissociate
to increase osmotic pressure and, consequently, the
filling of soil capillaries with water. PolyDADMAC also
exhibits good transport properties for the delivery of
nutrients and salts along plant stems [8].

An important role in the efficiency of coagulants/
flocculants is played by the size of counteranions.
It is asserted [9, 10] that the replacement of the small

+

N
Hsc/ \CH3

— -
cl

Fig. 1. Structure of poly(N,N-diallyl-N,N-dimethylammonium
chloride) (polyDADMAC)

ions CI” and SOF  with a bulky inorganic anion (for
example, the silicate ion Si032_) in the composition of
polymer inorganic hybrid materials leads to the formation
of an inorganic polymer-colloidal complex (PCC) having
a larger molecular structure. This leads to an increase
in the aggregation capacity of the coagulant along
with a simultaneous decrease in its concentration. The
inclusion of polyDADMAC [8] or polyacrylamide [9] in
the composition of organic—inorganic hybrid materials
improves the ability of dispersed particles to aggregate
via a bridge mechanism.

Apart from studies into the use of styrene—
divinylbenzene copolymer anion-exchange resins AN-31,
AV-17-8chS, and AV-2-8chS with grafted ammonium
groups (NHJ, N(CH,);) to remove a number of inorganic
anions from aqueous media [11, 12], there are virtually
no literature data on the effect of the size and nature
of counteranions X" on the degree of substitution of
CI™ anions in polymeric QACs.

Many more studies have investigated the exchange
of anions in mono-ammonium compounds, which
are widely used in the anion-exchange extraction of
nonferrous and rare-earth metals [11-13]. The efficiency
of extraction is largely determined by the accessibility of
the cationic center N*. For example, it was determined
that anion-exchange extraction of hydrophilic double
charged anions with higher QACs, such as trinonyl
octadecylammonium bromide (TNODA), occurs
insignificantly, which is due to the steric accessibility of
the exchange center [13—15].

The values of the constants for the exchange of
X"~ anions for the standard CI™ anion in a two-phase
water—toluene system were determined [15-17], which
made it possible to expand the Hofmeister series for
anions:

ClO, >SCN™>BF, >1">NO; >Br ~CI" >
>Ac” >80 >F >H,PO, > C,03 >HCO; > (1)
>HPO3 >CO} >PO; >OH".

The obtained series of exchange efficiency shows
confirms that the exchange constant in the series for
a multiply charged anion decreases with increasing ion
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charge. This has been explained in terms of a change
in the solvation of X"~ by water molecules and, as
a consequence of this, a decrease in pK,, for anions with
the same name at the central atom [13, 18]:

H,PO, > HPO? > PO3". )

A study into the ion-exchange -equilibria of
X"" anions at the ammonium center of TNODA in
reactions of extraction from an aqueous medium into
toluene confirms that the position of anions in the
exchange series is determined not only by the strength
pK, of the corresponding acids H, X, but also by the
energies of hydration of the acid anions [13, 18]. For
strong and medium-strength mineral acids, the difference
in the free energies of hydration of anions dominates
over the difference in the free energies of solvation of
the nitrogen center N*. This is confirmed by the linear
correlation of the dependence of the ion exchange
constant InK(X"7/2CI") in the two-phase water—toluene
system on the energy of hydration of X~ anions in water.

The noticeable difference of the absolute values of
the equilibrium constants from those calculated using the
Eigen—Dancy—Ramsey—Fuoss theory is explained by the
difference in ion association [19]. More specifically, this
proceeds according to the formation of solvent-separated
ion pairs (SSIPs) in the aqueous and organic phases [14].
An increase in the strength of SSIPs with a decrease in
the anion size leads to an increase in the ion exchange
constants K(An? /2CI).

The reactivity of organic electrolytes can be varied by
combining different cations or anions. Electrolytes have
been developed that consist of large organic asymmetric

cationssuchas 1,3-dialkylimidazolium, 1-alkylpyridinium,
l1-alkylpyrazolium, and tetraalkylammonium cations
and the anions HF,, HCOO~, CH;COO™ [20], BF,,
PF;, CF;SO5 or N(SO,CFy);, [21, 22], I-ethyl-3-
methylimidazoline chloroaluminate (EMImAICI,) [20].

However, despite their wide practical application,
fewer studies have been carried out into aqueous
solutions of QACs and polymeric QACs as compared to
the exchange of anions at ammonium centers in organic
solvents.

The high hydrophilicity of charged quaternary
ammonium groups of polyDADMAC promotes high
solubility of the polymer in water; moreover, its solutions
exhibit properties of strong polyelectrolytes [1].

All solvents, which differ in their thermodynamic
qualities in terms of their interaction with a polymer,
can be divided into thermodynamically “good”, “ideal”,
and “bad”. This determination is carried out according
to the preferred polymer—solvent interaction in a “good”
solvent or a polymer—polymer interaction in a “bad”
solvent. In a thermodynamically “good” solvent, a linear
macromolecule tends to adopt the conformation of the
so-called swollen polymer coil (Fig. 2a): as the salinity
of the medium increases, the coil contracts (Fig. 2b).

In “bad” solvents or in the presence of inorganic
salts, polymer coils are observed to contract and adopt
a more compact globule conformation [19, 23]. A similar
effect of polymer coil contraction, which should also be
observed upon introduction of low-molecular inorganic
and organic salts (Me, X, ) (Fig. 2b), will be determined
by both the concentration of the polyelectrolyte and the
acidity pK,, of the salt-forming acids (H, X, ). An equally

(@)

(b)

Fig. 2. Conformation of the polyDADMAC coil (0.3 M) as determined by the molecular dynamics method in the OPLS (Optimized
Potential for Liquid Simulations) force field (water molecules are omitted for clarity) (a) in a salt-free system or (b) with 2 M/ KBr [22]
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‘ Fig. 3. Schemes of (a) dilute, (b) semi-dilute, and (c) concentrated solutions. (d) Dependence 1gn = f{1gC). 2R is a hydrodynamic

diameter of the folded polymer chain

important role in the conformation of the polymer coil
is played by the ionic strength of the medium, as was
described in the literature [20, 24—27] and confirmed in
our work.

In “ideal” (theta) solvents, the coil has a conformation
of a coil obeying Gaussian statistics.

It is reported [26] that a 1 M NaCl aqueous solution
and the Mark—Kuhn-Houwink equation correspond
to the conditions of the theta solvent according to the
equation:

[n]=1.12-104 M 282, 3)

where [1] is the characteristic viscosity of the polymer
chain with the molecular weight M_.

It is also necessary to take into account the
dependence of the state of the polymer molecule on
its concentration [24]. The characteristic viscosity [n]
determined in a given concentration range characterizes
the density of filling the solution with segments (loops)
of macromolecules or the concentration at which
the overlap of polymer blobs occurs. The limiting
concentrations of the transition from dilute (C*) to semi-
dilute (C**) to concentrated (C***) solution depend
on the molecular weight M, the concentration of the
polyelectrolyte, and the quality of the solvent, which in
turn determine the volume of the polymer coil (Fig. 3).
Thus when the solution is concentrated, the structure of
the polyelectrolyte solution changes from the content of
“polymer in water” to “water in polymer”.

Since the polymer concentration is quite low in
the case of dilute solutions, the polymer chains exist
separately from each other. Here polymer—polymer
interaction plays a minor role; thus, for such solutions
the M, of polyDADMAC is determined in most studies
using Mark—Kuhn—Houwink equation (3).

It has been confirmed that the crossover points C*,
C**, and C*** (Fig. 3d) are fairly well determined for
this polyelectrolyte on the dependence Ign = f(IgC) and
that the crossover point values shift toward higher values
with increasing salt concentration [24, 26]. The size of
the polymer coil also exhibits this tendency.

EXPERIMENTAL

Equipment and methods for sample
preparation

Initial substances. The initial aqueous solution of
polyDADMAC having a polymer mass fraction of
® = 52% and a viscosity of 25000 mPa-s was obtained
by homoallylic condensation of N,N-diallyl-N,N-
dimethylammonium chloride in the presence of analytical
grade ammonium persulfate (Scharlab, Spain) in the
Laboratory of the Department of Physical Chemistry
at the MIREA - Russian Technological University
according to the published procedure [7]. The M, of
the polyelectrolyte sample, which was estimated using
equation (3) taking into account the content of inorganic
salts, was approximately ~20-25 kDa. The estimated
value of M, can be considered approximate, since, as will
be shown below, the state of the polymer in the solution
changes as acids or salts of inorganic acids are added
to the aqueous solution. PolyDADMAC solutions were
prepared using distilled water H,O of the first category
with a specific electrical conductivity of 4-5 pS/cm in
accordance with GOST R 58144-2018.

For the study, polyDADMAC solutions with
concentrations in the range of 0.06-0.3 M (0.67-3.35 wt %)
were selected, i.e., semi-dilute solutions, in which both
small polymer coils without entanglement and large coils
with entanglement can be expected [22, 23].

I GOST R 58144-218. National Standard of the Russian Federation. Distilled water. Specifications. Moscow: Standartinform; 2018. https:/

meganorm.ru/mega_doc/norm/gost-r_gosudarstvennyj-standart/10/gost r 58144-2018 natsionalnyy standart rossiyskoy.html.

June 11, 2025.
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Taking into account a high pH sensitivity of the
polyelectrolyte, the initial polyelectrolyte solution
was prestandardized by treatment with the solid anion
exchanger AV-17-8chS (Smoly, Russia) in the OH form
to pH 12. For brevity, let us denote the alkaline form
polyDADMA-OH. To obtain polyDADMA-OH,
the solid anion exchanger AV-17-8chS was initially
treated with a 3 M NaOH solution in a glass beaker
for 60 min. Next, the anion exchanger was repeatedly
washed with water until a neutral pH to remove residual
alkali and chlorine anion salts. To the obtained anion
exchanger AV-17-8chS in the OH form, a solution of
polyDADMAC was added and stirred for 60 min until
reaching pH 12. The concentration of the obtained
polyDADMA—OH solution was refined gravimetrically
using the dried residue of the solution in a vacuum
drying oven.

Reagents. The following acids were selected.
Monoprotic acids: perchloric acid (pure, 60%);
hydrochloric acid (chemically pure, 35%); nitric acid
(chemically pure, 65%); tetrafluoroboric acid (pure,
40%); sulfamic acid (pure, 99.5%). Polyprotic acids:
sulfuric acid (special pure, 93.5%); orthophosphoric
acid (pure, 85%); periodic acid (pure, 98%); boric acid
(pure, 99%) (all by CHIMMED, Russia). Acid titers were
controlled by the titer of the alkali of the state standard
sample (standard titer, 0.5 N, CHIMMED, Russia).

'H nuclear magnetic resonance (NMR)
spectra were recorded with an AVHD600 NMR
pulsed broadband Fourier spectrometer with
a superconducting magnet (Bruker BioSpin AG, USA).
Strongly adsorbed water molecules in polyDADMAC
make it difficult to record NMR due to requiring
dissolutionofthepolymerinD,0.Aspecially developed
technique was used to transfer polyDADMAC from
an aqueous solution to a D,O solution. A solution
of the polyDADMAC polyelectrolyte sample in
H,O (2 mL) was placed in a 15-mL glass vial and
concentrated in a CentriVap 7310031 tabletop
concentrator (Labconco Corporation, USA) with
a built-in RVS5S pump (Edwars, United Kingdom)
with a gradient increase in temperature to 55°C. As
evaporation proceeded, a new portion of the sample
was added. After evaporation until the formation
of a dry residue, the resulting polyelectrolyte was
immediately dissolved in deuterated water (99.8 wt %)
to record 'H NMR spectra. At higher temperatures,
the polyelectrolyte decomposed with the appearance
of a characteristic odor of methylamines, which is
consistent with the published data [27].

Infrared (IR) spectra of the samples in liquid and
solid forms were recorded with an Agilent Cary 630 FTIR
spectrometer (Agilent, USA) by the attenuated total
internal reflection method in the range of 4000—350 cm ™!

at a spectral resolution of <2 cm™!. The IR spectra were
processed using the Agilent MicroLab software.

The solid samples of polyDADMAC and polymer
complexes based on it were obtained by drying in
a BV-50 vacuum drying oven (Being, China) for 180 min
at a temperature of 80°C. The use of solid samples after
using the CentriVap concentrator is impossible due to
the active absorption of water vapor by the dehydrated
polyelectrolyte sample.

Dynamic light scattering (DLS) spectra were
recorded with a Photocor Compact-Z analyzer (Fotokor,
Russia). The power of the 638-nm thermostable
semiconductor laser was 25 mW. The particle sizes
in concentrated and low-transparency systems were
measured by the backscattering method at an angle of
160° at a constant temperature of 25°C. The signals were
analyzed by a built-in Photocor FC correlator for auto-
and cross-correlation measurements. The DLS spectra
were processed by the DynalS software package
(Fotokor).

Potentiometric titration was carried out in an ATP-02
automatic titrator (Russia) with an IT ESC 10601.7
combined glass electrode in the measurement
range of pH 0-12. The limiting reference absolute
error of measuring pH is 0.03. In all experiments,
polyDADMA—-OH solutions were titrated, and acid
solutions were titrants. The corresponding PCCs were
conventionally denoted as polyDADMA-X, where X is
a fully substituted anion of the titrant acid.

Data of polyDADMAC analyses. 'H NMR
(600 MHz, D,0) 3, ppm: 3.91-3.77 (2H, N*(CH,),),
3.40-3.10(6H,N"(CHj,),),2.67-2.24 (2H, cis/trans-CH),
1.57-1.00 (4H, iso/sindio/a CHCH,). IR (1 wt %, H,0):
3328, 2357, 2327, 2115, 1995, 1632, 706, 674 cm ™.
IR (52 wt %, H,0): 3360, 2950, 2871, 2322, 2096, 1997,
1917, 1634, 1472, 1420, 1101, 1000, 959, 875, 674 cm™ .
IR (96 wt %, H,0): 3362, 3019, 2933, 2866, 2706, 2113,
1995, 1636, 1472, 1457, 1418, 1386, 1252, 1093, 989,
961,911, 877, 836 cm ™.

RESULTS AND DISCUSSION

The state of polyDADMAC in D,0 was analyzed by
'H NMR spectroscopy. The symmetry of the relatively
flat five-membered heterocyclic rings of the polymer
component gives rise to cis- and trams-isomers of
polymeric QAS as confirmed by a double set of
broadened signals of proton-containing groups. The ratio
of cis/trans-isomers is 4.5 : 1.

IR spectroscopy was carried out for solutions with
different concentrations of polyDADMAC from 1
to 52 wt % and dried samples with a content of
96 wt %. The IR spectrum of dilute aqueous solutions
of polyDADMAC (Fig. 4) presents mainly broadened
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‘ Fig. 4. IR spectra of polyDADMAC solutions of various concentrations from 1 to 96 wt %

overlapping signals of stretching vibrations in the
range of v = 3650-3050 cm™!' and bending vibrations
of water SHZO = 1635-1640 cm™! shows almost no
polyDADMAC vibration bands due to the overlap with
the H,O bands.

It should be noted that, even for a virtually completely
dried sample, the IR spectrum is dominated by the
vibration bands of adsorbed water. As can be seen from
Fig. 4, the band of stretching vibrations is divided into
two signals characteristic of a strongly adsorbed phase in
the form of SSIP and free water, which agrees with the
published data [19].

The vibration bands of the polyelectrolyte become
clearly distinguishable for a concentrated aqueous
sample (52 wt %), i.e., in the region of the “water-in-
polymer” system, or for dried samples (=96 wt %).

The stretching vibrations of the C—H bond occur
at v =2937 cm ! and § = 1470 and 1370 cm™! in the
CH, groups and the terminal CH, groups of the polymer
chain. The stretching vibrations of the C-N* bond
are characterized by an intense vibration band with
a maximum at v = 1080 cm™!

We may also note the occurrence of vibration
bands in the range of 2100-2200 cm™' due to the
presence of carbonate and bicarbonate ions bound to
the polyelectrolyte, which agrees with the previously
obtained data [28] and confirms the possibility of using
polyDADMAC solutions for gas treatment.

The results obtained suggest that the exchange of
CI” anions for OH™ ions of water for the monomer and
polymer occurs according to the schemes shown in
Figs. 5 and 6, respectively, which should be manifested
in both monomeric and polymeric QASs.

According to the proposed scheme and as confirmed
in the present work, monomeric and polymeric QASs
are pH-sensitive and can be titrated in both acidic and

S = \f/

—HCl

H3C CH3

cl

Fig. 5. Scheme of anion exchange at ammonium N* centers
in polyDADMAC in water

Figure 7 illustrates the results of acid—base titration
of monomeric and polymeric QASs separately with
hydrochloric acid and sodium hydroxide. The curves
of titration with acid and alkali at polyelectrolyte
concentrations of 2.7, 5.4, and 10.8 wt % are combined
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Fig. 6. Scheme of anion exchange at ammonium N centers in polyDADMAC in water (n = k + m)

into a common graph (Fig. 7b). In contrast to the
monomer, for which equilibrium between the chloride
and hydroxide forms of QAS is observed (Fig. 5), in the
case of polymeric QASs (Fig. 7), in the polyelectrolyte
molecule, equilibrium is achieved between the polymer
units containing different counterions CI~ and OH™.

As can be seen from Fig. 7, the titration curves have
a typical sigmoid shape with a single pH step, which
confirms the proposed anion exchange schemes (Figs. 5
and 6). The equivalence point (EP) for QASs virtually
corresponds to a ratio of equivalents 7 e of ~1 and shows
that all monomer anions are accessible for titration.

A different picture is observed in the case of
polyDADMAC, for which the EP shifts from the
alkaline to the acidic region: pHgp = 7.75, 6.16, and 5.24
as the polymer concentration is increased from 2.7 and
5.4 to 10.8 wt %, respectively, which confirms the pH
sensitivity of the polyelectrolyte according to the scheme
(Fig. 6). At the same time, the number of HCI equivalents
remains virtually unchanged after quadrupling the
polyelectrolyte concentration and is g & 0.032. This
result confirms that the polyelectrolyte in the solution
exists in the form of an impermeable polymer coil,

Monomer titration
13

11

pH

0 025 050 0.75 1.00 1.25
[H30+]eq

(@

1.50 1.75

and only a part of the anions located on the surface is
accessible for exchange.

This state of the polyelectrolyte can be characterized as
a PCC. Since the equilibrium distribution of counterions
CI” or OH™ in the PCC between the polyDADMAC
units or the ratio of units &k : m (Fig. 6) will depend on
the nature of the exchanging anion, a change in the size
of the polymer coil occurs, which we confirmed by the
DLS method.

In the DLS spectra of the initial polyDADMAC
(Fig. 8a) and the polymer treated with an anion exchanger
(PDMDAA-OH) (Fig. 8b), three modes of polymer
coil motion are observed: fast (F), intermediate (I), and
slow (S).

Depending on the concentration of the polyelectrolyte,
three to five modes of motion can appear in the DLS
spectrum [22, 23]. The diffusion coefficients D of the fast
and slow modes of motion of the macromolecular coils
depend linearly on the polymer concentration Cp [23,24]:

D =Dyl +KpCy), “)

where D) is the diffusion coefficient as Cp — 0 and the
diffusion coefficient constant K, is determined by the
balance of bulk and hydrodynamic interactions. Whereas

Combined polyDADMAC titration
pH

13 2.7%
5.4%

10.8%

—-0.50 -0.25 0 0.25 0.50 0.75
[OH ]¢q [H;OJ’]eq

(b)

Fig. 7. (a) Titration curve of the monomer and (b) the full titration curve of the 0.3 M polyelectrolyte with 0.1 A/ NaOH and 0.1 M HCl.
[H,07] o n(HCl)/n(polyDADMAC); [OH™] o n(NaOH)/n(polyDADMAC)
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| Fig. 8. Dynamic light scattering (DLS) spectra of the initial 0.3 M polyDADMAC and the treated 0.3 M polyDADMA-OH

the slow mode characterizes the agglomeration or
contraction of the polymer chain into a polymer coil, the
nature of the fast mode remains somewhat unclear [23].
Table presents the diffusion coefficients of the slow mode
of motion for PCCs with various inorganic acids. The
slow mode of motion (S) is of the greatest interest since
it reaches micron sizes and is contained in the maximum
amount (Table).

As will be shown, the state of polyDADMAC and the
number of modes of motion of polymer coils significantly
depend on the nature of the X" anion.

The DLS spectra of the acidic form polyDADMAC
and alkaline form polyDADMA-OH of the
polyelectrolyte (Fig. 8) differ noticeably in content
and diffusion coefficients of the slow mode S, of the
polymer coils. This confirms the influence of the anion

Table. Results of potentiometric titration and DLS data on polyDADMA-OH + H, X, system

. F (EP), S(EP), | D (EP)-10',
Acid Meg pHpp % o ) /s pK,(H,X) AH_, kJ/mol

—* - 11.83* 8.2% 63.3* 4.80%* - -
HCIO, ** 0.359 4.69 50.2 48.9 0.03 —-15.20 —88.41
HCl 0.205 4.75 22.7 75.0 13 —=5.60 —74.52
HNO, 0.188 6.26 35.9 47.7 7.1 —1.64 —32.90
HBF, 0.087 7.36 1.9 97.1 58 —0.44 -
NH,SO;H 0.250 5.65 3.1 77.6 15 1.00 -
H,S0, 0.048 7.67 66.3 28.6 0.68 -3.0/19 =76.73
H,;PO, 0.067/0.162 8.89/4.43 17.4 74.8 33 2.14/7.20/12.37 —-10.71
H,BO, 0.077/0.296 10.79/9.21 33.6 26.7 14 9.24/12.40/13.30 20.05
HiIO, 0.184/0.336 8.64/4.76 64.9 20.4 6.1 3.29/8.31/11.60 -

Note:

* Data for 0.3 M polyDADMA-OH solution.

** A white precipitate is formed.

Mg = n(H, X)/n(polyDADMA-OH).

AH_is the heat of H X, solvation in water.

pHpp is the pH value at the EP of the titration curve.

Dyg (EP) are the diffusion coefficients of the slow mode at the EP, cm?/s.
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nature and acidity on the aggregation of the
polyelectrolyte.

Whereas the fraction of the slow mode S decreases
from 92.0 to 63.3%, the polyDADMA-OH solution is
characterized by a narrower molecular weight distribution
and an increase in the contribution of the fast mode of
motion (F) from 1.0 to 8.2%. This is apparently due to
a change in the size of the polymer coil involving an
increase in the fraction of units containing OH™ anions.
The diffusion coefficient of the mode S is observed to
quadruple. At the same time, adsorption of some larger
aggregates on the anion exchanger cannot be ruled out.

As inorganic acids and salts, substances differing
in strength (pK,) and heat of solvation of H, X  in
water (AH) were selected. Table presents the results
of potentiometric titration and DLS data on the
polyDADMA-OH + H, X, system for EPs.

As can be seen from Table, the degree of substitution
of polyelectrolyte anions for acid anions H X does
not exceed n,, = 0.184-0.336. This confirms that
polyDADMAC in solution exists in the form of an
impermeable polymer coil and that only a part of the
anions located on the surface of the polymer coil is
accessible for exchange. In this case, the result of
exchange for the X" anion is the presence of 3 types of
links in the polyelectrolyte structure (Fig. 9).

In the case of HCIO,, the titration of the system
yields an insoluble white precipitate at the EP having an
extremely low value of the diffusion coefficient of the
slow mode of motion S with Dg (EP) = 3-10713 cm?/s.
While the EP on the titration curve symbatically shifts
from the acidic to the alkaline region from pHy, 4.69
to 7.36, the degree of substitution of anions of monoprotic
strong acids (n, q) increases with increasing strength of
the H X, acid: HCIO, > HCl > HNO; > HBF,. The
obtained result from the point of view of acid—base
equilibrium shows that the exchange reaction of the acid
anion X" occurs predominantly with the participation
of the OH™ anion of the polyelectrolyte. An exception
is the amino-substituted acid NH,SO;H with a low
pK,(H,X) = 1 value in the series of inorganic acids;
however, this is capable of additional protonation at the
amino group during titration.

The low value of Mg = 0.048 for the strong dibasic
acid H,SO, and simultaneous shift of the pH of 7.67
to the alkaline region can be explained in terms of
an exchange reaction that predominantly forms the
HSO, anion with pK, = 1.9. A similar effect is observed
for other polyprotic acids.

The triprotic acids H,PO, and H;BO; and the
polyprotic periodic acid HsIO, are characterized by
two pH steps; here, despite the inverse relationship
pK,(H,X") < pK,(H;X), the degree of substitution at
the second stage increases (neq(HzXz_) > neq(X3_)) with
a decrease in the ion charge. This observed phenomenon
agrees with the published data [13, 18] on the efficiency
of anion exchange in the Hofmeister series. Thus,
a change in the nature of the anion affects not only the
degree of substitution, but also the state of the polymer
coil (Fig. 10).

With a decrease in the acid strength pK, in the acid
series, the diffusion coefficient Dg (cm?/s) of the slow
mode S increases: 3-10713 (HCIO,), 7.1- 107! (HNO,),
1.3-10719(HCI),and 5.8 - 10~ ' (HBF,,). This corresponds
to a decrease in the degree of association of the units of the
polymer coil of PCC in the same series. The high value
of the diffusion coefficient Dg of the slow mode for HBF,
(Table) can also be explained by its partial dissociation in
the alkaline medium of polyDADMA-OH into H;BO,4
and HF to form a PCC with the F~ anion.

A decrease in the strength pK, was also found
to lead to the occurrence of two to three additional
intermediate (I) modes of motion, which are the modes
of interaction between the cationic nitrogen N* centers
and anions. This argues for the formation of the PCC in
the form of SSIP with different values of the diffusion
coefficients D of the modes of motion of polymer coils.

In this case, both a broadening and an increase
is observed in the contributions of fast (F) and
intermediate (I) modes of motion in the series
HNO,; > H,S0, > H;PO, (Fig. 10; Table), which can be
explained by the presence of different forms of anions of
acidic and neutral salts.

The obtained result confirms that the process of
solvation of acid anions X" by water molecules
represents an important additional factor in the exchange

Fig. 9. Scheme of anion exchange at ammonium N* centers of polyDADMAC with H X (k + m = v+ [+ d)
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Fig. 10. DLS spectrum of a PCC of polyDADMA-OH
with (a) nitric, (b) sulfuric, and (c) orthophosphoric acids
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Fig. 11. Scheme of solvation of the solvent-separated ion pair (SSIP) anion: X~ =

(Fig. 11), which will affect both the strength of the PCC
and the degree of dissociation of SSIP into a polymer
cation and solvated anions X (H,0),.

Inthis work, the degree of solvation of the X"~ anions is
estimated using the heats of dissolution of the H, X acids.
A decrease in the exothermicity of the heat of dissolution
of the inorganic acid from AH, = —88.4 to —10.71 kJ/mol
of the H X acids (Table) leads to a symbatic decrease
in the degree of substitution of the X" anions of the
polymer coil from n e 0.359 to 0.048, thus confirming
that the solution contains not only SSIP aggregates,
but also dissociated forms of the polyelectrolyte. The
exceptions to this rule are sulfur-containing acids H,SO,
and NH,SO;H, which form HSO, and NH,SO5 anions
during titration.
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CONCLUSIONS

The reported DLS, potentiometry, and IR spectroscopy
studies confirm that the polymer electrolyte
polyDADMAC exists in an aqueous solution in the form
of impermeable polymer coils, which are made up of
polymer solvent-separated ion pairs (SSIPs). Here, the
CI” anion of the polyelectrolyte is exchanged for the
OH™ ion of water or the X"~ anions of inorganic acids
to form polymer chain links with various counteranions.
The anion exchange, which mainly occurs on the surface
of the polymer coil and depends on the strength, nature,
and basicity of the H, X, acids, serves to limit the degree
of anion substitution. The obtained forms of substituted
polyelectrolyte can be classified as PCCs.
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The substitution of the X"~ anions of strong acids
in the series HC1IO, > HCl > HNO; > HBF, > H,SO,,
H;PO,, which mainly involves the OH™ anion of the
polyelectrolyte, decreases with decreasing strength of
the HX acid from Meg = 0.336 to 0.07. This also leads
to significant changes in the sizes of the slow-mode
PCC coil, for which the diffusion coefficient increases
from D = 3.0-10713 to 1.3-10710 cm?%/s, as well as
corresponding to a decrease in the degree of association
of the PCC polymer coil links in the same series.

The degree of exchange for polyprotic acids is limited
by the formation of mainly monoprotic anions HSO, and
H,PO, corresponding to the first stage of substitution.
The fallout from the trend of the influence of the strength
ofthe acids H;BO, and H41O is explained by their ability
to form polymeric forms of anions in solution, which are
stabilized by the polymer matrix of polyDADMAC.
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