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ARTICLE INFO ABSTRACT

Keywords: The pH response of poly(acrylic acid) (pAA) in protic ionic liquids (PILs), ethylammonium nitrate and dieth-
Protic ionic liquid ylethanolammonium trifluoromethanesulfonate, was investigated through potentiometric and calorimetric ti-
pOIYEIeCt_rOIYte . trations. The ionization equilibrium of pAA in the PILs, as well as in aqueous solution, was described by a unified
E:gj;;z::g]anon model that was modified by adding two parameters to the ionization equilibrium of acetic acid. This model was
Galorimetry also consistently applicable to the interpretation of the ionization of nanoparticles coated with pAA (CNp), which

allowed the quantitative comparison of the ionization behavior among acetic acid monomer, isolated pAA, and
PAA on the CNp surface in each solvent. Furthermore, the origin of these differences was separated into enthalpic
and entropic contributions, which enabled a more detailed elucidation of the aggregation and dispersion
mechanisms of CNps in ionic liquids. As a result, it was found that the CNp dispersion in ionic liquids at a low
degree of ionization is promoted by the entropic factor arising from the release of solvent ions, while the dif-
ference between the ionic liquids is primarily due to the enthalpic factor related to hydrogen bonding. When the
degree of ionization increased, the effect of ionic liquids as electrolytes on polyelectrolytes became apparent, and
a marked difference was observed between EAN and PIL18. In contrast, the thermodynamic enthalpies related to
ionization exhibited no significant differences among acetic acid monomer, pAA, and CNp surface pAA, indi-
cating that the ionization of carboxy groups is essentially governed by the acid-base properties of the solvents.

1. Introduction

Ionic liquids are liquids composed only of electrolytes. Their desir-
able physicochemical characteristics make them a potential alternative
to molecular solvents. One of the unique features is that ionic liquids are
electrolyte solutions that are concentrated to the limit with no solvent
species, and from this perspective, ionic liquids can be regarded as sol-
vents with extremely high ionic strength. Since the cohesive energy
stems from electrostatic attractive force, ionic liquids are classified into
a distinct category differentiated from conventional solvents, including
water and organic solvents [1-4]. We are particularly intrigued by ionic
liquids as solvents that offer an exceptional chemical reaction field.
Within this framework, we have observed some unique behaviors, such
as an athermal metal ion-anionic ligand exchange and a concentration-
independent ionic activity coefficient [5,6]. Ionic liquids made of onium
salts are called protic ionic liquids (PILs). Like amphoteric solvents, such
as water, PILs display simultaneously both the H' donating and H*
accepting abilities because of their cations and anions, respectively. This
property allows PILs to be acid-base reaction media. The acid-base
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character and subsequent effective pH of PILs [7-14] are the funda-
mental properties that control the dissociation or ionization of electro-
lytes. Some of our experiences of ionization thermodynamics in PILs
have shown that the acid-base properties of PILs tend to reflect those of
the constituent ions in aqueous solution.

Another interest in ionic liquids is their use as colloid-dispersing
media [15-19]. When the colloids are stabilized by electrostatic re-
pulsions, adding salts induces a reduction in colloidal stability. Indeed,
the DLVO theory predicts a monotonic decrease in inter-particle repul-
sion with increasing ionic strength due to electrostatic screening.
Considering this, ionic liquids cannot be considered as “good” dispersing
media for charged colloids because they are extremely concentrated
electrolyte solutions. However, stable dispersions have been obtained in
various ionic liquids, implying the presence of an alternative stabiliza-
tion mechanism different from conventional electrostatic repulsions
[20-26]. Using nanoparticles coated with poly(acrylic acid) (pAA), we
have so far demonstrated that the colloidal stability can be tuned by pH
in protic ionic liquids, with stable dispersions in acidic and basic con-
ditions and flocculation at intermediate pH. It has been suggested that at
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least two distinct mechanisms work to stabilize nanoparticle disper-
sions: (i) the formation of solvation layers, possibly through hydrogen
bonds between neutralized surface pAA and the solvent ions at low
degree of ionization (a) under acidic conditions, and (ii) electrostatic
repulsion overcoming the electrostatic shielding by solvent ions at high
a under basic conditions. However, the mechanisms underlying the
formation of these protective layers, and how the initial charge of the
particles and the nature of the surrounding ionic species can influence
them, are still under discussion.

One promising approach to elucidate the CNp stabilization mecha-
nism in ionic liquids is to investigate the ionization behavior of pAA, as it
significantly influences interparticle interactions. However, it should be
noted that the ionization equilibrium of polyelectrolytes becomes
significantly more complex in highly concentrated electrolyte in
aqueous systems, and even more in ionic liquids. Given that ionic liquids
are considered to be an extremely concentrated electrolyte solution,
understanding polyelectrolyte behavior is expected to be more chal-
lenging. Nevertheless, information on the ionization thermodynamics of
PAA in ionic liquids remains scarce, making this topic itself an inter-
esting subject of investigation. In the current study, we focus on the
ionization thermodynamics of pAA in ionic liquids and investigate the
effect of the ionization thermodynamic properties on colloidal stability.

2. Experimental

Ionic liquids were synthesized by a neutralization method [27,28].
Solutions of nitric acid and ethylamine (both 70 %, Kanto Kagaku,
Japan) were mixed with vigorous stirring in an antifreeze fluid bath at
less than 0 °C until the solution reached a mildly acidic condition (pH =
5 on universal pH indicating paper). The mixture was dried in vacuo at
60 °C until 100 ppm of water content, determined by Karl-Fischer
Coulombic titrator (APB-620, Kyoto Electronics Manufacturing), to
obtain ethylammonium nitrate (EAN). A 1:1 solution (by volume) of
trifluoromethanesulfonic acid (TfOH; Sigma-Aldrich, 99 %) was added
dropwise into a 1:1 solution (by volume) of distilled N,N-dieth-
ylethanolamine (DEEA; Sigma-Aldrich, 99.5 %) in an antifreeze fluid
bath at less than 0 °C until the solution reached a mildly acidic condition
(pH = 5 on universal pH indicating paper), followed by freeze-drying for
a few weeks. The water content of the obtained ionic liquid [DEEAH™]
[TfO™] (N,N-diethylethanolammonium triflate) was 800 ppm. Here-
after, this PIL is referred to as PIL18, as the same compound was also
used in our previous publication in 2018 [28].

Polyacrylic acid sodium salt (2100 g/mol, Sigma-Aldrich) was dried
at 120 °C for a few days. Subsequently, the amount of dissociable
(ionizable) carboxy groups, defined hereafter as Y, was determined
separately through neutralization titration with an HCI solution. Size-
sorted maghemite nanoparticles coated with pAA (coated nano-
particles, hereafter referred to as CNps) were prepared as previously
published [28]. Briefly, the fraction of the maghemite nanoparticle with
an average hydrodynamic radius of 5 nm characterized in water by DLS
(Zetasizer Nano ZS, Malvern) was coated with pAA through the
precipitation-redispersion technique to obtain CNps with an average
hydrodynamic radius of 9 nm. As reported in detail elsewhere, [28] the
main features of the CNps used in this study are as follows: the core
diameter determined by TEM was 6.9 nm; SAXS analysis yielded a core
size of 6.0 nm with an estimated pAA layer thickness of 0.7 nm; and the
surface density of ionizable carboxy groups was approximately 20 nm 2.
The aqueous dispersion was added into mildly basic ionic liquids, fol-
lowed by freeze-drying for water removal to introduce CNps into ionic
liquids.

Potentiometric titration was performed with an IS-FET pH electrode
(0040-10D, HORIBA, Japan) at 25 °C. The output voltage of IS-FET, E,
obeys the Nernst equation.

[H']
E=E;+59.16 mV x log( ———— (€D)
mol dm
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where Ej is the formal potential of this electrode, determined separately
by neutralization titration in each solvent. [H™] denotes the molar
concentration of H30" in water, of HNOs in EAN, or of TfOH in PIL18,
respectively. The fluctuation in the IS-FET output was within 0.1 mV in
most of the pH region analyzed, even in the turbid solution (where CNps
are aggregating). The degree of ionization, a, of pAA or CNp can be
obtained as follows.

) Cu— [H] + 52

[H']
a = 24
Cy ( )

where Cy and Cy represent the total molar concentrations of H" and Y
(the ionizable carboxy group of pAA) in the sample solution, respec-
tively, and Kpp denotes the autoprotolysis constant of the solvent. Cy is
given by: Cy = Cya — Cp + Sy, where Cyp and Cy are the added con-
centrations of acids and bases, respectively, and 8y is the excess con-
centration of acid present in the synthesized ionic liquids, which was
determined separately through neutralization titrations. The Kap values
were also determined for each batch of the synthesized ionic liquids,
showing slight fluctuation across batches. Typically, 3 cm® of a sample
solution containing 0.02 mol dm~2 of Y, the ionizable carboxy group,
was placed in the thermostated glass cell, which was titrated by 0.1 mol
dm ™2 acidic or basic titrant solution added with an autoburette (APB
series, Kyoto Electronics Manufacturing, Japan).

Calorimetric titration was performed with an isoperibol-type lab-
made titration calorimeter at 25 °C. Details of the equipment have been
described elsewhere [28-30]. Typically, 2.5 cm? of the sample solution
containing 0.02 mol dm™> of Y was placed in the vessel, which was
titrated by 0.2 mol dm™~2 acidic or basic titrant solution added with a
syringe pump (Harvard Model-11 plus). The heat capacity of the vessel
was determined before and after each titration series by referring to the
Joule heat generated by the electric resistance immersed in the test
solution.

3. Results and discussion
3.1. Ionization equilibrium

3.1.1. Poly(acrylic acid) in water
Fig. 1(a) shows the degree of ionization of pAA, a, as a function of pH

(hereafter, pH = —log mo[lH;r]n’S is used instead of the formal definition,

pH = —log ayy) in aqueous solution (0.1 mol dm~3NaCl). Data are shown
in filled symbols. Titrations were repeated three times and presented by
different symbols, showing excellent reproducibility. The dashed line
expresses the ionization profile of acetic acid calculated using the pK,
value in each solvent determined separately. As shown in this Figure,
PAA begins to be ionized at a similar pH to that of acetic acid. This
implies that, when pAA is not ionized, the acidity of the polymer carboxy
group is almost equal to that of acetic acid. With increasing pH, the «
value increases, whereas the ionization of pAA is hindered and the in-
crease in o is less steep than that of acetic acid. Some models have been
proposed for pAA ionization [31-38]. We adopted a model in which the
apparent ionization constant of pAA depends on its degree of ionization
as follows. The apparent ionization constant of pAA, pK,app, can be
calculated from experimental data ([H™] and ) in each titration point
using the following equation.

H] a ) 3)

moldm > 1—a

pKa.app = - 108(

where [H"] and « are given according to Eqgs. (1) and (2). For acetic acid,
this value remains constant and the value is the ionization constant (pKj,
acon) in each solvent. In case of pAA, this value varies depending on a.
Thus, we express the difference between pK app and pKa acon using two
parameters concerning:

(i) po: the shift in the acidity of the carboxy group of pAA when pAA
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Fig. 1. Potentiometric titration curves of (a) pAA in water (0.1 mol dm3

NacCl), (b) pAA in EAN (filled symbols) and CNp (open symbols), and (c) pAA in
PIL18, plotted as the degree of dissociation (a) as a function of pH

( = —log mo[lH;rL,3 > The dotted open symbols in (b) and the shaded pH ranges
in (b) and (c) indicate that the CNp solution appears turbid. The solid lines are
the theoretical curves calculated using egs. (3) and (4) with the equilibrium
parameters listed in Table 1 (see text); thin lines represent pAA and bold lines
represent CNp. The dashed lines show the theoretical ionization curves of acetic
acid (AcOH), calculated using the pK, value in each solvent. Different symbol

shapes indicate different repetitions of the titration.

is not ionized (at o« = 0) and.
(ii) pi1: the extent of ionization inhibition with increasing a, as
follows:

pKa.app = pKa.AcOH + ﬂO + ﬁla (4)

In this model, p; is interpreted as reflecting the effect of the elec-
trostatic potential in the vicinity of the pAA chains generated upon
ionization, and a parameter with the same physicochemical meaning
was introduced in previous studies to describe the polyelectrolyte effect
[31-35]. In contrast, y accounts for solvent-specific effects and is
introduced in the present work.

The observation shown in Fig. 1(a), namely that the ionization of
acetic acid and pAA begins at the same pH (i.e., « starts to increase),
suggests a negligible fy value and an intrinsically similar acidity of the
carboxy group of pAA to that of acetic acid. On the other hand, as «
increases with increasing pH, the ionization curve of pAA lies below the
theoretical curve of acetic acid. This effect is described as a decrease in
the acidity, reflected by an increase in the pK, app value, where f is the
corresponding coefficient (f; represents the displacement of pK, app at «
= 1). For monomer monoacids, #; = 0 is expected, meaning that pKa app
remains constant and does not depend on a. These two parameters,
Bo and fp;, are obtained by the least squares fittings. The optimized
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values in 0.1 mol dm~3 NaCl aqueous solutions were fy = —0.19
(separately determined pK,acon = 4.51) and f; = 1.8. The theoretical
curve using these values is shown as a solid thin line for pAA in Fig. 1(a).
Since this line reproduces the experimental points well, Eq. (4) can
satisfactorily model the ionization equilibrium of pAA in water.

3.1.2. Poly(acrylic acid) in ionic liquids

Figs. 1(b) and 1(c) show the a vs. pH curves of pAA in EAN and PIL18
([DEEAHT][TfO 1), respectively, in filled symbols. The dashed line
expresses the ionization profile of acetic acid calculated using pKa acon
in the respective solvent. In each solvent, the least squares parameter
fitting according to Eq. (4) was performed to determine 5y and $; values.
The solid thin lines are the theoretical curves using these parameters,
reproducing the experimental points well. The parameters determined
by least squares fitting in each solvent are summarized in Table 1. Since
a consistent model is applicable to pAA regardless of the solvents, the
parameters in Eq. (4) allow for a quantitative comparison of interactions
between pAA and the solvents. For instance, because of the stronger
acidity of the proton carrier in EAN (HNOs) than that in water (H30™),
the ionization of acetic acid occurs at a lower concentration [H']
(higher pH) in EAN compared to water, resulting in an increase in pK,,
acon [27]. However, as shown in Fig. 1(b), pAA and acetic acid began to
be ionized at almost the same pH. This indicates that the intrinsic acidity
of the carboxy group of pAA is similar to that of acetic acid at « = 0 when
the solvent is EAN. This leads to the relatively small value of 5y in EAN.
In contrast, as shown in Fig. 1(c), the ionization of pAA began at a much
lower pH than that of acetic acid in PIL18, unlike in water and EAN. This
indicates that the ionization of the carboxy group of pAA is promoted in
PIL18 (at a = 0) compared to acetic acid. The significantly negative
Po value reflects this. Thus, Sy facilitates the evaluation of the ionization
equilibrium of pAA, regardless of the acid-base properties of the solvent
side.

With increasing pH, the degree of ionization () rises, while the
ionization is hindered compared to acetic acid, as also observed in
water. The extent of this hindrance depends on the solvent, which is
quantified by the parameter . The $; value is slightly smaller in EAN
than in water. This trend is consistent with the previously reported
electrolyte effect on pAA in electrolyte solutions [32]. Nevertheless, in
both water and EAN, this effect is so minor that a can approach nearly 1,
as shown in Figs. 1(a) and 1(b). In contrast, as shown in Fig. 1(c), the
ionization of pAA is strongly hindered, resulting in the a value
remaining at about 0.5. This is reflected in the remarkably large ; value
(5.7) compared to that in water and EAN.

3.1.3. Poly(acrylic acid)-coated nanoparticles

We have previously demonstrated that the ionization equilibrium of
CNp (pAA on the CNp surface) can also be described by Eq. (4) in water
[29]. In Fig. 1(a), the theoretical thick line for CNp using the previously
reported parameters (fp = 0.05, 1 = 2.2; these values are listed in
Table 1) is shown. Since Eq. (4) works for CNp, a similar mechanism,
even though the geometry differs, is implied to describe the vicinity of
the pAA chains at the surface of the CNp. As shown in Fig. 1(a), both CNp
and pAA begin to be ionized at a similar pH at which the ionization of
acetic acid begins, indicating the acidity of carboxy groups of pAA and

Table 1
Parameters for ionization equilibria (4) of pAA and CNp in water (0.1 mol dm™
NaCl), EAN and PIL18.

1

AcOH PAA CNp

PKa h Po pKap H Po pKap
water 4.51 1.8 -0.19 14 2.2 0.05 14
EAN 5.45% 1.3 -0.31 10.22 2.1 -0.89 9.86
PIL18 11.1° 5.7 —2.4 14.3 ;:E —4.1° 14.9°

a) Ref. 27, b) Ref. 29, c¢) Ref. 28
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the CNp surface pAA is similar to that of acetic acid at low a and low pH.
In fact, a small value of fj is obtained for CNp. On the other hand, the
hindrance of the a value of CNp at high pH is similar but a little more
significant than that of pAA, leading to slightly larger $; value for CNp
than that for pAA. While minor differences in f are observed, the ioni-
zation behavior of pAA on the CNp surface pAA is essentially similar to
that of isolated pAA freely dispersed in water.

In contrast, CNp exhibits a different behavior in EAN. The potenti-
ometric titration curve of CNp is shown by open symbols in Fig. 1(b).
The dotted open symbols indicate that the sample was turbid, indicating
flocculation. Even in the flocculation region, rapid pH response was
observed. It was difficult to detect by eyes the switching of flocculation
and redispersion at low pH, possibly relating to the shallow slope of the «
vs. pH curve. Nevertheless, the solution was transparent dark brown at
low enough pH, indicating that CNps were well dispersed. The pH at
which CNp began to ionize was shifted to a lower (more acidic) region
compared to acetic acid and pAA. For instance, a non-negligible quantity
of CNps isionized (a > 0.1) at pH = 4, where the ionization of acetic acid
(dashed line) is almost suppressed. Reflecting this, a clearly smaller
Bo value (fp = —0.89) than that in aqueous solution was obtained. In
contrast, the #; value (f; = 2.1) was similar to that in water.

A similar but more significant behavior of CNp has previously been
reported in PIL18 [29]. The calculation curve of CNp ionization (fy =
—4.1 and f; = 4.8, Table 1) is shown by a thick line in Fig. 1(c). CNp
ionization begins at a much lower pH than that of acetic acid, which is
reflected in the large and negative fy value of CNp in PIL18. On the other
hand, the a vs. pH curve exhibits a gradual slope, suggesting that the
ionization of CNp is hindered as a increases, similar to that of pAA.
These $ values thus enable a quantitative comparison of the behavior of
PAA and CNp in the respective solvents.

3.2. Heats of ionization

3.2.1. In water

Fig. 2 shows the results of calorimetric titration of pAA in 0.1 mol
dm™! NaCl aqueous solutions. The filled symbols represent the titration
profile for the protonation process of sodium salt of pAA titrated with
HCl solution. The y-axis is the apparent molar heat of reaction, Qn app, in
kJ/mol,

Qm,app = ﬁ )
1
+I [4)
0 + +f + o+
[5] + " =
t  CNp/signBo?®°
R | R + 4 &y
5 : .t
= +f +++++ y
= 2r ", o filled symbols
\& o a0 2’
&q 3k oo v-?oﬁ*
a ®°7 ,open symbols
4l
0.0 0.5 1.0 1.5
Cu/Cy

Fig. 2. Calorimetric titration curves of pAA in water (0.1 mol dm™3 NacCl),
represented in apparent molar heat of reaction, Qm, app. Filled symbols indicate
the titration of pAA sodium salt with HCI; open symbols indicate the titration of
acidified pAA solution with NaOH. The arrows indicate the direction of the
titration. The titration points for CNp, shown as cross marks, are included as a
reference [29]. Different symbol shapes indicate different repetitions of
the titration.
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where gy is the total heat generated during each injection of the titrant,
Cr is the molar concentration of the titrant (HCI), and v; is the volume of
the sample solution at the i-th titration point. The x-axis is the titration
ratio Cy/Cy after each injection, where Cy and Cy are the formal con-
centrations of HCl and Y (the ionizable carboxy group of pAA in the
solution), respectively, and Cy/Cy increases with the progress of the
titration. The negative value of g, as shown in Fig. 2 (i.e., Qmapp < 0),
indicates that the protonation of Y~ (reaction 6) of pAA is endothermic.

Y~ + H"—YH (protonation) (6)

The titrations were repeated three times and are represented by
different symbols, showing good reproducibility. If this reaction pro-
ceeded stoichiometrically, and all the H injected as HCI were consumed
by the protonation of pAA, the apparent molar reaction enthalpy Qu app
would remain constant up to Cy/Cy = 1, and the protonation enthalpy of
PAA could be obtained as AHHQPAAC = —Qmapp (0 < C/Cy < 1). In re-
ality, however, Qn app is zero at the initial stage of the titration (Cy = 0),
gradually becomes more negative, reaches an endothermic peak at Cy/
Cy = 0.3, and then decreases in magnitude until it returns to zero around
Cu/Cy =~ 1.3, where the endothermic protonation ends.

In order to examine whether the acid-base reaction of pAA is
completely reversible, reverse titrations were also performed. Specif-
ically, protonated pAA by the addition of excess HCl was titrated with
sodium hydroxide. In this titration, the following reaction occurs:

YH+OH -Y +H,0 @)

This reaction involves both the ionization (acid dissociation) of pAA
(reaction 8) and the neutralization reaction of the solvent (reaction 9).

YH-Y  +H"  (ionization) (8)

OH™ +H"—H,O0 (neutralization, in water) 9

For the purpose of comparison with Qpapp for reaction (6), the
corrected apparent molar heat of reaction QR7y,,, calculated by the
following equation, is plotted.

corr qdi — qap;i

— _ i HAPE 10

Qm’app Cr(vi —vi1) 10
where gap; is the heat generated by neutralization, calculated using the
[H'] at the i-th titration point ([H']), along with the autoprotolysis
constant Kap and the autoprotolysis enthalpy AHap , as follows:

o Vi Vi1
i = — AH, _— 11
o=~ i 0 () av

The negative sign in eq. (10) arises from the fact that reaction (7)

involves the reverse of reaction (5). In Fig. 2, the Qf;gfpp values thus

calculated are plotted using open symbols. As shown, they overlap with
the filled symbols, which represent Qp .pp for protonation. The agree-
ment of the net enthalpograms obtained from both titration directions
indicates that the acid-base equilibrium of pAA is a completely revers-
ible reaction.

Hereafter, the discussion consistently refers to the ionization (acid
dissociation) process to avoid confusion. Fig. 2 shows that the ionization
of pAA is endothermic, with the endothermic peak at Cy/Cy =~ 0.3, and
the reaction continuing until Cy/Cy =~ 1.3. This indicates that the ioni-
zation of pAA does not proceed stoichiometrically. A similar trend for
CNp ionization has been reported, [29] as illustrated by cross symbols in
Fig. 2. Although the Cy/Cy ratio and the intensity of the endothermic
peaks are different, the enthalpograms of pAA and CNp display similar
behaviors. From these results, the hydration behavior in the vicinity of
PAA on the CNp surface is concluded to be similar to that of isolated pAA
in the bulk. Such AH, ;as° values of a few kJ/mol, negative in sign and
dependent on «, have been previously reported and discussed in detail
[38], where they are attributed to enhanced hydration of the pAA chain
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at a low degree of ionization. The surface pAA on CNp is therefore also
likely to undergo enhanced hydration during the ionization process.
However, equilibrium models were not successful in reproducing the
enthalpogram.

A comparison of the ionization enthalpy with that of acetic acid is
also of interest. There are several reported values for the ionization
enthalpy of acetic acid, which are generally small, less than +1 kJ/mol
[39]. In our separate observation, exothermic ionization enthalpy of
acetic acid was observed (AH,° = —0.3 kJ/mol). Therefore, the endo-
therm observed in pAA (and CNp) is considered to be characteristic of
polyelectrolytes, as suggested by the enhanced hydration of the pAA
chain presented above. The ionization enthalpy of acetic acid (AH,,
acon’), along with that of pAA (AH,paa°) and CNp (AH,cnp®) are
summarized in Table 2.

3.2.2. In EAN

Fig. 3(a) shows the calorimetric titration curve of pAA in EAN. In this
case, the sodium salt of pAA was titrated with TfOH in EAN. Therefore,
the Qu,app Observed in this titration corresponds to the heat of proton-
ation of pAA (reaction 6). At the beginning, the heat of neutralization (of
the solvent) was observed; subsequently, significant heat of protonation
of pAA was generated during 0.5 < Cy/Cy < 1.0. This situation is
markedly different from that in water, where the protonation is endo-
thermic by a few kJ/mol. Assuming that the observed heats can be
consistently explained by the protonation of pAA (reaction 6) and the
neutralization (reaction 9, where CoHsNH> functions as the base instead
of OH™ in EAN) the heat generated in the i-th titration point, g, ;, can be
expressed by using the ionization enthalpy of pAA, AHa_pAA°, as follows:

qri = AHa.pAAOCY.iVi(ai — 1) + qap; 12)

where Cy; and q; are the concentration of Y and the degree of ionization
of pAA in the sample solution after i-th injection. The @; values are
calculated using equilibrium constants (fp and 1) obtained by poten-
tiometric titrations. The solid line represents the theoretical curve
calculated using AH, ap° = 80.5 kJ/mol and AH,paa° = 31.5 kJ/mol,
which were determined by least-squares fitting. As shown, the calcu-
lated curve reproduces well the experimental data.

The ionization enthalpy of acetic acid in EAN has previously been
reported to be greater (AH, acon® = 30.6 kJ/mol) than in water [40].
This was interpreted as the enthalpic cost associated with protonation of
NO3 to form HNOs, compared to that of H,O to form H3O™. A similar
interpretation can account for pAA: the greater AH,paA° value in EAN
compared to that in water (a few kJ/mol negative AH; paa°, as shown in
Fig. 2) can be largely attributed to the solvent, rather than to a change in
the ionization enthalpy of pAA. However, due to limitations in data
accuracy, it remains unclear whether the unexplained exotherm peak
that appears at H/Y = 0.3 in water also appears in EAN.

In summary, the ionization behavior of pAA in EAN resembles that in
water. Significant differences in the ionization equilibrium and the
ionization enthalpy primarily result from the process by which the sol-
vent species receive H', and not from the process by which the carboxy
groups of pAA release H™.

Table 2
Ionization enthalpies of acetic acid (AcOH), pAA, and CNp in water (0.1 mol
dm~! NaCl), EAN and PIL18.

AcOH PAA CNp
AH, pcon® / kJ AH,pan® / kJ AHucnp / kI
mol ! mol ! mol !
water -0.3
EAN 30.6 315 31
PIL18 332 30°P

a) Values are obtained within the titration ratio where reliable fitting was
possible (see text). b) Ref. 29
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Fig. 3. Calorimetric titration curves of pAA and CNp in EAN, represented as the
apparent molar heat of reaction, Qu app (see text). (a) pAA sodium salt was
titrated with an acidic EAN solution, and (b) acidic CNp dispersion was titrated
with a basic EAN solution. Different symbol shapes indicate different repetitions
of the titration. Above each titration curve, the corresponding degrees of
dissociation () are shown.

The calorimetric titration curve of CNp in EAN is shown in Fig. 3(b).
In this case, CNps were introduced into basic EAN, followed by the
addition of excess TfOH to yield an acidic dispersion, which was then
titrated with basic EAN using CoHsNHy. The titration ratio is thus
expressed as 1 — Cy/Cy, which increases as the titration proceeds. After
the heat of neutralization, the ionization (acid dissociation) of YH
occurred, and thus Qp,app corresponds to reaction 7 (Co;HsNH; functions
as the base instead of OH™). The shaded area shows the region where
flocculation was observed by potentiometry. Titration was repeated
three times, which are represented by different symbols. The solid line is
the theoretical curve using equilibrium constants (f and ) obtained by
potentiometry and the ionization enthalpy of CNp, AH, cnp° = 31 kJ/
mol, determined by the least-squares fitting, exhibiting a good agree-
ment with the experimental data. Since this value resembles the AH,,
acorr” and AH; paa° values in EAN, a similar interpretation seems to be
valid for the CNp surface pAA. That is, no significant difference in the
ionization process appears among acetic acid, isolated pAA, and CNp
surface pAA.

3.2.3. Poly(acrylic acid)-coated nanoparticles in PIL18

Fig. 4 shows the calorimetric titration curve of pAA in PIL18. Sodium
salt of pAA was introduced into acidic PIL18 by adding TfOH to yield a
clear solution, which was then titrated with basic PIL18 using DEEA.
Thus, the titration ratio is expressed as 1 — Cy/Cy, which increases as the
titration proceeds. After the initial heat of neutralization, the ionization
(acid dissociation) of YH occurred, where Qp app corresponds to reaction
(7). Titration was repeated three times, and good reproducibility was
obtained. The solid line represents the theoretical curve calculated using
equilibrium constants (pp and f;) obtained by potentiometry and AH,
paa° = 33 kJ/mol. Unlike in EAN, the titration curve was not entirely
reproduced in the range 0 < (1 — Cy/Cy) < 0.3, whereas the decrease in
the heat of reaction at 0.3 < (1 — Cy/Cy), in the course of pAA ioniza-
tion, was well explained. Therefore, the least-squares fitting was con-
ducted using the data in the range (1 — Cy/Cy) > 0.3 to determine AH,
PAA -
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Fig. 4. Calorimetric titration curve of pAA in PIL18, represented as the
apparent molar heat of reaction, Qn,app (see text). The corresponding degree of
dissociation (&) is shown above the titration curve. Different symbol shapes
indicate different repetitions of the titration.

The upward deviation in Qu,app from the theoretical curve at low
values of (1 — Cy/Cy) indicates that excess heat that cannot be explained
by the ionization process of CNp (reaction 7) is generated. We previously
reported comparable excess heat during the ionization of CNp in PIL18,
also observed in a similar Cy/Cy region, with an estimated AH, cnp° of
30 kJ/mol [29]. In contrast, the enthalpograms of both pAA and CNp
can be explained by the ionization equilibria and enthalpies in EAN, as
shown in Fig. 3. Therefore, this excess heat is characteristic solely of
PIL18.

3.3. Polyelectrolytes behavior in ionic liquids

3.3.1. Hindrance of ionization at high degrees of dissociation

In all solvents, the ionization of both pAA and CNp is hindered at
high degrees of dissociation due to the negative charges generated on
PAA. Among the solvents studied, the hindrance is most pronounced in
PIL18 compared to water and EAN, as indicated by the larger ; values.
This is likely due to the bulky DEEAH™, the counterion in PIL18, which
prevents sufficient accumulation near the ionized pAA to effectively
shield the negative charges. In contrast, relatively small cations in water
and in EAN (Nat and C-HsNHa", respectively) can approach the ionized
PAA more easily and thereby provide effective electrostatic screening. In
addition, the ionization enthalpies of pAA were found to be nearly
consistent with those of acetic acid and CNp in each solvent. This implies
that the difference in the hindrance effects between pAA and CNp in
ionic liquids may be partly attributed to the conformational entropy of
the pAA chains, [41,42] while it is difficult to discuss the respective
entropic effects independently.

When the pH becomes sufficiently high and the degree of ionization
increases, despite the intense ionic atmosphere of ionic liquids, CNp
dispersions are stabilized likely due to the strong electrostatic repulsion
between CNps in both PILs.

3.3.2. CNp dispersion at low degrees of ionization
A notable difference in the solvent dependence of the pH profile of
CNp from that of pAA appears in the low-a region. As shown in Figs. 1(b)
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and 1(c), the ionization of CNp is promoted relative to pAA for a below
0.3-0.4. This is reflected in the more negative f value of CNp than that
of pAA (Table 1). The corresponding Gibbs energy can be estimated as
AAGy = RT(In10) fig, giving AAGH K, = —5.1 kJ/mol in EAN and AAGy,

NppIL18 = —23.4 kJ/mol in PIL18, indicating that CNp ionization un-
dergoes some degree of stabilization. Considering that Gibbs energy
consists of an enthalpic term and an entropic one (AG° = AH®° — TAS°),
and given that the ionization enthalpies of CNp and pAA are similar in
respective solvents, it can be deduced that the favorable ionization of
CNp is primarily driven by an entropic contribution.

The thermodynamic influence of the conformation of polyelectrolyte
chains adsorbed on the nanoparticle surface on ionization was discussed
in detail [41,42]. The extension of unionized pAA chains upon ioniza-
tion was shown to reduce conformational freedom, which in turn sup-
presses ionization entropically, while the addition of salts mitigates this
suppression. In the present CNp system, presumably, counterions are
readily available in ionic liquids, thereby reducing the entropic cost and
thus promoting the ionization of both pAA and CNp. When pH increases,
CNps begin to aggregate, possibly sharing counterions, which leads to
the release of excess cations into the bulk. This process is also entropi-
cally favorable. These two distinct entropic enhancements in ionization
are specific to ionic liquids, probably because ionic liquids simulta-
neously play the roles of both solvent and counterion. This dual role
gives rise to a mechanism that is completely different from colloidal
stabilization in the aqueous phase (DLVO type, for instance), where
ionization hinders aggregation consistently. This mechanism is illus-
trated in Scheme 1. This aggregation continues until further increase in
pH leads to a higher charge density on the CNp surface, at which the
shared counterions can no longer screen the electrostatic repulsion be-
tween CNps.

3.3.3. Polyelectrolytes in PIL18

As mentioned in Section 3.2.3, excess heats were observed during the
ionization processes of pAA and CNp in PIL18, which cannot be
explained solely by the ionization enthalpy of the carboxyl group. This
observation was exclusive to PIL18 and thus contributes a decrease in
PKa,app- Since this effect appears in the low 1 — Cy/Cy region (i.e., at low
degrees of ionization), the enthalpic contribution primarily affects S,
accounting for the more negative f, values in PIL18 than those in EAN.
This enthalpic gain is presumably due to hydrogen-bonding interactions
between the hydroxy groups of DEEAH" and pAA (or the surface pAA on
CNps), rather than electrostatic interactions.

4. Conclusion

The behavior of polyelectrolytes (pAA) in PILs (EAN and PIL18) was
elucidated through the thermodynamic functions of ionization. The
ionization equilibrium of pAA was successfully described by expanding
that of acetic acid using two parameters that represent (i) the promotion
of ionization at the low degree of ionization () and (ii) the hindrance of
the ionization with increasing the degree of ionization due to the charge
inherent to pAA itself (51). This enables the quantitative comparison of
ionization behavior of pAA in water and ionic liquids, excluding the
contribution derived from the acid-base properties of the solvents. As a
result, the differences in pAA ionization thermodynamics can be clearly
highlighted. Regarding parameter (ii), the influence of the ionic liquids
as electrolytes was evident. That is, the ; values for pAA in EAN showed
a similar trend to that found in electrolyte aqueous solutions, indicating
that EAN can screen the charge of ionized pAA, like conventional
aqueous electrolyte solutions. In contrast, the ionization of pAA is
significantly hindered in PIL18 as the charge of pAA increases, resulting
in a large $; value. This suggests that the bulky PIL18 may weaken its
role as an electrolyte. As for parameter (i), two different factors turn out
to enhance ionization: an entropic factor accompanying ionization and
flocculation in PILs for CNps and an enthalpic factor arising from
hydrogen bonding with ionic liquid cations. With both factors at play in
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Scheme 1. Schematic illustration of CNp flocculation and counterion release.
The aggregation induces the release of cationic counterions (PIL = EAN or
PIL18, PIL™ = C,HsNH3 in EAN or DEEAH™ in PIL18), resulting in an entro-
pically favorable gain.

PIL18, the ionization of pAA on CNp at a low degree of dissociation is
considerably promoted. Despite these differences, the enthalpy associ-
ated with the ionization process of carboxy group was found to be in-
dependent of the solvent, indicating that the local ionization mechanism
of pAA and CNp is essentially the same as that of acetic acid monomer,
both in aqueous and PIL environments.

The electrostatic effects at stake in the vicinity of charged particles
may be one of the unique characteristics that distinguish ionic liquids
from conventional solvents. This can be further elucidated by expanding
the scope of ionic liquids. Besides, the interaction between poly-
electrolytes and electrolytes in solvents is not yet fully understood. The
combination of ionic liquids with highly charged particles such as pAA
and CNp may contribute to deeper insight into these interactions.
Although the present study focused on a single molecular weight of pAA,
the chain length possibly influences the ionization behavior of poly-
electrolytes, particularly through entropic contributions. The CNp size,
which determines the surface curvature, may also affect the conforma-
tional response of pAA on the CNp surface to pH. Systematic in-
vestigations of these factors are expected to provide further insight into
polyelectrolyte behavior in ionic liquids.
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