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ABSTRACT: Amino acid ionic liquids (ILs) are biocompatible, biode-
gradable, and easy to synthesis, thus resulting in many potentially
sustainable applications (e.g., sour gases capture and biomass dissolution).
If mixed or contaminated with water, their properties would be altered and
degradation may be induced, hence influencing their applications.
Therefore, the hygroscopicity of nine amino acid ILs was investigated in
this study. Furthermore, an arrow-shooting ball mechanism was proposed to
simulate the interaction mechanism of water sorption. Namely, a fragile
melon ILs ball would easily be split by the water arrow, i.e., a weaker
cation—anion interaction induces a stronger ion—water interaction, hence
producing greater hygroscopicity. Instead, a hard golden ILs ball with a
higher ILs—ILs interaction would disfavor the ILs—water interaction, hence
producing lower hygroscopicity. Finally, the correlations between the
hygroscopicity of amino acid ILs and the solvatochromic parameters were
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Amino-acid ionic liquids

investigated. The results showed that hygroscopicity had no direct correlation with the solvatochromic parameters, whereas it did
have a close relationship with the polarity depending on the region of hydrogen-bonding basicity. Therefore, hygroscopicity
could be designed by three procedures: (1) estimating the hydrogen-bonding basicity, (2) determining the region of hydrogen-
bonding basicity, and (3) decreasing (increasing) the polarity, which would lead to more hydrophobic ILs in a + (—) region,
where “+” and “—” indicate a positive and negative correlation between polarity and hygroscopicity parameters in a specific

region of hydrogen-bonding basicity, respectively.

KEYWORDS: Amino acid ionic liquids, Water, Hygroscopicity, Modified two-step sorption model, Arrow-shooting ball mechanism,
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B INTRODUCTION

Ionic liquids (ILs) are organic molten salts with melting points
at or near room temperature. They have many advantages over
traditional molecular liquids, such as low vapor pressure and
high thermal stability.' More importantly, the physical
properties of ILs are tunable by designing the cation, anion,
or both.” Low vapor pressure and high thermal stability render
ILs the ability to reduce or eliminate the hazards of volatile
organic compounds (VOC). Tunable physical properties make
ILs useful solvents for chemical reactions, biomass dissolution,
and gas capture.’”> Thus, ILs have drawn much attention in
green chemistry, advanced materials, sustainable chemical
engineering, etc.

The most commonly used ILs are often not environmentally
friendly. For example, the hydrolysis of [BF,]- and [PF]-based
ILs may release toxic and corrosive HF. Accordingly, ILs
composed of halogen-free groups are expected to be
synthesized. One of them is amino acid ILs with amino acids
as anions,”” cations,®® or both. Amino acid ILs are expected to
be green sustainable solvents having chiral centers, biodegrad-
able characteristics, low cost, and high biocompatibility.
Particularly, amino acid ILs show potential application in
many fields such as gas purification (e.g, CO, SO,),'""
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biomass dissolution (e.g., cellulose, chitosan),'>"? separation
(e.g., chiral discrimination),"* and catalysts for chemical
reactions (e.g, Knoevenagel condensations).'>'®

However, most ILs are hygroscopic."’~>® For example, the
acetate-based ILs (ie, [BMIM][Ac]) could absorb 16% g/g
water at T = 23 °C and RH = 52% in 3 h.'” The allyl-
functionalized ILs are also hygroscopic when exposed to air.”’
The protic ILs (i.e, [DEA][FO]) are more hygroscopic and
could absorb as much as 25% g/g water from the air at an
average T = 30 °C and RH = 57% in 24 h.** Unexpectedly, the
presumed hydrophobic Tf,N-based ILs were also found to
absorb a large amount of water from a moisture environ-
ment.'”?* It is inevitable for ILs to come into contact with
water in the air because water is ubiquitous. The regeneration
of ILs might also be very difficult after being released into a
water environment, which would induce water pollution. More
importantly, the presence of water could have a significant
effect on the chemical structure (e.g, aggregation, intra-
molecular hydrogen bonding),”*™>" physical properties (e.g,,
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Table 1. Name, Structure, Molar Weight of Nine Amino Acid ILs

no. Molar
of Full Name Abbreviate Name Chemical Structure Weight
ILs / g/mol
. Bu O
! tetrabutylphosphonium |
[P1444][Gly] __pt - 333.49
glycinate Bu ll3 Bu O
Bu NH,
Bu (0]
2 tetrabutylphosphonium alaninate [Paaas][Ala] Bu—ILF—Bu - 347.52
| (6]
Bu NH,
tetrabutylphosphonium Bu o
3 [P4444] [SCI‘] Bu_Flyl-_Bu 363.52
serinate | HO ©
Bu NH,
tetrabutylphosphonium ?u 0o 0
4 [Pasas][Glu] Bu—P—Bu - 405.54
glutamate é OH o
u
NH,
B
tetrabutylphosphonium | N Q
5 [Passs][Lys] Bu—llv*—Bu HZNVMO— 404.61
lysinate Bu NH,
. Bu -
tetrabutylphosphonium | o) o
6 [Pasaa][Pro] Bu—P*—Bu 374.56
prolinate éu H,N
1-aminoethyl-2,
7 3-dimethylimidazolium [aEMMIM][Gly] —\ N '4\.‘ /\/NHZ
(@)
\ / 214.26
lycinate = HZN\)J\ -
gly o
1-aminoethyl-2, )\
8 3-dimethylimidazolium aEMMIM][Tau + 264.34
y [ 1[Tau] ~n i~ -NH:
taurinate
\—/ _ NH,
08 N
1-(N,N-dimethyl)aminoethyl-2,
. . . /S
9 3-dimethylimidazolium [MMaEMMIM][Tau] J\ 292.40
~N NSNS
taurinate . _ NH,
033/\/

viscosity, density, volume, surface tension),*” and industrial
applications (e.g, CO, capture, cellulose dissolution) of
L3373

The investigations above gave us a fundamental knowledge
on water sorption by the ILs, but there has been very limited
corresponding research on the hygroscopicity of amino acid
ILs.>* For the amino acid ILs, the presence of water also has a
significant influence on their physical properties,®*™*° chemical
structure, and applications."***” For example, the presence of
1 wt % water could change the reaction mechanism between
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amino acid ILs and CO, and hence enhance the capacity from
1:2 mol CO,/IL to 1:1 mol CO,/IL."" Another example is that
only a small amount of moisture (S mol %) could increase the
efficiency of CO, permeabilities in the amino acid ILs
[P4sss][Gly] and [Emim][Gly] by about 1.4 and 2 times,
respectively.*®

As to ways to correlate or predict the hygroscopicity of ILs,
several reports are listed below. Arellano et al. studied the
moisture sorption kinetics of [BMIM][Br] and [OMIM][Br].
They found that the data could be favorably fitted with the
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Table 2. Water Sorption Capacity (C), Average Rate (AR), Initial Rate (IR), and Degree of Difficulty to Reach Equilibrium (D)

of Amino Acid ILs”

sorption rate

no. ILs MW. (g/mol) sorption capacity, W, (wt %) kW, (initial) (%/h) R4, (average) (wt %/h) sorption difficulty, 1/k (h) R?
1 [P4444) [Gly] 333.49 12.00 0.53 0.31 22.66 0.9962
2 [P,444] [Ala] 347.52 11.96 0.93 0.66 12.90 0.9961
3 [Py444][Ser] 363.52 9.08 0.79 0.02 11.49 0.9900
4 [P4444][Glu] 404.54 0.56 0.13 042 442 0.9793
S [Pyyas] [Lys] 404.61 15.00 2.37 0.07 6.33 0.9103
6 [P 4444][Pro] 374.56 14.75 0.35 0.33 42.08 0.9932
7 [aEMMIM][Gly] 214.26 2.10 0.13 0.32 16.02 0.9868
8 [aEMMIM][Tau] 264.34 823 0.86 0.26 9.59 0.9866
9 [MMaEMMIM] [ Tau] 292.40 10.93 0.50 0.32 21.90 0.9966

“The water sorption capacities were all expressed by the mass ratio, ie., g/g H,0O/ILs, multiplied by 100 only for a good data presentation in the

table.

Weibull model at 298.15 K and 30% RH and with the
Henderson—Pabis model at 358 K and 835% RH.>* Carrete et al.
analyzed the data of moisture adsorption by [C, MIM][BF,] (n
=2, 4, 6, 8) using a modified version of the Brunauer—Emmet—
Teller (BET) multilayer adsorption scheme.*' After investigat-
ing the hygroscopicity of anhydrous ILs, Francesco et al
correlated the water sorption capacity with time using an
exponential model,”* while Mu et al. revised it with a modified
two-step sorption mechanism.'” But the relationship between
hygroscopicity of amino acid ILs and solvatochromic
parameters has not been investigated. Simply, solvatochromic
parameters include polarity (Ers or Erss, the normalized form
is EN); hydrogen-bonding donating ability, a; hydrogen-
bond1n§ accepting ability, B; and dipolarity polarizability,

7%%™% The solvatochromic parameters of ILs have been
tremendously investigated.****>* The reason for selecting the
solvatochromic parameters as the independent variable is that
solvatochromic parameters could affect the mechanism and rate
of chemical reaction.>*>> More importantly, the solvatochromic
parameters had a strong correlation with biomass (e.g,
cellulose) dissolution,”**%” CO,/CH, separation,”® and
acetylene solubility®® in ILs.

Questions are raised. Other kinds of ILs are hygroscopic, so
how about the amino acid ILs? Are there any correlations
between the hygroscopicity of amino acid ILs and their
solvatochromic parameters? How should hydrophobic ILs be
designed? This paper mainly tries to answer the above
questions about amino acid ILs, ie, high hygroscopicity,
strong indirect correlation between hygroscopicity and
solvatochromic parameters, designing hydrophobic amino acid
ILs by increasing the ILs—ILs interaction proposed by the
arrow-shooting ball theory, or by decreasing (increasing) the
polarity in the + (—) region.

Here, the hygroscopicity of nine amino -acid ILs including six
phosphonium ILs and three imidazolium ILs (Table 1) were
investigated by exposing them to the air directly. The reason for
selecting phosphonium amino acid ILs is that phosphonium ILs
have good chemical and thermal stability and lower toxicity
than ammonium salts. The tetrabutylphosphonium amino acid
ionic liquids, [Pusss] [Gly], [Passsl[Ala], [Pyusq](Ser], and
[Pya][Lys]" (no. 1, 2, 3, 5, respectlvely, in Table 1) and
dual amino acid ILs, i.e,, [aEMMIM][Tau]'® (no. 8 in Table 1)
were synthesized according to the literature. In this study, we
first discussed the hygroscopicity of nine amino acid ILs and
regressed with a modified two-step water sorption model. Then
a new arrow-shooting ball mechanism was proposed to well
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interpret the water—ILs interaction. Finally, the hygroscopicity
of amino acid ILs and their solvatochromic parameters were
correlated.

B EXPERIMENTAL SECTION

Materials. All nine amino acid ILs (Table 1) were synthesized by
ourselves. The six phosphonium-based amino acid ILs ([P444,][Gly],
[P4444] [Ala], [P4444][S€1']; [P4444} [Glu], {P4444] [LYS]; and [P4444]'
[Pro]) were synthesized according to the literature.'" Simply,
tetrabutylphosphonium hydroxyl was first produced by transforming
tetrabutylphosphonium bromide from the hydroxyl anion exchange
resin, and then tetrabutylphosphonium-based amino acid ILs were
obtained by mixing tetrabutylphosphonium hydroxyl directly with the
corresponding amino acid. The imidazolium-based amino acid ILs
([aEMMIM][Gly], [aEMMIM][Tau], and [MMaEMMIM][Tau])
were synthesized as our previous reportings.” The process is almost
the same as above except that the original materials, 1-aminoethyl-2, 3-
dimethylimidazolium bromide and 1-(N,N-dimethyl)aminoethyl-2, 3-
dimethylimidazolium bromide, are synthesized rather than bought.
The details involved in the synthesis processes and reactants may be
found in refs 10 and 11.

No impurity was detectable in the as-synthesized amino acid ILs by
'H and '*C NMR. Before use, the ILs samples were dried in a vacuum
at 40 °C for 48 h. The water content was less than 290 ppm (by Karl
Fisher, Karl Fisher ZD]J-400S, Multifunctional titrator, Beijing Xianqu
Weifeng Company, Beijing, China). The halogen ion content was
undetectable (AgNO; precipitation). The metal ion was less than 9
ppm (inductively coupled plasma optical emission spectrometry
ICPOES with a Varian Vista MPX). The possible degradants of the
amino acid ILs during the drying process was also excluded (NMR,
Bruker AM 400 MHz spectrometer).

Measurement of Water sorption. The hygroscopicity of nine
amino acid ILs was measured in a weighing room by exposing them to
the moisture in the air directly within 24 h simultaneously. First, nine
glass bottles (S mL) were placed on nine analytic balances (+0.1 mg,
Adventure AR224CN, Ohaus). After the zero setting, nine amino acid
ILs (cal. 0.4 g) were placed in the nine glass bottles as distributed as
possible on the bottom with a temperature (T) and relative humidity
(RH) sensor (Testo 608-H2, Germany, + 02 °C T, + 2% RH)
nearby. Then, the values of mass, temperature, and relative humidity
could be obtained (Table 2). It is same as with our previous report.”®
The mass gain could thus be all attributed to water absorbed from the
moisture in the air because the gas solubility in the ILs could be
neglected due to the low partial pressure of these gases (e.g, CO,) or
the low solubility of these gases (N, and O,)."”?°*® The nearly
identical NMR spectra of amino acid ILs before and after the water
sorption also suggested the negligible gases absorbed from the air. The
temperature and relative humidity within 24 h is 16.1 °C (§ = 0.29 °C)
and 23.7% (& = 1.01%) on average, respectively, where & indicates the
standard deviation (Figure 1). The fluctuation is so minimal that it can
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Figure 1. Experimental conditions of water sorption by amino acid
ILs.

be neglected. The amount of water absorbed (Wyy,() is expressed as a
mass ratio of water to amino acid ILs (g/g H,0/ILs) rather than mole
ratio, so it could be compared with other reports directly due to the
widespread use of mass ratio in the water sorption pr()cess.17’18’2°’23’25

Measurement of Solvatochromic Parameters. The solvato-
chromic molecules (Scheme 1), Reichardt’s Dye 33 (2,6-dichloro-4-

Scheme 1. Three Kinds of Solvatochromic Probe Molecules:
2,6-Dichloro-4-(2,4,6-triphenyl-pyridinium-l-yl)phenolate,
i.e., Reichardt’s Dye 33 (1), 4-Nitroaniline (2), and N,N-
Diethyl-4-nitroaniline (3)¢

N
®
O
Cl Cl
0o NO, NO,

(1) 2) (3)

“Probes 1, 2, and 3 measure V. Vymaw and Uy, with UV
spectroscopy, respectively.

(2,4,6-triphenyl-pyridinium-l-yl)phenolate, probe 1), 4-nitroaniline
(probe 2), and N,N-diethyl-4-nitroaniline (probe 3) were purchased
from J&K Chemical Limited. The stock solution was prepared in
menthol first, and then 3 or 4 drops of this stock solution were added
to the glass bottle (S mL) containing amino acid ILs. The glass bottle
was placed in a vacuum for removing the solvent at 40 °C. Then, 3 wt
% water was added to the glass bottle with the bottle sealed
subsequently. After that, the sample in the glass bottle was mixed by

ultrasound for about 30 min. Some ILs samples were taken into a
quartz cuvette (1 cm X 0.1 cm X 4.5 cm), and the UV—vis spectrum
(Carry 5.0, Varian) was immediately measured. Some of the amino
acid ILs (e.g, [aEMMIM][Tau]) were so viscous that the UV
absorption 4., of pure ILs could not be well detected, so 3 wt % water
was added into the amino acid ILs for the determination of UV
absorption A,,. The data of solvatochromic parameters, i.e., polarity
(Er(33), Ef(30), E{N), hydrogen-bonding donor ability (a), hydro-
gen-bonding acceptor ability (f), and dipolarity polarizability (7*),
could be thus derived (Table 3) from the A,,,1, Amax, and A3 based
onegs 1,2 3,456 6,7 and 7/ 48:49,60

Upax = 10000/2,,. (1)
Er(33) = 2.859) na 2)
Ep(30) = 0.99382E,(33) — 13.74797 (3)
E.N = [E;(30) — 30.7]/324 (4)
a = 0.0649E,(30) — 0.727™ — 2.03 ()
Uy max = 103505 0 — 2,86 + 2.64 (6)
B = (103505 0 = Uy oy + 2.64)/2.8 (6"
Vs max = 27.52 — 3.1827" (7)
7= (27.52 = 1y,,,)/3.182 (7

Bl RESULTS AND DISCUSSION

Hygroscopicity. The hygroscopicity of amino acid ILs is
investigated by exposing them to air simultaneously in a
weighing room. It is same as our previous report.”> The average
temperature is 16.1 °C, and the average relative humidity (RH)
is 23.7% within 24 h, with a standard deviation of 6 = 0.29 °C
and Spy = 1.01%, respectively (Figure 1). The minor
fluctuations of temperature and relative humidity are assumed
to have a negligible effect on the data analysis.

Results show that amino acid ILs, like other ILs,'”*%?*%
absorb water from the air (Figure 2). [Pyy4,][Lys] is the most
hygroscopic among the nine amino acid ILs investigated, while
[Py444][Glu] is the least (Figure 2a). This indicates that the
hygroscopicity of phosphonium-based aminoacid ILs could be
widely tuned by varying the anion, and it verifies that anions
play an important role in hygroscopicity. The hygroscopicity of
the three imidazolium-based amino acid ILs is among the gap
of phosphonium-based amino acid ILs (Figure 2a).

[P44ss) [Gly], [Pysss] [Ala], and [P,44][Ser] differ only in the
anion, with the characteristic atom of H, CH;, and CH;0H,

Table 3. Solvatochromic Parameters of Amino Acid ILs

polarity
E(33) E(30) hydrogen-bonding donating HBD  hydrogen-bonding accepting HBA dipolarity
no. ILs (kcal/mol) (kcal/mol) EN ability (a) ability () polarizability (7*)
1 [P,us] [Gly] 73.92 59.71 0.90 119 1.03 091
2 [Pyue] [Ala] 70.42 56.24 0.79 0.99 0.84 0.87
3 [Pya4s][Ser] 70.54 56.36 0.79 0.89 0.94 1.02
4 [Py4ss][Glu] 70.53 56.34 0.79 0.96 0.81 092
5 [P gyus] [Lys] 7344 59.24 0.88 121 0.64 0.85
6 [P4444][Pro] 70.96 56.78 0.80 0.98 0.99 0.94
7 [aEMMIM][Gly] 70.75 56.57 0.80 1.01 0.86 0.87
8 [aEMMIM] [Tau] 68.04 53.87 0.72 091 0.88 0.77
9 [MMaEMMIM][Tau] 71.18 56.99 0.81 1.13 0.53 0.75
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Figure 2. Experimental results of water sorption by amino acid ILs. Overview of nine amino acid ILs (a). Effect of methyl and hydroxyl with the the
amino anion (b). Effect of cation with the anion Gly (c). Effect of cations with the anion Tau (d). Fitted curves were conducted by the modified two-

. 17,202
step sorption model 3

using the colored solid line to guide the eye.

respectively (Table 1), so they can be used to investigate the
effect of substitution of the anion on the hygroscopicity of
amino acid ILs. Figure 2b shows that [P,,][Ala] with CH; is
more hygroscopic than [P,4,][Gly]. This might be due to the
reduction of ILs—ILs interaction in the absence of H for
[P44][Ala]. Note that in the case of the phosphonium-based
amino acid ILs, ILs—ILs interaction mainly includes the anion—
anion interaction because it is difficult for the cation P4, to
form hydrogen bonding with the anion. The H in [P4,,][Gly]
enhances the hydrogen-bonding interaction of ILs—ILs and
hence prevents the hydrogen-bonding interaction of ILs—water.
This is consistent with Brennecke’s conclusion that a higher
IL—ILs interaction for [OHemim][TFA] rather than [emim]-
[TFA] (demonstrated by the CHELPG partial charges) results
in less of a [OHemim ][ TFA]—water interaction (demonstrated
by a more positive value of excess enthalpy H).%" Similarly,
adding an OH in the anion for [Py,][Ser] also hinders the
hygroscopicity when compared to [Py,][Ala] with a CH; in
the anion (Figure 2b). This again corroborates the assumption
that strong ILs—ILs interaction prevents the ILs—water
interaction. Another statement was also proposed by Tran>!
that higher amounts of water absorbed by ILs indicated a
stronger water—anion (of ILs) interaction. Welton' concluded
that ILs mainly interacted with the anion rather than the cation
of ILs. This might also hold true for the interaction between
amino acid ILs and water, ie., water mainly interacts with the
anion of amino acid ILs, and the water—/anion interaction is
ordered as Ala (with CH;) > Ser (with CH;OH) > Gly (with

The effect of cation type was also studied by selecting
[Pysus][Gly] and [aEMMIM][Gly]. Figure 2c shows that
[P4sss)[Gly] is more hygroscopic than [aEMMIM][Gly].
Within 24 h at T = 16.1 °C and RH = 23.7%, [P4][Gly]
absorbs 7.62 wt % (mass ratio) water from the moisture in the
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air, about five times greater than that of [aEMMIM][Gly] (1.66
wt %) (Table 2). This may be ascribed to the greater cation—
anion interaction for [aEMMIM][Gly] due to C4H, CSH, and
NH2 in the imidazolium cation. Greater cation—anion
interaction takes up the position (i.e, C4H, CSH, and NH2
in the cation and anion, and COO in the anion), which is
needed for the water attack. Therefore, [aEMMIM][Gly]
presents less hygroscopicity than [P,,][Gly]. A cation—anion
hydrogen-bonding interaction (e.g, [aEMMIM][Gly]) may
induce a stronger anti-hygroscopicity effect than an anion—
anion hydrogen-bonding interaction (e.g, [Pu4][Gly] and
[Py444][Ser] above).

[MMaEMMIM][Tau] and [aEMMIM][Tau] both have an
imidazolium type of cation but with a different substitute. N,N-
Dimethylation IL [MMaEMMIM][Tau] first absorbs less water
within 24 h, and after 24 h, it absorbs more water than the non-
methylation counterpart [aEMMIM][Tau] (Figure 2d). The
plausible explanation is that in the first 24 h viscosity dominates
the hygroscopicity. The viscosity of [MMaEMMIM][Tau] with
N,N-dimethylation is higher than that of [aEMMIM][Tau], so
less water is absorbed. However, after 24 h, the cation—anion
interaction dominates the hygroscopicity. The greater inter-
action between the cation—anion for [aEMMIM][Tau] with
NH, leads to less interaction between the cation—water and
anion—water, producing less hygroscopicity.

[aEMMIM][Gly] and [aEMMIM][Tau] have the same
cation but a different anion, so [aEMMIM][Tau] is more
hygroscopicity (Figure 2d). The reason might be that Gly with
the COO group is more hydrophilic than Tau with the SO,
group, thus Gly could interact with the cation more strongly by
hydrogen-bonding with C4H and CSH rather than SO;. Similar
to our above analysis, the greater interaction between the
cation—anion (i.e., [aEMMIM][Gly]) disfavors the interaction

dx.doi.org/10.1021/5¢4003246 | ACS Sustainable Chem. Eng. 2014, 2, 138—148
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Scheme 2. Proposed arrow-shooting ball interaction mechanism between amino acid ILs (ball) and water (arrow). When the
arrow shoots a higher ILs—ILs interaction (i.e., hard golden ball), there is lower hygroscopicity (a). When the arrow shoots a
lower ILs—ILs interaction (i.e., fragile melon ball), there is a higher hygroscopicity (b).

between the cation—water and anion—water, producing less
hygroscopicity.

Arrow-Shooting Ball Mechanism. The above discussion
suggests that a greater ILs—ILs interaction results in less ILs—
water interaction, producing less hygroscopicity. An arrow-
shooting ball mechanism is proposed to understand this
interaction process vividly (Scheme 2). Briefly, the arrow and
ball represent water and IL, separately. The interaction between
the ILs—water resembles a water arrow shooting an amino acid
ILs ball. If the ILs ball is hard enough (ie., golden ball), the
interaction between IL—IL is strong, and the water arrow is
difficult to shoot through (Scheme 2a). In this case, the
interaction between the ILs and water would not be strong,
hence producing less hygroscopicity. On the contrary, the
fragile ILs ball (i.e., melon ball) could be easily attacked by the
water arrow, thus producing a greater interaction between the
ILs and water (i.e., high hygroscopicity) (Scheme 2b).

The hard golden ball with greater ILs—ILs interactions
includes two cases: greater anion—anion interaction (e.g.,
[P,444][Ser]) and greater cation—anion interaction (e.g.,
[aEMMIM][Gly]). The first case mainly refers to the cation
without the ability to form hydrogen-bonding with an anion,
such as phosphonium. Instead, the imidazolium cation, as in the
second case, could form strong hydrogen-bonding with an
anion by C4H, C5H, or C2H (if possible).”* " 2 Both cases
(in hard ball) lead to an unfavorable interaction between ILs
and water, producing less hygroscopicity of the corresponding
amino acid ILs, when compared to that of the fragile melon
ball.

This indicated that functionalization of ILs did not
necessarily lead to a higher hygroscopicity than that of the
nonfunctionalized counterpart. It might be very helpful to
design hydrophobic ILs with functionality in some specific
position. Brennecke also concluded that hydroxyl function-
alized on the imidazolium cation (1-(2-hydroxylethyl)-3-
methylimidazolium trifluoroacetate) is more hydrophobic
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than the non- hydroxyl counterpart (1-ethyl-3-methylimidazo-
lium trlﬂuoroacetate) Whereas our previous investigation
showed that allyl-functionalization would enhance the hygro-
scopicity of ILs.*

Sorption Rectangle. On the basis of our previous
proposed modified two-step sorption model W = W (1 —

—k),172023 sorption capacity (C) is indicated by the steady-
state water sorption capacity, W, Similarly, by the model, the
average rate (AR) and degree of diffculty to reach equilibrium
(D) could be defined with the parameter R,,, and 1/k,
respectively. Previous reports mainly focus on these three
parameters, ie., capacity, average rate, and sorption difficulty.

However, the initial rate (IR) of water sorption is also very
important as far as the hygroscopicity of aminoacid ILs. For
example, reports showed that the presence of 1 wt % (mass
fraction) water could change the reaction mechanism between
amino acid ILs and CO,, and hence enhance the capacity from
1:2 mol CO,/IL to 1:1 mol CO,/IL."" In our results, we found
that within 30 min the most hygroscopic aminoacid IL
[P4sus][Lys] can absorb 3.87 g water for 100 g IL, ie. 3.73
wt % (mass fraction) (Figure 1). [aEMMIM][Tau] could also
absorb 1.11 wt % (mass fraction) water from the moisture in
the air within 30 min (Figure 1). Previous reports also suggests
that the water sorption within the first 30 min is mgmﬁcant
particularly for hygroscopic ILs (e.g., [BMIM][A« 20,23
min is a moderate time period.

The hint is that the initial rate (IR) of water sorption is also
important. The parameter kW, could be used as the indicator
of the initial sorption rate criterion. Therefore, it could be well
concluded by the water sorption rectangle (Scheme 3). Four
vertexes of rectangles imply the water sorption capacity, initial
rate, average rate, and sorption difficulty, respectively. This
sorption rectangle (Scheme 3) connects the four criteria for
assessing the hygroscopicity of ILs comprehensively and might
also be useful for assessing the CO, capture or cellulose
dissolution by ILs.
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Scheme 3. Water sorption rectangle for amino acid ILs:
capacity (C), average rate (AR), initial rate (IR), and degree
of difficulty to reach equilibrium (D)

D

Hydrophilicity. Hydrophilicity of aminoacid ILs (HPI) is
evaluated by 100 W, which is derived from the modified two-
step sorption model W = W (1 — e™)."72%** Namely, 100
W, means the steady-state water sorption capacity by amino
acid ILs, indicating the overall affinity of amino acid ILs with
water.'”?*** According to the criteria suggested in our previous
work,'7?%*? the hydrophilicity of the ILs is divided into four
levels: superhigh hydrophilicity (level 1, 15 < HPI), high
hydrophilicity (level 2, 7.5 < HPI < 15), medium hydrophilicity
(level 3, 2.5 < HPI < 7.5), and low hydrophilicity level (level 4,
HPI < 2.5).

Six of the nine amino acid ILs investigated have the high
hydrophilicity level (level 2) by this criterion. Two of them are
low hydrophilic (level 4), and one is superhighly hydrophilic
(level 1) (Figure 3). It could be concluded that most of the
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Figure 3. Four levels of hydrophilicity of amino acid ILs (HPI). The
value of HPI is indicated by the absolute value of 100 W,.

aminoacid ILs (two-thirds of the total number on average) are
high hydrophilic (Figure 3). Therefore, amino acid ILs should
be prohibited from contacting with water or moisture in the air
in the practice. Also, removing water from amino acids should
be conducted in a longer period if water has a non-negligible
effect on the experimental results. Particularly, [P,44,][Lys] and
[P4444][Pro] should be paid close attention because they are
very hydrophilic (Figure 3).

Correlations between Hygroscopicity and Solvato-
chromic Parameters. The hygroscopicity parameters of the
amino acid ILs were also correlated with the solvatochromic
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parameters. In general, the hygroscopicity parameters and
solvatochromic parameters are not well directly related. For
example, the correlation coefficient for W, and E{" is only
0.4159 (Figure 4). However, the hygroscopicity parameters

15| P=0.4159 .
L} L]
u
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2 | . -
8
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n
ok n
0.70 0.75 0.80 0.85 0.90
N
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Figure 4. Relationship between W, and E{Y, with a correlation
coefficient p = 0.4159.

have a good indirect relationship with the solvatochromic
parameters, i.e., closely related to the polarity depending on the
region of hydrogen-bonding basicity (Figures S, 6, 7 and 8).
This indirect relationship is expressed with the symbol “+” or
“—”, which is discussed below.
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Figure S. Relationship between steady-state water sorption capacity C
(W) and EN, @, B, and 7* of amino acid ILs.

Water Sorption Capacity. Water sorption capacity has
always been paid close attention because it represents the
overall affinity of ILs with water. The saturated water sorption
capacity Wy, derived from the modified two-step model,'”****
is correlated with the four solvatochromic parameters (i.e.,
polarity, E;"; hydrogen-bonding donating ability, @; hydrogen-
bonding accepting ability, f; and dipolarity polarizability, 7*)
(Table 3 and Figure S). Among the parameters E;~, E(33),
and E(30), only E;N is chosen to analyze the data because (i)
these parameters have the same tendency as stated by eqs 2, 3,
and 4 and (ii) E;" is the normalized one with widespread usage
in practice.
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Figure 6. Relationship between water sorption average rate AR (R,;,)
and E{N, a, B, and 7* of amino acid ILs.
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Figure 7. Relationship between water sorption initial rate IR (kW)
and E{N, a, B, and 7* of amino acid ILs.

Results show that W does not have a direct linear
relationship with the four solvatochromic parameters individ-
ually (ie, E{N, @, B, and n*) (Figure 5). However, an
interesting finding is that W, has a relationship with E;,
depending on the value of f. Namely, W, is positively related
to ErN (8 < 0.8 or 0.9 < # < 1) and negatively related to E;"
(0.8 < <09 or 1< p) (Figure S). Four regions exist for this
case: region 1 (ff < 0.8), region 2 (0.8 < f < 0.9), region 3 (0.9
< f < 1), and region 4 (1 < f5). The relationship could be
summarized as “+—+—". It indicates that E; (polarity) and f
(hydrogen-bonding basicity) have important roles in determin-
ing the value of W

Note that the complicated relationship (four regions)
between W, and E{", , f§, and 7* might also be due to the
discrepancy of the modified two-step water sorption model by
which the value of W, was obtained.'”**** The fitting curve
for [P4444)[Lys] within 24 h also displays the non-perfectness of
the modified two-step sorption model. Also, the solvatochromic
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parameters for all the amino acid ILs were measured by mixing
3 wt % (mass fraction) water because of the high viscosity of
some amino acid ILs investigated (i.e., [MMaEMMIM][Tau]).
However, the same relationship is witnessed for average rate
(AR), initial rate (IR), and degree of difficulty to reach
equilibrium (D), which corroborates our conjecture that
hygroscopicity is related to E;™ within a specific range of f.

Average Rate of Water Sorption. Dividing the water
sorption capacity within 24 h (W,,;) by 24 (h) would obtain an
average water sorption rate (Ryap), i€, Ry = Woy/24. The
relationship between Ryy, and Er", a, f, and 7* is investigated
and shown in Figure 6. The results indicate that R,,, does not
have direct linear relationship with the four solvatochromic
parameters individually but has a relationship with E,
depending on the value of 3. It is the same as the relationship
for W,. But the difference between them is still distinct for the
specific relationship. R, is positively related to E+™ (8 < 0.8 or
1 < f8) and negatively related to E;" (0.8 < 8 < 1) (Figure 6).
In this case, only three regions appear: region 1 (f < 0.8),
region 2 (0.8 < f# < 1), and region 3 (1 < ). The relationship
could be summarized as “+—+”.

Initial Rate of Water Sorption. Initial rate (IR) of water
sorption by ILs is often neglected in previous studies; people
mainly focus on the saturated water sorption capacity. Actually,
the initial water sorption rate is more practical because it can be
used to assess the robust water sorption in a limited time
period. Thus, we propose the parameter, kW, to indicate the
initial water sorption rate by amino acid ILs, as suggested in the
sorption rectangle above (Scheme 3).

The initial rate (IR) of water sorption is indicated by kW,
also derived from the modified two-step sorption model.'” For
the nine amino acid ILs, [P44,,][Lys] has the highest initial rate,
while [P,,,][Glu] and [aEMMIM][Gly] have the least (Table
3). [Passsl[Lys] and [P,y,][Glu] also have the greatest and
least water sorption capacity, respectively. Faster water sorption
leads to greater water sorption capacity, although they are not
necessary linearly correlated.

The relationships between the initial rate (kW) and E1", @,
B, and 7* are shown in Figure 7. It is similar to that of water
average sorption rate within 24 h, Ryy. Namely, kW is
positively related to E;N (# < 0.8 or 1 < ) and negatively
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related to E;" (0.8 < < 1) (Figure 7). Three regions (ie.,
region 1, § < 0.8; region 2, 0.8 < § < 1; and region 3, 1 < f§)
could also be summarized as “+—+". Designing the amino ILs
with a higher initial rate or average rate could be done as
follows. Step 1: estimating the value of hydrogen-bonding
accepting ability B. Step 2: determining to which region the f
belongs. Step 3: increasing (decreasing) the polarity in “+”
(“=”) region would enhance the initial rate or average rate of
water sorption by amino acid ILs. Other kinds of hygroscopicity
parameters could also be predicted this way.

Water Sorption Difficulty. Water sorption difficulty (D)
denotes the degree of difficulty for amino acid ILs to reach
equilibrium, ie., steady state. On the basis of the previous
study,'"” we used the parameter 1/k to represent the water
sorption difficulty. A higher value of 1/k means more time is
needed to reach water sorption equilibrium.'”?%?

The relationships between water sorption difficulty and the
four solvatochromic parameters (ie., Er~, @, f, and 7*) are
given in Figure 8. Contrary to that of R,y and kW, they
present a “—+—" sequence with f = 0.85 and f# = 1 as the
boundary. Note that the range of three regions is slightly
different than that of R,y, and kW, ie., region 1 ( < 0.85),
region 2 (0.85 < § < 1), and region 3 (1 < f3) for 1/k. In regions
1 and 3, a higher value of polarity means that it is easier to
reach water sorption equilibrium. However, in region 2, a
higher value of polarity of amino acid ILs makes the equilibrium
more difficult to reach.

B CONCLUSION

Nine amino acid ILs are found to be highly hygroscopic when
exposed to the air for 24 h. Among them, [P,,][Lys] is the
most hygroscopic, while [P,4,][Glu] is the least. The
imidazolium-based amino acid ILs are among the hygro-
scopicity range of phosphonium salts. On the basis of the water
sorption experiments, an arrow-shooting ball model was
proposed to simulate the interaction mechanism between
water and amino acid ILs. Greater ILs—ILs interaction (anion—
anion or cation—anion) would lead to less ILs—water (anion—
water or cation—water) interaction, hence producing less
hygroscopicity. Namely, the golden ball (ILs) with high ILs—
ILs interaction is difficult to be penetrated by the arrow (water
molecule), hence producing lower hygroscopicity. This golden
ball includes two types, ie., cation—anion golden ball and
anion—anion golden ball, where the first type leads to a more
hydrophobic effect than the second type. However, a melon ILs
ball with weak ILs—ILs interaction could be easily shot through
by the water arrow, hence producing high hygroscopicity.
More importantly, the predication of hygroscopicity of nine
amino acid ILs were conducted with four solvatochromic
parameters, ie, polarity, E"; hydrogen-bonding donating
ability, &; hydrogen-bonding accepting ability, f; and dipolarity
polarizability, 7*. Results show that hygroscopicity is not
directly related to the four solvatochromic parameters
individually; however, it is related to E;", depending on the
value of p. Specifically, for saturated water sorption capacity,
W, it shows a “+—+—" symbol. For the degree of difficulty to
reach equilibrium, it shows a “—+—" symbol. While for the
initial rate, kW, and average rate, Ry, it shows a “+—+"
symbol. The symbols “+” and “—” mean that hygroscopicity is
positively or negatively related to polarity E;N in a specific
region of the hydrogen-bonding accepting ability 3. Therefore,
the hygroscopicity parameters of amino acid ILs could be

predicted and designed by estimating /3 first, then classifying the
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region of f, and finally, determining the hygroscopicity by the
E" according to the corresponding relationship between them.

It should be noted that we only investigated nine amino acid
ILs, so the numbers of samples might be limited. Also, the
relationship between the hygroscopicity and solvatochromic
parameters is a qualitative analysis rather than a quantitative
analysis. More work needs to be done to make the
hygroscopicity of amino acid ILs clearer.
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