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Thermoresponsive ionic liquids (TR-ILs) are room temperature liquid salt electrolytes with dynamic
physical properties which have been hailed as potential solutions to inefficiencies in energy storage
and material separations. That potential is hindered by the sensitivity of TR-IL phase separation to chem-
ical structure. An accurate assessment of the effect of ion structure on molecular bonding is required for
rational design as bonding changes translate to bulk material behavior. We systematically modify the
structure of TR-ILs which exhibit either lower critical solution temperature (LCST) or upper critical solu-
tion temperature (UCST) phase separation to isolate the effect of specific types of bonding on eight tetra-
butylphosphonium benzoate derived ILs through COSMO-RS sigma profile analysis and variable
temperature (VT) 1H NMR. Our results reveal that in addition to Hydrogen bonding, cation conforma-
tional flexibility, functional group availability, cation–anion coordination strength and directionality of
hydrogen bonds play key roles in governing the IL phase separation behavior.
� 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Thermo-responsive ionic liquids (TRILs) and their aqueous solu-
tions have emerged as alternative non-volatile solvents for selec-
tive extraction processes [1–3]. The separation of a TRIL
homogeneous liquid mixture into two immiscible liquids as tem-
perature increases has the potential to mitigate the energy penalty
for a broad spectrum of industrial processes including separation,
drying, and distillation [2–9]. Additionally, TRILs have the potential
to increase the energy efficiency of processes involving water
extraction such as thermal desalination and dehumidification
[10–12].

Despite recent studies aimed at developing a predictive mea-
sure for LCST phase separation behavior, a fundamental under-
standing of the underlying molecular interactions remains
elusive, and is critical for accurate structure–function relation-
ships. Pioneering work by Ohno and coworkers has implicated
the relative hydrophilicity of anions and cations in thermorespon-
sive ionic liquids (TRILs) as primary considerations in LCST behav-
ior (Fig. 1a) [13–17]. However, hydrophilicity and the relative
contributions from H-bond donors and acceptors derive from a
diverse array of structural attributes that include conformational
flexibility, charge distribution, acidity, and molecular symmetry.
Similarly, water hydration shells are typically characterized by a
higher degree of organization and a greater number of strong H-
bonds than are typically found in bulk water bonding.[18–19] As
temperature is increased, the ordered structure of the hydration
shell gives way to a more disordered framework comprised of
weaker H-bonding as entropy begins to dominate. This disruption
of water hydration shell structure leads to increased aggregation as
the phase transition temperature is approached. (Fig. 1b).[20] The
temperature-controlled strength and conformational flexibility of
water-water, IL-IL, and water-IL bonds affect the balance between
entropy and enthalpy in LCST phase separation.

To better understand the underlying chemical physics of LCST
behavior in ILs, we evaluated a designed subset of fluids to specif-
ically probe those architectural features critical to this underuti-
lized and peculiar phenomenon. We speculated that the strength
and location of cation coordination, the localization of charge den-
sity across the anion, and the directionality of inter- and
intramolecular H-bonding play a dominant role in both LCST
behavior and the magnitude of phase separation temperature
(Fig. 1c). Specifically, we examined a series of previously known
and unknown TRILs in aqueous solutions to identify key
temperature-dependent bonding changes that contribute to LCST
phase separation. In contrast to previous reports relating LCST
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Fig. 1. a) Hydrophobic LCST TRILs established by Ohno et. al., b) Urban and Kostecki determined aggregation and H-bonding changes leading to LCST phase separation, c) this
work: a systematic structure-behavior study to determine the effect of anion structure on bonding changes which drive LCST TRIL behavior.
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behavior to the strength of H-bonding, our composite findings
revealed a strong dependency on the accessibility and charge den-
sity of the anion as a dominant factor in the manifestation of LCST
phase separation.

Given the notable role of H-bonding in phase separation, we
began by examining the strength and directionality of H-bond
donor/acceptor functionality on IL anions and their contributions
to LCST phase separation.[21–23] To isolate these contributing fac-
tors, we focused on a series of conformationally constrained
benzoate-derived IL anions paired with the tetrabutylphospho-
nium cation, with systematic structural modifications to the ben-
zoate anion (Fig. 1).[16] For those ILs with ortho-substituted aryl
rings, phase separation behavior is often difficult to predict due
to a delicate balance of factors which include intra- and inter-
molecular H-bonding, steric interactions, and functional group
proximity.[24] For example, while an aqueous solution of 1
(80 wt% in water) exhibits UCST separation with a phase transition
temperature of 46 ℃, the presence of an ortho-hydroxyl group in
2

benzoate 2 (67 wt% in water) undergoes LCST phase separation
at 62 ℃.[15].

2. Results and discussion

2.1. Benzoate (1) vs. ortho-hydroxybenzoate (2)

To investigate the impact of H-bonding in 2, we examined the
COSMO-RS r-profiles of ILs 1 and 2 by calculating the surface
charge distribution of the IL and its theoretical dipole moment in
water. The r-profile is based on the solvent accessible surface,
and exhibits a peak at a negative r if an area of the molecule is
an H-bond donor, a peak at a positive r if an area is an H-bond
acceptor, and a peak between � 0.08–0.08 e/A2 if the molecule is
exhibiting non-traditional H-bonding (e.g., bonding with the p-
cloud of the aryl ring, Van Der Waals interactions, etc.).[25–27]
The relative intensity of the r-profile peaks correlates to the mag-
nitude of the bonding potential for that ion. The r-profile for 1
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depicts the carboxylate as a peak at 0.018 e/A2 indicating H-bond
accepting properties (Fig. 2a). Likewise, the carboxylate anion in
2 is represented by a relatively broad H-bond acceptor peak at
0.016 e/A2 indicating a more dynamically flexible intra-/inter-
molecular H-bonding motif. This broadening is consistent with a
temperature-dependent, intramolecular H-bond between the 1-
OH hydrogen and carboxylate groups in competition with H-
Bonding to the water solvation shell (Fig. 2a). The phenyl ring also
participates as a non-traditional H-bond acceptor through the p-
electron cloud, as represented by peaks at 0.005 e/A2 for both 1
and 2.

To gain insight into the temperature-dependent inter-/
intramolecular interactions within the molecular environment of
each IL during phase transition, we used variable temperature
(VT) 1H NMR to assess the chemical shift differences in an aqueous
solution. Though we anticipated the para-Hg would display the
greatest temperature dependent peak shift due to a change in
cation–anion coordination strength and bond length, IL 1 exhibited
a linear peak shift (Dppm) for hydrogen 1-Hg with a Slope of 4.05
x10-04 ppm/�C, while 2-Hg showed no significant slope (see sup-
porting information). Though the peak shift slopes for hydrogens
1-Hg and 2-Hg were similar in magnitude, the meta-hydrogens 1-
Fig. 2. Phase separation behavior and key bonding interactions for ILs 1 and 2: a) COSM
shift differences (Dppm) in aqueous solutions from 25 to 75 �C; c) Average anion and
solutions from 25 to 75 �C.

3

Hf revealed a threefold increase relative to 2-Hf in temperature
dependence (Fig. 2b). Without the resonance stabilization from
the hydroxyl group that 2-Hf experiences, only the r-
withdrawing inductive effect of the carboxylate affects 1-Hf, which
leads to localized electron deficiency at the meta- position. The p-
donation of the ortho- 2-OH group counteracts this meta-inductive
effect of the carboxylate by increasing electron density at the 2-Hf

and 2-Hh positions, which is also the cause of a greater electron
cloud dispersion across the anion of 2 resulting in a broader r-
profile.

Changes in the magnitude and directionality of H-bonding
between the IL and the water solvation shell correlated to changes
between IL 1 and 2 phase separation behavior. The water reso-
nances in an aqueous solution of IL 1 displayed a cluster of three
major peaks (1-H2Oa, 1-H2Ob, and 1-H2Oc), which were shifted to
a more electron rich environment by –0.38 ppm (Fig. 2c). In con-
trast, the water region of 2 exhibited two distinct resonances cor-
relating to the bulk water environment, (2-H2Oa) and IL-solvated
water (2-H2Ob). The UCST-exhibiting aqueous solution of 1 shifted
the water resonances to a more electron rich environment by an
average of 0.5 ppm relative to the LCST IL 2 water shifts due to
the additional electron density withdrawn by the 2-OH from the
O-RS r-profiles, (See Supplementary Table 1); b) Temperature dependent 1H NMR
water resonance Dppm in aqueous solutions, d) Average cation Dppm in aqueous
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water solvation shell (Fig. 2b and 2c). The shift to lower frequency
of 2-H2Ob by 0.25–0.4 ppm indicates an H-bond directionality in
the IL-rich environment wherein electron density is transferred
from the bulk water to the IL through the 2-OH group. The magni-
tude of the change in 1H NMR shift for cation resonances Ha-d for 1
and 2 exponentially decayed as the hydrogen location moved away
from the charged phosphorus for both ILs (Fig. 2d). Although the
cation resonances rarely changed with temperature, 1-Ha exhibited
a linear dependence of 9.79 x10-04 ppm/�C due to varying cation–
anion and water shell coordination strength as temperatures
increased and the alkyl chain entropy dominated. Additionally,
1H NMR peaks for both the cation resonances associated with 1-
Ha and the anion resonance 1-He exhibited a sudden increase in
Dppm averaging 0.004 ppm at 60 �C, which was mirrored by a sud-
den decrease inDppm for water peaks 1-H2Oa, 1-H2Ob, and 1-H2Oc,
also averaging –0.04 ppm as direct evidence of a sudden change in
IL-water bonding where water regains a higher bonding order
while the anion and cation lose that electron density (Table 1).
No such Dppm deviation was observed for 2, as both IL and water
shift changes were gradual.
2.2. H-bond directionality and strength: ortho-carboxybenzoate (3)

The differences in bonding between 1 and 2 reflect a more com-
plicated system than is represented by the magnitude of H-
bonding or overall hydrophobicity, with nonlinear H-bonding and
cation–anion bonding changes in UCST IL 1, and a switch in the
directionality of H-bonding for LCST IL 2. Similar to 2, the
benzoate-derived IL 3 bears a strong H-bond donor –CO2H, and dis-
plays LCST phase separation in aqueous solution at 50 wt% and
60 �C (Fig. 3).[15] While the r-profile of 3 is similar to the unsub-
stituted benzoate IL 1, the carboxylate bonding peak is more
intense, broader, and is shifted to 0.014 e/A2 indicating that charge
distribution across the anion is less accessible for H-bonding
(Fig. 3a). The r-profile shift of –0.004 e/A2 is most likely due to
the stronger, intramolecular H-bonding between the 3-
carboxylate anion and 3-CO2H.

The VT 1H NMR analysis of 3 in an aqueous 50 w/w% solution
revealed that 3-Hf experienced a slight linear temperature-
dependent shift with a 7.46x10-04 ppm/�C slope (Fig. 3b). The 3-
CO2H has two additive factors that increase the 3-Hg slope relative
to 1-Hg and 2-Hg. First, the cation of 3 exhibits conformational flex-
ibility while coordinating closely with one or both carboxy groups,
which allows water to interrupt the ion pair bonding and diminish
the inductive effect at the para- position. Second, the temperature
dependent variations in water H-bonding to the protonated car-
boxylic acid directly affect its inductive strength and electron
donation strength as temperatures change.

Overall, electron density was lost by the water shell and the
shift to lower frequency of 3-H2Ob by 0.56 ppm reflects the disrup-
tion of water-water H-bonding by the carboxylic acid functionality
(Fig. 3b). Like UCST 1, LSCT IL 3 exhibited a notable Dppm change
at 55–60 �C. Below this temperature, the cation methyl group
peaks (3-Hd) were deshielded by 0.008 ppm, which was followed
by the three distinct water resonances 3-H2Oa, 3-H2Oa’, and 3-
H2Oc exhibiting a shift to lower frequency of –0.042 ppm 60 �C
(Table 2).
Table 1
1H NMR Dppm of aqueous UCST IL 1 at 60 ℃.

Anion 1H Dppm Water 1H Dppm

He 0.0024 H₂Oa –0.0448
Ha 0.0036 H₂Ob –0.0403
Ha’ 0.0048 H₂Oc –0.0389

4

2.3. Directing cation location with pKa: ortho-sulfonylbenzoate (4)

The sulfonate-based IL 4, wherein the sulfonate anion resides
ortho- to the benzoic acid functionality, displayed UCST behavior
at 60 �C in 50 w/w% with water, and provided a direct functional
group comparison to the carboxylate- and phenol-bearing LCST
ILS 2 and 3. Incorporation of the less basic –SO3 anion results in
a stronger ionic interaction with the cation than what is typically
observed with carboxylates or phenoxide moieties.[15,28] This
anion-cation interaction, with a bulky phosphonium cation, can
reduce the extent of H-bonding with the sulfonate and provides
another dynamic bonding parameter to consider for TR separation
behavior. The r-profile for 4 displays an intense H-bond acceptor
peak at 0.016 e/A2 which is twice the magnitude of that observed
for 2 (Fig. 3a). The p-bonding peak for 4 is less intense than for 1
and 3 and has a reduced value of 0.003 e/A2, which is consistent
with the greater electron withdrawing properties of the sulfonate
group. An electron acceptor peak was also observed from –0.02
to –0.01 e/A2 on the r-profile of 4, correlating to H-bond donation
from the available CO2H.[27,29] Likewise, the electron withdraw-
ing sulfonate leads to a significant 0.38 ppm deshielding of the
4-He hydrogen relative to 3-He (Fig. 3c). Conversely, the carboxylic
acid proton in 4 was shifted to lower frequency by –0.6 to –
0.5 ppm due to significant H-bonding with the water solvation
shell, leading to disruption of water-water bonding which also
shifts the 4-H2Oa peak to a higher frequency by 0.75–1.0 ppm
(Fig. 3b). The cation of 4 exhibited the least chemical shift change,
with a Dppm of –0.14 ppm for 4-Ha in water. This small solvation
effect is due to the strength of the sulfonate-phosphonium ion pair,
leading to reduced water intrusion. These results indicate that the
phase separation for UCST IL 4 is driven not simply by cation-water
hydrophobic and entropic parameters, but rather anion-water
interactions and the balance of electron density between the with-
drawing sulfonate and donation of water to the CO2H.

2.4. Acid effect on H-bonding: ortho-sulfonatobenzoate (5)

To probe the impact of H-bond directionality on phase separa-
tion behavior, we then examined the contribution of CO2H and
SO3H H-bond donor groups. The presence of a CO2H group is
reported to affect the temperature sensitivity of the hydration shell
structural organization.[30–31] By removing the hydrogen entirely
in the di-anionic sulfonyl benzoate IL 5, the CO2H hydrogen was
removed and the conformational flexibility of the cation was con-
strained (Fig. 3). Despite the absence of intramolecular H-bonding,
IL 5 exhibited comparable UCST separation behavior to 4 at 60 �C.
Though both ILs exhibit UCST phase separation behavior, the water
peak 5-H2Oa was shielded by �1.0 ppm relative to 4-H2Oa indicat-
ing a reversal of bond directionality with the water shell (Fig. 3b,
3c). This water solvation energy drives the temperature-
dependent bonding and is the controlling factor in UCST phase sep-
aration for 5. A net increase in water H-bonding was observed via
the 5-H2Oa shift to higher frequency by –0.2 ppm while 5-H2Ob

was shifted –0.8 ppm with strong linear temperature dependence
and a slope of 1.04x10-02 ppm/�C as the dianion of 5 increasingly
donated electron density to the IL solvated water with increasing
temperatures (Fig. 3b, 3c). The cation 5-Ha is also shielded –
0.45 ppm by electron density from the water shell while 5-He

was deshielded 0.30 ppm, which implicates an overall increase of
both bonding to the water solvation shell and water-water bond-
ing as the source of electron density.

2.5. Proximity and availability: meta-substituted ILs (6–8)

The dominant bonding motifs between each of the ortho-
substituted benzoate ILs 2–5 and water varied depending on the



Fig. 3. Phase separation behavior for ILs 3–5: a) COSMO-RS r-profiles, (See Supplementary Table 1); b) Temperature dependent 1H NMR shift differences (Dppm) in aqueous
solutions from 25 to 75 �C; c) Average anion and water resonanceDppm in aqueous solutions from 25 to 75 �C, d) Average cationDppm in aqueous solutions from 25 to 75 �C.

Table 2
1H NMR Dppm of aqueous LCST IL 3 at 55–60 ℃.

Anion 1H Dppm Water 1H Dppm

Ha 0.0096 H₂Oa –0.0488
Ha’ 0.0088 H₂O a’ –0.0348
Ha" 0.0057 H₂Od –0.0437
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functional groups involved. Postulating that the directionality of H-
bonding for the more accessible meta-substituted ILs would signif-
icantly alter the nature of IL-water bonding, we next studied the
analogous meta- substituted ILs 6–8 (Fig. 4). Benzoate ILs 6–8 have
a substitution pattern which prevents the anion from participating
in intramolecular H-bonding. IL 6 exhibits LCST behavior with an
intermolecular H-bond donor peak in the r-profile between –
0.01 and –0.02 e/A2 (Fig. 4a). Notably, IL 6 is insoluble in water
at room temperature, but undergoes LCST separation at 35 �C in
an aqueous 30 w/w% solution. The VT 1H NMR spectra of 6 revealed
three distinct anion bonding environments, characterized by three
chemically distinct signals for the anion hydrogens wherein them-
5

hydroxy group experiences an increase in shielding from water H-
bonding leading to an increase in chemical shift frequency for the
6-Hh hydrogen environments (Fig. 4b, 4c). While ILs 2 and 6 exhibit
LCST separation, the promotion of stronger temperature-
dependent intermolecular H-bonding by the –OH group in 6 pre-
sumably leads to a higher melting point.

The meta-CO2H substituted sulfonate IL 7 also displays a higher
melting point than its ortho-substituted analogue (Fig. 4). Interest-
ingly, while 1,2-carboxy sulfonate IL 4 undergoes UCST phase sep-
aration at 60 �C in 50 w/w% with water, the 1,3-carboxy sulfonate
IL 7 exhibits LCST phase separation at the same temperature and
concentration. This result would indicate that the relative orienta-
tion of H-bonding donor/acceptor influences IL-water phase sepa-
ration behavior. In contrast to the strong and weak binding modes
observed in IL 4� its constitutional isomer 7 exhibits two equally
strong peaks at 0.012 e/A2 and 0.014 e/A2 in the r-profile, presum-
ably the result of the availability of both sulfonate and carboxylate
groups for H-bonding (Fig. 4a). Additionally, the non-traditional H-
bonding peak for 7 is less intense than that of 4 as bonding local-
izes on the attached functional groups. While ILs 4 and 7 each con-



Fig. 4. Phase separation behavior for ILs 6–8: a) COSMO-RS r-profiles, (See Supplementary Table 1); b) Temperature dependent 1H NMR shift differences (Dppm) in aqueous
solutions from 25 to 75 �C; c) Average anion Dppm in aqueous solutions and water resonances, d) Average cation Dppm in aqueous solutions from 25 to 75 �C.

Table 3
1H NMR Dppm of aqueous LCST IL 8 at 50 ℃.

Anion 1H Dppm

He 0.0341
Hf 0.0284
Ha –0.0350
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tain a carboxylic acid group, 7-He is deshielded by 0.56 ppm due to
the 1,4-relationship of the sulfonate, and the remaining anion
peaks are shifted to a lower frequency by �0.30 ppm due to the
increased accessibility of 7-CO2H for H-bonding to the water shell
(Fig. 4c). Surprisingly, no H-bond donation peak between –0.01 and
–0.02 e/A2 was observed for 7 (Fig. 4a). Additionally, we observed
notable increase in the electron density in the 1H NMR for aqueous
7 above 55 �C relative to neat IL, with the greatest effect observed
for the cation alkyl chains (Fig. 4c, 4d). This electronic change for
both cation and anion differ from the impact of water solvation
observed for IL 5, in that 7-H2Oa and 7-H2Ob peaks both lose elec-
tron density when drawn into IL-water bonding (Fig. 4c). The bulk
water in an aqueous solution 7-H2Oa experiences less H-bonding
density than pure water, with a shift to higher frequency via 1H
NMR of 0.25 ppm, which is less than the 0.95 ppm higher fre-
quency shift for 4-H2Oa for which H-bonding is more disrupted.

In contrast, the LCST dianionic meta-sulfobenzoate IL 8, which
lacks an H-bond donor group, exhibited comparable phase transi-
tion behavior to 7 in 30 w/w% water at 65 �C but is a liquid at room
temperature and more soluble in water than 7 (Fig. 4). The r-
profile for 8 closely resembles the ortho-dianion 5 with a strong
H-bond acceptor peak at 0.017 e/A2 and a p-donor peak at 0.007
6

e/A2 (Fig. 4a). In comparison to 7, the effect of 8 on water via 1H
NMR is minor, with a five-fold decrease in Dppm (Fig. 4c, 4d).
Though the magnitude of bonding change for water between 8
solution and water self bonding was small, both the anion 8-He

and cation 8-Ha peaks displayed a change in Dppm like 1 and 3,
with 8-He and 8-Hf deshielded an average of 0.032 ppm and 8-Ha

shielded by �0.035 ppm. In contrast to ILs 1 and 3, the water peaks
in an aqueous solution of 8 did not exhibit any sudden change in
Dppm (Table 3). Only 4 had a smaller Ha Dppm magnitude than
8, with 8-Ha only shifting –0.2 ppm with water solvation. Since
we attributed this low Dppm in 4 to a strong anion-cation interac-
tion, we speculated that the similar Dppm in 8 was due to either
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the electron rich anion mimicking water bonding or a strong anion
pairing to the phosphonium cations.
2.6. Ion pair strength via 1H DOSY NMR

We were able to observe the cation–anion bond strength spec-
troscopically via the temperature-dependent magnitude of Ha and
diffusion coefficients (D) determined through VT 1H Diffusion
Ordered Spectroscopy (DOSY) NMR. Diffusion constants correlate
to mass transport throughout the IL while providing a handle for
comparison of ion pair strength and relative anion and cation inter-
actions with water. Differences in D also indicate the relative con-
tribution of each ion to the mass transport of the system.[32–34]
Dications such as 5 and 8 have been shown to significantly effect
diffusion and the energy required for water solvation.[35] Compar-
ison of the VT 1H DOSY NMR shift differences show a loosening of
the ion pair as temperatures increase for 2 and 5, and a lower mag-
nitude of D difference for 1 and 4, whereas 8 exhibited almost no
difference in D between cation and anion (Fig. 5). The cause of
the weakened ion pair displayed by 2 is the temperature-
dependent intramolecular H-bonding which dominates at lower
temperatures. As temperatures increase, water solvates the phos-
phonium cation of 5, leading to the large 5-Ha Dppm (Fig. 3e).
The cation coordination for 1 and 4 is more localized, and thus a
less dynamic bonding change is observed. IL 8 showed the least dif-
ference between cation and anion diffusion constant, indicating
this IL is solvated as an intact trio of ions with weaker bonds to
other IL ion groups in solution.

Positively charged species with coupled hydrophobic and
hydrophilic behavior have been shown to perturb a hydrophobic-
water interface differently than negatively charged ambiphilic spe-
cies, with anionic surfactants stabilizing the interfacial water
through organization of the water dipoles as they align with the
negatively charged head.[36–37] In contrast, positively charged
hydrophobic/hydrophilic species do not induce water organization,
rather the interfacial hydrophobic phase conformational flexibility
is altered and water directionality is decreased.[36–37] The direc-
tionality of H-bonding reverses for the carboxylic acid groups of 4
and 7 versus the carboxylate functional groups of 5 and 8 where
the sulfonate preferentially coordinates the tetrabutylphospho-
nium cation, leaving the carboxylic acid groups accessible for H-
bonding. These interactions indicate the steric availability of the
sulfonate functional group as well as the strength of H-bonding
and the symmetry of the aryl orbitals derived from the substitution
pattern all contribute to the complexity of IL-water bonding, and
the differing phase separation behavior of ILs 1–8.
Fig. 5. Changes in the diffusion constant (D) from 25 to 75 �C via 1H DOSY NMR for
ILs 1, 2, 4, 5, and 8.

7

3. Conclusion

In conclusion, the effects of H-bond strength and directionality,
cation–anion coordination strength and localization, and func-
tional group accessibility on phase separations for IL-water sys-
tems were investigated using predictive models and VT NMR
spectroscopy. A detailed comparison of the functional group H-
bond strength trends revealed that intramolecular H-bond dona-
tion strength is not solely responsible for the control of LCST phase
separation. We determined the contribution of H-bond donor
groups to LCST phase separation by comparing di-anionic sul-
fobenzoates and found that although the phase separation behav-
ior is not affected by H-bond directionality, it had a strong effect on
IL-water solvation. Preferential coordination controlled by func-
tional group pKa can disrupt and direct H-bonding, directly affect-
ing the bonding equilibrium that manifests as LCST separation.
These features derive from the IL anion substitution pattern and
provide a more complex understanding of the structural contribu-
tions to the parameters which direct LCST phase separation in
aqueous solutions.
4. Experimental methods

4.1. Experimental procedure for VT NMR Collection:

For neat IL samples, IL was weighed into a WGS-5BL Wilmad-
LabGlass coaxial insert, agitated and heated as needed with a heat
gun until fully settled and bubbles were not observed.[38] Then
trimethoxybenzene and deuterated toluene were charged in a
5 mm 700 NMR precision sample tube. The coaxial insert was
inserted in the precision sample tube, and the tubes were capped
and wrapped with Teflon tape. The sample was inserted into a
500 MHz Bruker NMR at room temperature, then equilibrated to
25 �C. The temperature was raised in 5 �C increments and equili-
brated for at least 10 min before 1H and 31P NMR spectra were col-
lected; Additionally, 1H DOSY NMR data was collected in 10 �C
increments.[32–33,39] Data processing was performed with a
combination of Bruker Topspin, Bruker Dynamics Center, and
Excel. The error in D Io measurement as estimated by Topspin
was < 1%. We did not repeat all measurements, however replicat-
ing one DOSY measurement led to a deviation of < 5% in D for IL
1. Aqueous solutions of IL were weighed into a secondary vial with
a screw top cap and stirred at least 6 h at room temperature. The
aqueous samples were then transferred to a WGS-5BL Wilmad-
LabGlass Coaxial Insert, and the sample was otherwise prepared
as described above. When separate layers were observed at room
temperature, the tube was aligned such that the spectrometer
focus was 2 mm below the interface before beginning data
collection.
4.2. General experimental

Solvents and reagents were reagent grade and used without
purification unless otherwise noted. Tetrahydrofuran (THF), ace-
tonitrile (MeCN), dichloromethane (DCM), toluene (PhMe), diethyl
ether (Et2O), and dimethyl formamide (DMF) were passed through
a column of molecular sieves and stored under argon. Molecular
sieves were activated by heating under vacuum 30 min, left to
come to room temperature under vacuum overnight, and stored
in an oven at least three days before use. Unless otherwise speci-
fied, reagents were obtained from commercial sources and used
without further purification. All reactions were carried out in oven
dried glassware under nitrogen unless otherwise specified. 1H
nuclear magnetic resonance (NMR) spectra were obtained at 500
or 400 MHz. 13C NMR were obtained at 126 or101 MHz. 31P NMR
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were obtained at 162 or 202 MHz as indicated. Chemical shifts are
reported in parts per million (ppm, d), and referenced from internal
TMS standard or from solvent residual signals. Coupling constants
are reported in Hertz (Hz). Spectral splitting patterns are desig-
nated as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet;
comp, complex; app, apparent; and br, broad. Infrared (IR) spectra
were obtained using a Thermo Electron Nicolet 380 FT-IR using a
silicon (Si) crystal in an attenuated total reflectance (ATR) tower
and reported as wavenumbers (cm-1). High- and low-resolution
electrospray ionization (ESI) measurements were made with a
micro time of flight mass spectrometer (microTOF-MS) or a
microTOF-Q III liquid chromatography mass spectrometer. Analyt-
ical thin layer chromatography (TLC) was performed using EMD
250 lm 60 F254 silica gel plates, visualized with UV light and
stained with either p-anisaldehyde, ninhydrin or potassium per-
manganate solutions. Flash column chromatography was per-
formed according to Still’s procedure using Silicycle SiliaFlash
P60 40–63 lm 60 Å silica gel.[40].

4.3. Experimental procedures

4.3.1. Tetrabutylphosphonium benzoate (1).[15]
To a 100 mL round bottom flask equipped with a magnetic stir

bar was added nBu4PBr (2.00 g, 5.89 mmol), placed under an atmo-
sphere of N2, and diluted with MeOH (6 mL). To this solution was
added 2 M KOH in MeOH (6.40 mmol, 3.2 mL). Precipitation was
observed upon stirring at rt for 12 h, and the resulting suspension
was filtered and rinsed with MeOH (3 � 10 mL). To the filtrate was
added benzoic acid (0.704 g, 6.27 mmol) and stirred at rt for 12 h.
The resulting solution was concentrated under reduced pressure,
reconstituted in acetone (10 mL), and filtered through Celite. The
filter cake was washed with acetone (3 � 10 mL) and the filtrate
concentrated under reduced pressure. The residue was then dried
in a vacuum oven at � 80 �C for 48 h to provide 1.83 g (82% yield)
of 1 as a clear oil that upon cooling solidified to a colorless wax.
Spectral data were consistent with literature values: 1H NMR
(400 MHz, CDCl3) d 8.11–8.05 (comp, J = 3.3 Hz, 2H), 7.33–7.22
(comp, J = 3.1 Hz, 3 H), 2.42 (m, J = 5.1 Hz, 8 H), 1.50 (app t,
J = 3.7 Hz, 16H), 0.95 (t, J = 6.8 Hz, 12H); 31P NMR (162 MHz, CDCl3)
d 32.9 (1JPC = 21.7 Hz, 2JPC = 6.9 Hz); 13C NMR (101 MHz, CDCl3) d
171.6, 140.8, 129.4, 128.5, 127.1, 24.0 (JPC = 21.6 Hz), 23.9, 18.9
(JPC = 47.5 Hz), 13.5; HRMS (ESI) m/z: measured 259.252608
C16H36P+ (M) requires 259.254914, HRMS (ESI) m/z: measured
121.023260 C7H5O2 (M) requires 121.029503.

4.3.2. Tetrabutylphosphonium 2-hydroxybenzoate (2).[15]
To a 100 mL round bottom flask equipped with a magnetic stir

bar was added nBu4PBr (7.37 g, 21.72 mmol), placed under an
atmosphere of N2, and diluted with MeOH (6 mL). To this solution
was added 2 M KOH in MeOH (6.40 mmol, 3.2 mL). Precipitation
was observed upon stirring at rt for 12 h, and the resulting suspen-
sion was filtered and rinsed with MeOH (3 � 10 mL). To the filtrate
was added 2-hydroxybenzoic acid (3.00 g, 21.72 mmol) and stirred
at rt for 12 h. The resulting solution was concentrated under
reduced pressure, reconstituted in acetone (10 mL), and filtered
through Celite. The filter cake was washed with acetone
(3 � 10 mL) and the filtrate concentrated under reduced pressure.
The residue was then dried in a vacuum oven at � 80 �C for 48 h to
provide 7.15 g (83%) of 2 as a clear oil that over time solidified to a
tan wax. Spectral data were consistent with literature values: 1H
NMR (400 MHz, CDCl3) d 7.91 (dd, J = 7.6, 1.9 Hz, 1H), 7.20 (td,
J = 7.6, 1.9 Hz, 1H), 6.77 (d, J = 8.1 Hz, 1H), 6.69 (t, J = 7.6 Hz,
1H), 2.13 (ddt, J = 13.1, 8.1, 5.1 Hz, 8H), 1.43 (dq, J = 9.4, 5.7,
4.5 Hz, 16H), 0.91 (t, J = 6.8 Hz, 12H); 13C NMR (100 MHz, CDCl3)
d 173.0, 162.5, 131.9, 130.5, 119.9, 116.7, 116.1, 23.7 (d,
J = 15.2 Hz), 23.4 (d, J = 4.8 Hz), 18.3 (d, J = 47.4 Hz), 13.3; 31P
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NMR (162 MHz, CDCl3) d 32.7; HRMS (ESI) m/z: measured
259.255297 C16H36P+ (M) requires 259.254914, HRMS (ESI) m/z:
measured 137.022014 C7H5O3 (M) requires 137.024418.

4.3.3. Tetrabutylphosphonium 2-carboxybenzoate (3).[15]
A solution of nBu4PBr (2.00 g, 5.89 mmol) and potassium hydro-

gen phthalate (1.22 g, 5.95 mmol) in acetone (6 mL) was stirred at
rt for 3 d then concentrated under reduced pressure and filtered to
remove potassium salts. The residue was then dried in a vacuum
oven at � 80 �C for 48 h to provide 2.18 g (87%) of 3 as a clear
oil that upon cooling solidified to a colorless wax. Spectral data
were consistent with literature values: 1H NMR (400 MHz, CDCl3)
d 8.38 (app dq, J = 5.9, 3.4 Hz, 2H), 7.48 (app dq, J = 5.9, 3.4 Hz,
2H), 2.76 (m, J = 5.2 Hz, 8 H), 1.50 (app q, J = 3.8 Hz, 16H), 0.97
(t, J = 6.9 Hz, 12H); 31P NMR (162MHz, CDCl3) d 33.0 (1JPC = 25.3 Hz,
2JPC = 7.5 Hz); 13C NMR (101 MHz, CDCl3) d 170.3, 134.8, 133.0,
130.5, 24.0 (1JPC = 15.3 Hz), 23.7 (1JPC = 4.7 Hz) 18.9 (1JPC = 47.6 Hz),
13.4 ppm. HRMS (ESI) m/z: measured 259.254033 C16H36P+ (M)
requires 259.254914, HRMS (ESI) m/z: measured 165.010599
C8H5O4 (M) requires 165.019332.

4.3.4. Tetrabutylphosphonium 2-carboxybenzenesulfonate (4).
[15]

To a 10 mL round bottom flask equipped with a magnetic stir
bar was added nBu4PBr (658 mg, 3 mmol), placed under an atmo-
sphere of N2, and dissolved in CH2Cl2 (3 mL). Ammonium 2-
sulfobenzoic acid (1.02 g, 3 mmol) was added, followed by H2O
(1.5 mL), and the mixture stirred at rt for 15 h. The solution was
diluted with H2O (3 mL), extracted with CH2Cl2 (3 � 10 mL), and
the combined organic extracts were washed with H2O
(6 � 5 mL), dried (MgSO4), filtered, and concentrated under
reduced pressure. The residue was then dried in a vacuum oven
at � 80 �C for 48 h to provide 0.942 g (68%) of 4 as a deep orange
oil. Spectral data were consistent with literature values: 1H NMR
(400 MHz, CDCl3) d 14.63 (s, 1H), 8.06 (dd, J = 15.2, 7.3 Hz, 1H),
7.53 – 7.44 (m, 1H), 2.24 (q, J = 12.0, 8.6 Hz, 8H), 1.49 (dt,
J = 11.5, 7.0 Hz, 16H), 1.05 – 0.81 (m, 12H); 13C NMR (100 MHz,
CDCl3) d 168.1, 143.9, 132.9, 131.3, 130.3, 130.0, 127.1, 23.8 (d,
J = 15.3 Hz), 23.6 (d, J = 4.7 Hz), 18.7 (d, J = 47.4 Hz), 13.4; 31P
NMR (162 MHz, CDCl3) d 33.0; IR (neat): 2961, 1710, 1441, 1421,
1171, 1006, 910, 725 cm�1; HRMS (ESI) m/z: measured
259.255262 C16H36P+ (M) requires 259.254914, HRMS (ESI) m/z:
measured 200.98760 C7H5O5S (M) requires 200.986318.

4.3.5. Tetrabutylphosphonium 2-sulfonatobenzoate (5).
To a 25 mL round bottom flask equipped with a magnetic stir

bar was added nBu4PBr (1.70 g, 5 mmol), placed under an atmo-
sphere of N2, and diluted with CH2Cl2 (5 mL). Ammonium 2-
sulfobenzoic acid (1.10 g, 5 mmol) was added and the mixture
was stirred at rt for 15 h then concentrated under reduced pres-
sure. The resulting residue was reconstituted in acetone (10 mL),
and the resulting suspension was filtered and rinsed with acetone
(3 � 10 mL). The combined filtrates were concentrated under
reduced pressure and the mixture was then treated with a solution
of 1 M nBu4POH in MeOH (5 mL) and stirred at rt for 12 h. The
resulting solution was concentrated under reduced pressure and
reconstituted in acetone (10 mL) and the suspension was filtered
through Celite and rinsed with acetone (3 � 10 mL) and the filtrate
was concentrated under reduced pressure. The ionic liquid was
then dried further for an additional 48 h in a vacuum oven set
to � 80 �C to provide 2.09 g (58% yield) of the title compound as
a light orange oil. 1H NMR (400 MHz, CDCl3) d 8.03 (dd, J = 8.0,
2.5 Hz, 1H), 7.40 (dd, J = 8.0, 4.4 Hz, 1H), 7.34 (d, J = 4.4 Hz, 1H),
7.29 (s, 1H), 2.39 – 2.33 (m, 16H), 1.52 – 1.49 (m, 32H), 0.98 –
0.94 (m, 24H); 13C NMR (100 MHz, CDCl3) d 170.5, 144.4, 131.8,
129.5, 128.8, 128.2, 127.0, 52.6, 24.0 (d, J = 15.3 Hz), 23.8 (d,
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J = 4.8 Hz), 18.9 (d, J = 47.4 Hz), 13.5; 31P NMR (162 MHz, CDCl3) d
32.87; IR (neat): 1710, 1441, 1421, 1171, 1006, 910, 725 cm�1;
HRMS (ESI) m/z: measured 259.255262 C16H36P+ (M) requires
259.254914, HRMS (ESI) m/z: measured 200.987601 C7H5O5S (M)
requires 200.986318.

4.3.6. Tetrabutylphosphonium 3-hydroxybenzoate (6).[15]
To a 100 mL round bottom flask equipped with a magnetic stir

bar under an atmosphere of N2 was added nBu4PBr (2.00 g,
5.89 mmol) in MeOH (6 mL). To this solution was added 2 M
KOH in MeOH (6.40 mmol, 3.2 mL). Precipitation was observed
upon stirring at rt for 12 h, and the resulting suspension was fil-
tered and rinsed with MeOH (3 � 10 mL). To the filtrate was added
3-hydroxybenzoic acid (0.825 g, 5.98 mmol) and stirred at rt for
12 h. The resulting solution was concentrated under reduced pres-
sure, reconstituted in acetone (10 mL), and filtered through Celite.
The filter cake was washed with acetone (3 � 10 mL) and the fil-
trate concentrated under reduced pressure. The residue was then
dried in a vacuum oven at � 80 �C for 48 h to provide 2.28 g
(97%) of 6 as a tan wax. Spectral data were consistent with litera-
ture values: 1H NMR (400 MHz, CDCl3) d 8.21 (s, 1H), 7.52 (d,
J = 7.5 Hz, 1H), 7.08 (t, J = 7.8 Hz, 1H), 6.82 (dd, J = 8.0, 1.6 Hz,
1H), 2.12 (m, J = 6.4 Hz, 8H), 1.93 (s, br, 1H), 1.42–1.26 (m, 16H),
0.85 (t, J = 6.8 Hz, 12H); 13C NMR (101 MHz, CDCl3) d 171.8,
158.1, 140.1, 128.2, 120.1, 117.6, 117.2, 23.8 (d, 1JPC = 11.8 Hz),
23.7, 18.6 (1JPC = 47.3 Hz), 13.5 ppm; 31P NMR (162 MHz, CDCl3)
d 32.6 (1JPC = 25.3 Hz, 2JPC = 7.5 Hz); HRMS (ESI) m/z: measured
259.257274 C16H36P+ (M) requires 259.254914, HRMS (ESI) m/z:
measured 137.018566 C7H5O3 (M) requires 137.024418.

4.3.7. Tetrabutylphosphonium 3-carboxybenzenesulfonate (7).
[15]

To a 25 mL round bottom flask equipped with a magnetic stir
bar under an atmosphere of N2 was added nBu4PBr (2.24 g,
10 mmol, 1 equiv.) and CH2Cl2 (10 mL). Then sodium 3-
sulfobenzoate (3.39 g, 10 mmol, 1 equiv.) was added, followed by
H2O (5 mL). The mixture was stirred vigorously at rt for 15 h,
diluted with H2O (10 mL) then extracted with CH2Cl2
(3 � 20 mL). The combined organic layers were washed with
H2O (6 � 10 mL), dried over MgSO4, filtered and concentrated
under reduced pressure. The ionic liquid was then dried further
for an additional 48 h in a vacuum oven set to � 80 �C to provide
4.30 g (94%) of the title compound as a clear yellow oil. Spectral
data were consistent with literature values: 1H NMR (400 MHz,
CDCl3) d 8.58 (s, 1H), 8.10 (d, J = 7.8 Hz, 1H), 8.01 (d, J = 7.7 Hz,
1H), 7.41 (t, J = 7.7 Hz, 1H), 7.18 (s, 1H), 2.34 – 2.20 (m, 8H), 1.55
– 1.38 (m, 16H), 0.90 (t, J = 7.0 Hz, 12H); 13C NMR (100 MHz, CDCl3)
d 167.6, 147.0, 130.6, 130.4, 130.3, 127.8, 127.5, 23.7 (d,
J = 15.4 Hz), 23.4 (d, J = 4.7 Hz), 18.4 (d, J = 47.5 Hz), 13.3; 31P
NMR (162 MHz, CDCl3) d 32.9; IR (neat): 3053, 1712, 1265, 1137,
1029, 907, 730 cm�1; HRMS (ESI) m/z: measured 259.255297
C16H36P+ (M) requires 259.254914, HRMS (ESI) m/z: measured
200.985369 C7H5O5S (M) requires 200.986318.

4.3.8. Tetrabutylphosphonium 3-sulfonatobenzoate (8).
To a 25 mL round bottom flask equipped with a magnetic stir

bar under an atmosphere of N2 was added nBu4PBr (1.70 g, 5 mmol)
in CH2Cl2 (5 mL). Then 2-sulfobenzoic acid ammonium salt (1.20 g,
5 mmol, 1 equiv.) was added and the mixture was stirred at rt for
15 h. The resulting solution was concentrated under reduced pres-
sure and the residue was reconstituted in acetone (10 mL). The sus-
pension was then filtered through Celite, rinsed with acetone
(3 � 10 mL) and concentrated under reduced pressure. The crude
mixture was then treated with a solution of 1 M nBu4POH in MeOH
(1 M, 5 mL) and stirred at rt for 12 h. The resulting solution was
concentrated under reduced pressure and reconstituted in acetone
9

(10 mL) then the suspension was filtered through Celite, rinsed
with acetone (3 � 10 mL) and concentrated under reduced pres-
sure. The ionic liquid was then dried further for an additional
48 h in a vacuum oven set to � 80 �C to provide 2.16 g (60% yield)
of the title compound as an orange oil. 1H NMR (400 MHz, CDCl3) d
8.72 – 8.60 (m, 1H), 8.19 – 8.10 (m, 1H), 8.06 – 7.98 (m, 1H), 7.42
(q, J = 7.2 Hz, 1H), 2.40 – 2.21 (m, 16H), 1.66 – 1.34 (m, 32H), 1.02 –
0.83 (m, 24H). 13C NMR (100 MHz, CDCl3) d 195.0, 168.2, 155.3,
147.1, 130.61, 130.60, 128.1, 31.0, 23.9 (d, J = 17.3 Hz), 23.8 (d,
J = 4.8 Hz), 18.8 (d, J = 47.3 Hz), 13.5; 31P NMR (162 MHz, CDCl3)
d 32.96; IR (neat): 1712, 1265, 1137, 1029, 907, 730 cm�1; HRMS
(ESI) m/z: measured 259.255297 C16H36P+ (M) requires
259.254914, HRMS (ESI) m/z: measured 200.985369 C7H5O5S (M)
requires 200.986318.
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