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ABSTRACT: While ionic liquids have proved to be versatile A A
materials for a wide spectrum of applications, e.g, energy, ==

materials, and medicine, several challenges remain concerning the
rational design of novel materials. In light of this, a series of four
triphenylphosphonium-based ionic liquids have been synthesized
for the first time. These compounds exhibit high thermal stability
with decomposition temperatures up to 450 °C. Their solid-state
structures are characterized by single-crystal X-ray diffraction and
the intermolecular interactions rigorously analyzed via Hirshfeld
surface analysis. It was found that the unique geometries of the
anions used in the study form distinct interactions with the cations. T
The interactions in the crystalline state are correlated with the Temperature (°C)

thermal properties of the four ionic liquids to rationalize the

melting points and phase transitions for each compound. The observed arrangements of the alkyl chains on the cations are
investigated computationally to gain an understanding of how rotational freedom may impact the thermal properties of the
compounds. By intention, each IL reported in this work offers a unique property profile and contributes to the ever-growing ionic
liquid catalog.
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1. INTRODUCTION progress that has been made in exploiting ILs tailored for
specific applications.'” Crystallographic studies of ILs incor-
porating analysis of intermolecular forces are significant to
understanding these structure—property relationships given the
correlation of how short- and long-range orders affect the
properties of ILs."> ™"

Phosphonium ions are a readily available family of cations in
the field of ILs, offering superior properties compared to
nitrogen ion-based ILs for certain applications.'®'” For
example, phosphonium ILs were applied in the development
of hydrophobic solvents for biomass processing while

Ionic liquids (ILs) are broadly defined as “a liquid comprised
entirely of ions”," with the more commonly used definitions
involving an ionic compound with a melting point below 100
°C.> With over 87 000 references in the literature to date, ILs
have found widespread applications across a broad range of
disciplines since the initial report of the modern air and
moisture-stable ILs based on fluorinated anions in the 1990s.”*
Initially, [PF]™ and [BF,]” were used as common fluorinated
anions to develop hydrophobic and moisture-stable ILs and

these anions remain essential for IL development."”® Per- ntainine chemical stability due to the IL’s lack of acidi
fluoroalkyl anions, such as bis(trifluoromethylsulfonyl)imide or maintaining chemical stabriity due to the 1L Jack of acldic

_ . . hydrogens, as can be found in certain imidazolium cations.'®"?
[TE,N]", and fluorinated alkyl phosphates have qulckl); Additionally, quaternary phosphonium ILs bearing long alkyl

chains were found to have higher heat capacities when
compared with imidazolium ILs.*° Further, alkyl-bearing
phosphonium ILs have been recently demonstrated to be
useful in the fields of bioremediation as efficient media for CO,

become popular anions given their favorable properties.”
Further, ILs based on imidazolium cations tend to be some of
the most studied IL systems, boasting a combination of
favorable physicochemical properties leading to low melting
points,8 lower viscosities,” and good electrical conductivity.lo
While 1-butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([C,mim][TF,N]) remains Received:  September 21, 2021 E :s
one of the most studied and applied IL compounds to date, Accepted:  November 8, 2021

there remains a strong desire to explore other classes of ILs to Published: November 16, 2021
tailor physical properties for a desired function.'' The

understanding of fundamental structure—property relation-

ships of ILs has been developed in parallel with the exponential
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Figure 1. Depiction of the butyltriphenylphosphonium cation and four anions examined herein.
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Figure 2. Asymmetric units of the crystal structures for compounds 1—4 shown with 50% probability ellipsoids. Disorder is omitted for clarity in 2
and 3. Gray = carbon; blue = nitrogen; red = oxygen; green = fluorine; purple = phosphorous; yellow = sulfur; and white = hydrogen.

capture”’ and wastewater treatment.”” Certain phosphonium
ILs were also shown to be powerful pharmaceutical agents,
facilitating the transport of biologically active compounds
across cellular membranes.”® In the 1970s, the initial details
focusing on the development of phosphonium-based ILs were
reported by the Parshall group,”** employing stannate and
germanate salts. In the 1980s, Knifton et al. reported the use of
the molten salt [P,,,][Br] as an ionic medium.*®"**
[P4444] [Br] and [P,,,,][Cl], along with many other quaternary
phosphonium salts, became commercially available on a large
scale in 1990 when trialkylphosphine derivatives, in particular
Bu,P, were widely produced on a multiton scale by Cytec
Industries Inc.'”*’ As such, quaternary alkyl-based phospho-
nium ILs are by far the preferred structural motif when it
comes to the cation design given the necessity for asymmetry
in the cationic moiety."'” Perhaps due to the more symmetric
structure of triphenylphosphine (TPP), few examples of ILs
designed with this platform have been reported. However, TPP
is an appealing starting material to develop ionic compounds
due to its ready availability, low cost, and good chemical
stability.

While IL chemists mostly rely on computational approaches
to gain an enhanced understanding of intermolecular
interactions within IL systems and the conformational states

of each component of the salt, it is noteworthy that
comparable methods taking advantage of crystallographic
studies have been scarcely addressed.’® Herein, we expand
upon our previous works on TPP-derived ionic materials’' by
reporting the synthesis and characterization of four TPP-based
ILs containing perfluoroalkyl anions (Figure 1). The thermal
properties of the compounds are examined via thermogravi-
metric analysis (TGA) and dynamic scanning calorimetry
(DSC) and the results of the thermal studies correlated to their
crystal structures. Hirshfeld surface analysis of the cations is
used to further evaluate intermolecular forces in the solid state
to rationalize how changes in anion’s geometry and
composition affect the physicochemical properties of the
ILs.”~*° Additionally, computational studies on the con-
formations of the alkyl chain on the cation are used to
rationalize the observed structures in the solid state. Of the
four compounds reported, two have melting points below 100
°C with the remaining compounds melting slightly above 100
°C. Furthermore, the ILs have high thermal stabilities with
decomposition temperatures up to 450 °C, making these ILs
promising candidates for higher-temperature applications.
Moreover, the highly crystalline nature of the alkylated-TPP
cations provides an excellent opportunity to examine the
relatively unstudied solid-state structures of bis-
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(pentafluoroethanesulfonyl)imide ([BETI]™), 1,1,2,2,3,3-hexa-
fluoropropane-1,3-disulfonimide ([NCyF]~), and bis-
(fluorosulfonyl)imide ([FSI]~) anions. These three fluorinated
anions have shown promise in many IL applications, yet
remain out of favor when compared with the structurally
related [TF,N]™ anion.

2. RESULTS AND DISCUSSION

2.1. Structural Analysis. The asymmetric units of all four
structures are shown in Figure 2. Both compounds 1 and 3
crystallize in an orthorhombic crystal system (Pna2; and Pca2,
respectively), compound 2 is triclinic in the P1 space group,
and compound 4 is monoclinic with the P2,/n space group.
Both 1 and 2 have a single cation—anion pair in the
asymmetric unit, while 3 and 4 have two sets of distinct
cations and anions. Additionally, 3 has a rotationally
disordered cation wherein one entire cation moiety is rotated
in a two-part disordered system. For the purposes of discussion
regarding 3 and its surfaces and interactions, the major portion
of the disorder is used for analysis unless specifically noted.

In general, all cations show comparable structures with two
of the phenyl rings (labeled B and C) being canted with
respect to each other (plane angles ~77°). The third ring
(labeled A) is also rotated out of the plane (Figure 3). This

Figure 3. Depiction of the planes of each aryl ring of the cation from
2 showing the alignment of the planes with respect to each other and
the central alkyl chain.

structural arrangement is seen in nearly all quaternary
triphenylphosphonium examined in the CSD.*” It has been
well established that symmetry of the cation plays an important
role in the melting points of ILs,"”'>*" thus the observed
arrangement of the cations does impart a certain asymmetry
around the cation perhaps leading to the lower than expected
melting points for the compounds examined herein.

One notable difference in the cation structure arises from
the cation in 3. The butyl chain of one of the two

crystallographically independent cations has an anti-conforma-
tion, similar to 1, 2, and 4. The second cation, on the other
hand, shows a more complicated behavior. It is disordered,
with both gauche- as well as anti-conformations. The major
moiety butyl chain exists in a gauche-conformation with a
C23—C24—C25—C26 torsion angle of 57.2°. This conforma-
tion of the alkyl chain on the phosphorous atom also exists in
all of the reported halide precursor structures, that is
butyltrisphenylphosphonium chloride,”’ bromide,”* and the
iodide,”® and is observed in several other structures. To gain a
better understanding of this structural feature, conformational
analysis was performed on the butyl chain of the cation (Figure
4). The relative energies of the gauche- and anti-conformations
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Figure 4. Graph showing the relative energies of the differing
conformers of the butyl chain on the cation.

are very close with only a difference of approximately 0.3 kJ/
mol between the two isomers. This small difference in energy
explains the prevalence of the gauche-conformation in the solid
state. Further, this difference in energy may help explain the
relatively low melting points of the salts by allowing multiple
orientations of the butyl chain in the solid state, as evidenced
by the disorder observed in the crystal structure. This is likely
to disrupt or weaken the lattice energy of the solid state, thus
lowering the melting points of this class of compounds.”
Further, these multiple orientations explain, in part, the
observed thermal properties of 1 with the multiple solid—
solid transitions seen in the DSC (vide infra).

To further our understanding of the compounds, Hirshfeld
surface analysis of the cations was performed.””™> The
surfaces and fingerprint plots of the cations are shown in
Figure S. The relative percentage of interactions arising from
individual atoms is summarized in the Supporting Information.
Examining the fingerprint plots, the four structures share
several characteristic features, as annotated in the images. For
instance, 1 and 3 have similar fingerprint plots with a distinct
two-winged feature arising from s-interactions in the solid
state. Additionally, all of the plots display hydrogen
interactions, which are manifested as the sharp spikes labeled
in the plots. The individual spikes, however, are comprised of
unique hydrogen interactions for each compound. Finally, all
four of the compounds exhibit a region of increased
interactions represented by the green portion of the plots,
which mostly coincide with the uppermost spikes in each

https://doi.org/10.1021/acsomega.1c05241
ACS Omega 2021, 6, 32285-32296


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05241/suppl_file/ao1c05241_si_005.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

d;

06 08 TU T2 T2 T% T8 20 22 24 726 728

de

d;

HT
|

008 TU T2 T3 176 T8 20 272 24 726 78

3, Cation A

d;

U6 08 1.0 1.2 1.4 16 I8 20 22 24 26 28

3, Cation B

d
U6 U8 TU T2 T4 T6 T8 20 22 24 26 28

Figure S. continued

32288 https://doi.org/10.1021/acsomega.1c05241
ACS Omega 2021, 6, 32285-32296


https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05241?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

4, Cation A

4, Cation B

U6 U8 T0 T T4 16 18 20 22 24 26 28

d;
U6 U8 TU T2 T4 16 T8 20 22 24 26 28

Figure 5. Surfaces and fingerprint plots for cations in the crystal structures. (Left) Hirshfeld surface mapped with d, ., (middle) Hirshfeld surface

mapped with the shape index (right), and fingerprint plots of the cations.

cation and are overlapping regions of H---O, H---F, and H---H
interactions. Despite the similarities in both structure and
composition of the compounds, all four of the molecules
present distinctive physical properties, which can be attributed
to the geometry of the anions and their impact on cation—
cation interactions.

With regards to the hydrogen bonding, 1 shows H--X
interactions with all three electronegative moieties (X = N, O,
F). Three distinct spikes are seen corresponding to these
interactions, which are labeled in Figure S. The shortest H---O
interactions arise from contacts between the aryl hydrogens
closest to the cationic phosphorous (ortho hydrogens) and the
sulfonyl oxygen atoms at distances of approximately 2.4 A.
Longer interactions are seen with the alkyl hydrogens on
carbons Cl1 and C2 (d ~ 2.8—3.8 A); however, these
interactions appear far less significant as cation—anion
interactions, when compared to the aryl hydrogens, based on
their increased distances. As has been observed with other
[TF,N]~ containing IL structures, the S=O---H interactions
tend to be the shortest cation—anion interactions.””>

As with the H---O interactions, the H:--F interactions are
shortest with the ortho hydrogens at distances of approx-
imately 2.5 A. The fluorine atoms appear to interact more
readily with the alkyl hydrogens with a significant portion of
the surface surrounding the alkyl hydrogens displaying some
form of interaction with any number of fluorine atoms. Finally,
the central imide nitrogen on the [TF,N]™ makes a notably
short H-N interaction with an aryl hydrogen (C6C—H) at a
C—H-N distance of 2.72 A.

The wings on the periphery of the fingerprint plot
correspond to reciprocal H--CIC---H 7 interactions. These
interactions are seen between both the aryl and alkyl
hydrogens on the z-system of the three rings. Interactions

are seen arising from all three of the rings on the cation giving
rise to a unique stacking of the cations, as seen in Figure 6.

Figure 6. Depiction of cation--cation interactions observed in 1.
Green lines are used to visualize interactions with the 7 systems of the

rings (shaded).

While less prominent, in terms of percentage, F and O--x
interactions are also seen in the structure. These interactions,
however, do not manifest into a salient plot feature and are
buried in the bulk of the plot at approximately d; = 1.8, d, =
1.5.

While compound 2 shows a similar set of H---X interactions
as the other compounds given the unique §eometry and
conformers available to the [BETI]™ anion,”’>? distinct
interactions are observed in the fingerprint plots. For example,
with regards to H--O interactions, the [BETI]™ anion in 2
interacts mostly with aryl hydrogens, in a manner that is
observed in all of the compounds discussed herein. However,

https://doi.org/10.1021/acsomega.1c05241
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the anion is seen to interact with all hydrogens on the aryl rings
as opposed to just the ortho hydrogens, as is seen in 1. Further,
only C1 and C2 on the alkyl chain interact with the sulfonyl
oxygens. The hydrogens participating in the H---O interactions
are predominantly on the face of the molecule aligned with the
alkyl chain, likely due to the increased anion size. This is
distinct from the interactions observed with [TF,N]~, wherein
the anion in 1 is seen to interact closest with the hydrogens on
the opposite face of the alkyl chain, in the cavity formed by the
three aryl rings on the opposite face of the alkyl chain. These
interactions on 2 are seen as the bright red spots on the
surface, as seen in Figure S. The H---F interactions comprise
the majority of the interactions of the alkyl chain hydrogens, as
with all of the compounds. Finally, weaker H--N interactions
are seen; however, these interactions are difficult to quantify as
the nitrogen in the anion is disordered around a crystallo-
graphic inversion center.

Compound 2 shows no defined H---7 interactions, as noted
by the absence of the wing feature in the fingerprint plots.
While there is a percentage of H--C interactions (see the
Supporting Information), the arrangement of the cations in the
solid state is such that the hydrogens do not interact with the
centers of the 7 systems of the aryl rings (see Figure 7). These

Figure 7. Depiction of cation---cation interactions observed in 2.
Green lines are used to visualize interactions with the 7 systems of the

rings (shaded).

shifted H---x interactions are likely one reason for the lower
melting point of 2 as compared to the other compounds.
However, 2 does show the highest percentage of C---F
interactions, indicating significant interactions between the &
system and the fluorine atoms of the anion. In part, this
increased percentage of interactions is rationalized by the
[BETI]™ anion having the highest percent composition of
fluorine atoms. The perfluoro ethyl moiety on the anion sits in
a pocket between rings B and C on the cation, forming a bridge
between the two through C---F---C interactions at distances of
approximately 3.0 A.

Compound 3 has two cations in the asymmetric unit with
each showing a unique fingerprint due, in part, to the gauche-
conformation of the alkyl chain in one of the cations (the
minor moiety anti-conformation of the second cation was not
considered in the Hirshfeld surface analyses). As anticipated,
related structural features are seen in 3 similar to those
discussed in the other compounds such as a blunted H---H
interaction peak, hydrogen bonding spikes, and wings
indicating 7 interactions. As with all of the compounds, the

sulfonyl oxygens make the shortest H-bonding contacts with
the ortho hydrogens. Similar to described for compound 2, the
anions in 3 have the shortest interactions with the ortho
hydrogens, which are oriented toward the alkyl chain in both
cationic moieties of the asymmetric unit.

3 exhibits typical H---F interactions with both the alkyl and
aryl hydrogens, but it has a lower percentage of interactions
when contrasted with 1 and 2. The arrangement of the alkyl
chain clearly impacts the anion—cation interactions as is noted
with the difference in H--F interactions between the two
cationic moieties. Further, the H:-N interactions are the
highest in 3 compared with the other compounds. This
increased interaction from the imide nitrogen is expected,
however, as the nitrogen moiety on the anion has a larger
exposed surface area when compared to [TF,N]™ or
[BETI]~.°

Both cations in 3 display H---7 interactions, as seen by the
presence of the wing features on the plots (d; = 1.2, d, = 1.7).
Cation 3A has close H---CIC---H interactions with 3B through
aryl hydrogens, which manifests as the indicated wings in each
plot (see Figure 8). The two unique wings represent

Figure 8. Depiction of cation---cation interactions observed in 3.
Green lines are used to visualize interactions with the 7 systems of the
rings (shaded). Disorder omitted for clarity.

interactions with the alkyl chain hydrogens at d; = 1.1, d, =
1.6 and with aryl hydrogens at d; = 1.5, d, = 1.1. While the two
wings do have overlap with respect to reciprocal interactions,
the unique shape of the wings is due to the type of hydrogen
atoms involved in the interactions.

The structure of 4 contains two ion pairs in the asymmetric
unit and both [FSI]™ anions are found in the trans, or C,,
conformation.’’ Similar to the discussion with the other
compounds, both cations in 4 exhibit hydrogen bonding and =
interactions. As seen in 1, the anions in 4 show interactions
with the pocket formed by the three phenyl rings on the
opposite face from the alkyl chain in the cation. The ortho
hydrogens are the shortest interactions with the sulfonyl
oxygens (d; = 0.7, d, = 1.3) for both cations. Cation 4B shows
the highest interaction between the imide nitrogen and the #
system of a benzene ring, albeit to a small extent. While unique
for this set of compounds, the N---7 interactions have been
observed in previous structures.”” Likely, the decreased sterics
of the smaller [FSI]™ anion allows for these interactions to
form.

As is seen by the unique wing shape in 4, the x interactions
are unique. Specifically, the H---CIC---H interactions in 4 are
found to align the cations in a manner wherein the alkyl groups
are oriented in the same direction through aryl H---C
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Figure 9. Depiction of cation---cation interactions observed in 4. Green lines are used to visualize interactions.

28
00 == [BuTPPI[TE,N] (1) 26 E [BuTPP][TF,N] (1)
3 ——— [BuTPP|[BETI] (2)
% [BuTPP|[NCYF] (3) 24 & [BuTPP][BETI] (2)
o b [BuTPP][FSI] (4) 2E — [BuTPP][NCyF] 3)
—— [BuTPP][Cl] S [BuTPP][FSI] (4)
70 S —— [BuTPPJ[C]]
_ X TCF
X 60k Z -6 F
= =)
= g -14 b
5 12 F
= =
’: '10 ._
j 53 E
o E
6 E
4 E
N J
0 4 ; r . r . r 4 y
200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 250 275 300 325 350 375 400 425 450 475 500
Temperature (°C) Temperature (°C)

Figure 10. TGA (left) and DTG (right) traces for 1—4 compared with the starting material [BuTPP][Cl].

allows the C4—H:--m alkyl interactions to direct enhanced
long-range ordering.

2.2. Thermal Properties. The thermal properties of the
four compounds were evaluated using TGA and DSC, and the
respective traces are shown in Figures 10 and 11 with a
summary of thermal properties in Table 1. For the thermal
stability studies, the compounds are contrasted to the starting
material, namely, butyltriphenylphosphonium chloride,
[BuTPP][Cl]. Compounds 1—3 show nearly identical
decomposition profiles, with a single large step occurring and
no residual material formation. 4 shows a two-step
decomposition wherein a large initial step at 325 °C is
followed by a subsequent plateau with the formation of a 3
residual material, seen as the residual weight in the TGA trace. . . . . . . A
Given the cation is constant, the large decomposition step seen 50 25 0 25 50 75 100 125 150
in all compounds must correspond to the degradation of the Temperature (°C)
cation given the profile of the step. In line with reported
trends, the [NCyF]~ bearing compound exhibits the highest
Tdecomps followed by [TE,N]™ and then [BETI]~.** All

interactions (Figure 9). This alignment of the alkyl groups then i /\ /\
0

sk f W
~F —— [BuTPP][TF,N] (1)
—— [BuTPP][BETI] (2)
—— [BuTPP][NCyF] (3)
—— [BuTPP][FSI] (4)

Heat Flow (Normalized) (W/g)
&

Figure 11. DSC traces from the first heating cycle for the ILs 1—4.

fluorine-bearing anion compounds showed significantly higher thermal stability is a more useful property for applicability of

thermal stabilities than the chloride starting material, indicating ILs for specific tasks wherein extended elevated temperatures

that TPP-based ILs should follow the established trends for would be required.””

ILs.%2%63%* While Tgecomp. is @ useful screening metric for The phase transitions for 2 are rather simple, showing a

establishing thermophysical parameters of ILs, long-term sharp melting point followed by glass transitions upon repeated
32291 https://doi.org/10.1021/acsomega.1c05241
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Table 1. Compiled Thermophysical Properties of
Compounds 1—4

compound  Tyecomp.” Tt AH,_° T, T.?
1 422.61 89.32 49.09 —27.32 8.36 45.50
2 391.77 85.20 43.49 —25.44
3 456.24 118.50 11.86
4 342.40 126.44 60.12

“Decomposition temperature in °C taken from the maximum rate of
the DTG. “Melting point (°C). “Enthalpy of melting (J/g).
dT PR o

emperature of cold crystallization (°C).

cycles. As seen in Table 1, the melting point for 2 (85.20 °C) is
the lowest of the compounds, followed by 1 (89.32 °C) and
with 3 and 4 melting at 118.50 °C and 126.40 °C, respectively.
As discussed previously, the absence of specific # interactions
in 2 could rationally account for this observation. 1 has the
lowest glass transition, followed closely by 2. No glass
transitions are observed for 4; however 4, was the only
compound to show a crystallization peak during cooling. It
should be noted that 1 has additional exothermic transitions,
with two solid—solid transitions appearing at 4.6 and 43.2 °C.
We speculate that these peaks correspond to transitions to a
stable or metastable crystalline®® form with different alkyl chain
conformations present (vide supra), the existence of a
polymorph wherein a cation is oriented in a different manner
similar to that seen in compound 3, or a form wherein the cis
form of the [TF,N]™ anion is present.”*®” Compound 3 also
exhibits an endothermic phase transformation at 77 °C before
melting at 118 °C. While the exact reason for this transition is
not known, previous structures with this anion have indicated
the presence of unique conformers.”’ Neither the phase
transformation nor the larger endothermic melting peaks are
observed in subsequent heating/cooling cycles.

The enthalpy values for melting (AH,,), however, show a
complex relationship between intermolecular interactions and
the thermal behavior of ILs.'" There is no overt correlation
between interactions and enthalpy values. For example, both 1
and 2 have similar melting points and enthalpy values yet vary
significantly in the percentage and nature of the crystalline
interactions discussed. Compound 3 has a distinctly lower
enthalpy (AH,, = 11.8 J/g) when compared to the other three
compounds. This is not unusual, however, as the [NCyF]~
anion has shown smaller enthalpies in our previous studies
despite having higher melting points.”’ As data is continued to
be collected on these and related samples, we hope that
distinct trends will start manifest allowing for the prediction of
properties based on crystallographic and experimental
evidence.

3. CONCLUSIONS

Four new phosphonium-based ILs have been studied in the
solid state using single-crystal X-ray diffraction. The reported
crystallographic analysis of these ILs provides direct insight
into the spatial relationships between the phosphonium cation
and perflourinated anions, providing the foundation for a
fundamental understanding of their structure—property
correlations. Several key interactions are observed when
examining the Hirshfeld surfaces of these compounds. For
example, aryl hydrogens are found to participate more readily
in hydrogen interactions with the sulfonyl oxygens on the
anions. The alkyl hydrogens, on the other hand, are found
interacting predominantly with the fluorine moieties on the

anions. However, both sets of hydrogens are observed to
participate in H---7 interactions, though the geometry of the
anion appears to dictate the extent and nature of these
interactions.

The aryl rings on the cation appear in similar geometric
arrangements in the structures, with the preferred orientation
showing ring A canted with respect to B and C. As seen in
previously reported structures, and again observed herein, the
alkyl chain on the cation readily adopts a gauche-conformation,
though calculations indicate a slight energetic preference for
the staggered anti-arrangement. The canted rings along with
the accessible conformations of the alkyl chain are proposed as
reasons for the lower than anticipated melting points of 1 and
2, despite the ion pairs having high molecular weights.

The thermal properties of the four compounds are
promising, with 1 melting at ~90 °C and remaining a liquid
up to 420 °C, displaying a sizable liquid range for the
compound. All four compounds display high decomposition
temperatures, in line with other reported phosphonium-based
ILs. Overall, two of the compounds are classical ILs with T,
less than 100 °C, and the remaining two compounds are
melting around 120 °C. The long-term thermal stabilities of
the compounds are currently being evaluated to assess the
utility of these new ILs.

This class of ILs shows unique interactions and properties
controlled, ostensibly, by the choice of the anion. This would
make them attractive for separations applications, especially
given their high thermal stability. Further, we anticipate their
use as high-temperature conductive materials®® or solvents.*”
Finally, aside from their thermal properties, these ILs have a
highly crystalline nature, lending to their potential use as
crystallization media.”” Despite intense interest in P(V)
organophosphorus chemistry in the fields of biochemistry
and organic synthesis,”' the potential of ionizable P(V)-based
compounds has not been fully embraced. The exquisite
chemical stability and crystallinity of these phosphonium
salts could make it a go-to strategy for those interested in
synthesizing and studying molecules of life (oligonucleotides)
and to those interested in basic organic transformations.””

4. MATERIALS AND METHODS

4.1. Chemicals. 1-Butyltriphenylphosphonium chloride
was purchased from Fisher Scientific or synthesized following
established literature procedures.’® Lithium bis-
(trifluoromethane)sulfonimide (LiTF,N) was purchased from
ChemImpex. Lithium 1,1,2,2,3,3-hexafluoropropane-1,3-disul-
fonimide (LiNCyF) was purchased from TCI Chemicals.
Lithium bis(pentafluoroethanesulfonyl)imide (LiBETI) was
generously donated by Prof. Jim Davis’ Laboratory at the
University of South Alabama. All reagents were used as
received without further purification.

4.2. Spectroscopy. 'H, "*C, and '’F NMR spectroscopies
were performed on a JEOL 400 MHz NMR. Deuterated NMR
solvents were purchased from Cambridge Isotope Labs.
Chemical shifts were referenced to the residual solvent peaks
in the NMR spectra. Complete NMR spectra are provided in
the Supporting Information.

4.3. Thermal Properties. Melting points, glass transitions,
and crystallization temperatures were measured using a TA
instruments Q200 differential scanning calorimeter (DSC).
Each sample was placed in an aluminum pan and cycled three
consecutive times from —50 to 150 °C at a heating and cooling
rate of 10 °C/min with nitrogen as a purge gas. A 3-min
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isothermal step was included at the minimum and maximum
temperatures of each cycle. Enthalpy values for the phase
transitions were calculated using the TRIOS software from TA
Instruments.

Decomposition temperatures were measured on a TA
instruments QS00 thermogravimetric analyzer (TGA) using
the default dynamic settings for the system and using a
platinum pan under an N, atmosphere. The differential
thermogravimetric curves (DTG) were obtained from the
experimental TGA data and visualized with the OriginPro
software. Decomposition temperatures were obtained using the
maximum thermal decomposition rate of each DTG curve.

With respect to the discussion of melting points and the
reported thermal data (see Table 1), these were acquired from
individual DSC runs. Compounds 1 and 4 display consistent
melting points across all three cycles. Compounds 2 and 3,
however, simply show one melting transition on the first
heating cycle. The complete listing of all melting points from
the individual runs is provided in the Supporting Information.

4.4. Single-Crystal Diffraction. Single crystals for
compound 1 were coated in Cargille Type A immersion oil
and transferred to the goniometer of a Rigaku XtalLAB Mini
diffractometer with Mo Ka wavelength (1 = 0.70926 A) and a
CCD area detector. Examination and data collection were
performed at 170 K.

Single crystals of compound 2 and 4 were coated with
Parabar 10312 oil and transferred to the goniometer of a
Bruker D8 Quest Eco diffractometer with Mo Ka wavelength
(A = 0.71073 A) and a Photon II area detector. Examination
and data collection were performed at 100 K.

Single crystals of compound 3 were coated with a trace of
Fomblin oil and were transferred to the goniometer of a Bruker
Quest diffractometer with kappa geometry, a Cu Ka
wavelength (4 = 1.54178 A) I-u-S microsource X-ray tube,
laterally graded multilayer (Goebel) mirror for monochroma-
tization, and a Photon II area detector. Examination and data
collection were performed at 150 K.

For compound 1, data were collected, reflections were
indexed and processed, and the files were scaled and corrected
for absorption using CrysAlis PRO.”” For compounds 2—4,
data were collected, reflections were indexed and processed,
and the files were scaled and corrected for absorption using
APEX3*® and SADABS.” For all compounds, the space groups
were assigned using XPREP within the SHELXTL suite of
programs; **' the structures were solved by direct methods
using ShelXS or ShelXT** and refined by full-matrix least-
squares against F> with all reflections using Shelx2018" using
the graphical interfaces Shelxle** and/or Olex2.*> H atoms
were positioned geometrically and constrained to ride on their
parent atoms. C—H bond distances were constrained to 0.95 A
for aromatic and alkene C—H moieties and to 0.99 and 0.98 A
for aliphatic CH, and CHj; moieties, respectively. Methyl H
atoms were allowed to rotate, but not to tip, to best fit the
experimental electron density. U,,(H) values were set to a
multiple of U,(C) with 1.5 for CH; and 1.2 for C—H and CH,
units.

In the structure of 2, two crystallographically independent
anions are both disordered across inversion centers. The
disordered moieties were restrained to have similar geometries.
Atoms CI11A and C13A, C12A and C14A, C11B and C13B,
C12B and C14B, and S1A and S2A were each constrained to
have identical ADPs. A global rigid bond restraint (RIGU) was
applied. In the structure of 3, one of the cations is disordered

by swapping the butyl position with one of the phenyl groups.
The disorder was extended to the entire cation. Both
disordered moieties were restrained to have similar geometries
as the other not disordered cation. U’ components of ADPs for
disordered atoms closer to each other than 2.0 A were
restrained to be similar. Subject to these conditions, the
occupancy ratio refined to 0.655(5) to 0.345(5).

Complete crystallographic data, in the CIF format, have
been deposited with the Cambridge Crystallographic Data
Centre. CCDC 2108559—2108562 contains the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Hirshfeld surfaces, images, and fingerprint plots were
calculated and produced using CrystalExplorer17."**” Images
and analysis of the structures were accomplished using Olex2.
Hirshfeld surface analysis considers a “whole molecule”
approach to examining interactions in a crystalline solid.”* In
brief, surrounding a crystallographic moiety with a weighted
surface allows for analysis of the interactions via the overlap of
surfaces. These interactions are typically reported as d; and d,
values, wherein the i and e simply refer to interatomic distances
to the inside or exterior of the surface. The Hirshfeld surface
can be mapped with several functions such as d, ., which is a
visualization of the normalized distances of atoms, allowing for
facile interpretations of interactions, which are displayed as
variable colors (blue = long interactions, white = near van der
Waals radius, red = short).”” The surface analysis can be
deconstructed into 2D fingerprint plots allowing for visual-
ization of interactions via salient patterns such as hydrogen
bonding (spikes) and 7 interactions (wings).”’ Interactions
with 7 systems are denoted by interactions with “C” following
the standard results of the surface analysis.”’

4.5. Computational Studies. All computations and
resultant data were obtained using the Spartan software suite
(Spartan’18, Wavefunction, Inc., Irvine, CA). The initial
geometry of the major portion of the disordered cation from
compound 3 was loaded into the software and optimized
employing the @B97X-D functional®® with a 6-311++G(d,p)
basis set. Vibrational frequencies were checked for imaginary
values to ensure that the resultant structures were at a
minimum. The torsion angle of atoms C1-C2—C3—C4 was
scanned from 0 to 360° in 15° steps and the relative energies
of the conformers were used for discussion.

5. EXPERIMENTAL SECTION

5.1. Formation of the lonic Liquid Compounds.
5.1.1. [BUTPPI[TF,N] (1). Butyltriphenylphosphonium chloride
(0.20 g, 0.56 mmol) was dissolved in the minimum amount of
water to completely dissolve the salt. Lithium bis-
(trifluoromethane)sulfonimide (0.16 g 0.67 mmol) was
added to the solution at room temperature and a white
precipitant formed immediately. The mixture was stirred at
room temperature for 2 h, filtered, and washed with cold water
(3 X 10 mL). The white solid was dried under vacuum
overnight at 50 °C (0.28 g, 84% isolated yield).

'H NMR (400 MHz; CDCL,) & 7.83—7.62 (m, 15H), 3.12
(d,] = 14.2 Hz, 2H), 1.60 (d, J = 28.0 Hz, 4H), 0.92 (d, ] = 6.4
Hz, 3H).

13C NMR (101 MHz; CDCl,) 6 135.4, 133.3, 130.7, 124.8—
115.2, 118.4—117.5, 24.4, 23.7, 22.2, 13.4.

F NMR (376 MHz; CDCl;) § —78.6 (s).
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5.1.2. [BUTPP][BETI] (2). Compound 2 was synthesized in
the same manner as 1 using LiBETI as the anion source (0.36
g, 92% yield).

'H NMR (400 MHz; CDCl;) 6 7.81 (td, J = 7.3, 1.7 Hz,
3H), 7.72—7.61 (m, 12H), 3.16—3.09 (m, 2H), 1.62—1.53 (m,
4H), 0.90 (t, ] = 6.9 Hz, 3H).

13C NMR (101 MHz; CDCL,) § 135.4, 133.3, 130.7, 117.9,
122.8—108.2, 24.4, 23.6, 22.2, 13.4.

YF NMR (376 MHz; CDCl;) § —78.8, —117.0.

5.1.3. [BUTPPJ[NCyF] (3). Compound 3 was synthesized in
the same manner as 1 using LINCyF as the anion source (0.31
g, 90% yield).

'"H NMR (400 MHz; CDCl;) 6 7.83—7.78 (m, 3H), 7.73—
7.62 (m, 12H), 3.21-3.14 (m, 2H), 1.63—1.55 (m, 4H), 0.91
(t, ] = 7.0 Hz, 3H).

3C NMR (101 MHz; CDCL,) § 135.4, 133.4, 130.7, 117.9,
116.0, 113.1, 110.1-109.7, 24.4, 23.7, 22.3, 13.4.

F NMR (376 MHz; CDCL,) 6§ —119.3, —126.0.

5.1.4. [BUTPP][FSI] (4). Compound 4 was synthesized in the
same manner as 1 using LiFSI as the anion source (0.23 g, 81%
yield).

'H NMR (400 MHz; CDCL,) 6 7.82 (td, ] = 7.4, 1.6 Hz,
3H), 7.74—7.62 (m, 12H), 3.16—3.08 (m, 2H), 1.64—1.55 (m,
4H), 0.92 (d, J = 13.9 Hz, 3H).

13C NMR (101 MHz; CDCL,) & 135.4, 133.4, 130.7, 117.8,
24.4,23.7, 22.3, 13.4.

YE NMR (376 MHz; CDCl;) § —78.6.
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