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Ionic liquids (ILs) have evolved from salts studied primarily for their physical properties (low melting salts
which could be used as solvents) to tunable materials based upon the physical, chemical, and now even biological prop-
erties that can be introduced through either ion. In this perspective, we follow this interesting evolution with respect to
our work in this growing field, and discuss possible future directions, such as the use of ILs as active pharmaceutical

ingredients (APIs).

Ionic Liquids as Novelties

ITonic liquids (ILs) are now being defined (perhaps loosely)
as salts composed solely of ions, with a melting point below
100°C."7 Although compounds fitting this definition have
been known for over a century,? it has been only relatively re-
cently, first with the utilization of ILs as electrochemical sol-
vents’ and later with the suggestion that ILs could be “green
solvents,” 10 that a phenomenal growth in industrial and aca-
demic interest has occurred. As of the writing of this article,
more than 8000 publications (including 900 patents) have
appeared discussing ILs; 97% of which have been published
since 1998 when Michael Freemantle wrote an article for
Chem. Eng. News entitled “Designer Solvents—Ionic Liquids
May Boost Clean Technology Development.”!! It would be
constructive to first discuss the origins of this growth, then
how misconceptions may actually be hindering the advance-
ment of this field, and finally what the future may hold.

One of the twelve principles of green chemistry, as devel-
oped by Anastas and Warner, states that the use of auxiliary
substances such as solvents, separation agents, etc., should
be made unnecessary and if used should be innocuous.!? One
primary target for “greening” the chemical industry would
be the replacement of an industrial workhorse, volatile organic
compounds (VOCs) with safer alternatives. ILs can exhibit
certain desirable physical properties, such as high solvency,
wide liquidus range, and negligible vapor pressure, which
merit the consideration of ILs as solvent replacements.

The potential of ILs as “green” replacement solvents was
the focus of a NATO Advanced Research Workshop: Green
Industrial Applications of lonic Liquids held in April 2000,

in Crete, Greece.>'>!* The purpose of this workshop was to
increase awareness of the IL field, bring new research ex-
pertise into the IL field, and set a research agenda for the
future of this field. The workshop, which had ample represen-
tation from both industry and academia, concentrated on the
potential greening of industrial processes by using ILs as
“designer solvents,” and major IL-related knowledge gaps
which needed to be filled. The outcomes of this meeting were
significant:?

(1) “ILs are intrinsically interesting and worthy of study for
advancing science (ionic vs. molecular solvents) with the ex-
pectation that something useful may be derived from their
study.”

(i1) “Combined with green chemistry, a new paradigm of
thinking about synthesis in general, ILs provide an opportunity
for science/engineering/business to work together from the
beginning of the field’s development.”

(iii) “Readily available, well-characterized ILs, free of in-
tellectual property, are needed to encourage development of
applications.”

(iv) “Toxicity, biodegradation, bio-accumulation, safety,
health, and environment (SHE) impact data are needed im-
mediately.”

(v) “IL research should consider cost/benefit, economic,
and life-cycle analysis.”

(vi) “Regulatory road blocks to IL implementation should
be tackled now.”

(vii) “A public (free), verified, web-based database of phys-
ical, thermodynamic, and related data (i.e. not process specific)
is needed, and work should start immediately on identifying
the best methods to accomplish this.”

Published on the web December 13, 2007; doi:10.1246/bcsj.80.2262
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(viii) “There is an urgent need to increase the number, but
especially the areas of expertise, of IL researchers. A model
of open collaboration needs to be encouraged.”

(ix) “International collaboration, communication, and edu-
cation regarding the results are needed.”

(x) “A brochure should be developed to advance the under-
standing of ILs and their applications.”

At this first international IL meeting, a solid link was made
between green chemistry, academia, industry, and ILs. The
goal of the workshop, to educate and intrigue scientists and
engineers about ILs, was accomplished and the remarkable
worldwide growth in IL-based papers and patents mentioned
above accelerated. However, it is important to point out that
ILs were neither restricted in their scope of use to solvents, nor
anointed as “green,” a concept that has become a battlefield
for IL research.

ILs, as defined by melting point, cover an extremely wide
range of composition, and thus offer a convenient way to study
the effects of slight (or substantial) modifications in the struc-
tures or combinations of their ions on the resulting physical
and chemical properties. However, many researchers have
wanted to study a “typical” IL and apply it to a specialized
problem (often solvent replacement), rather than find a speci-
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Emphasis on physical and chemical properties.

alized IL to solve a specific problem. This originally led to
study of a limited number of “typical” ILs, with salts of di-
alkylimidazolium cations and hexafluorophosphate anions
leading the list (Fig. 1).1!° It also led to broad overgeneraliza-
tions of ILs as everything from nontoxic, nonflammable, and
nonvolatile to toxic, flammable, and volatile; each of these
statements clearly can be true for a single IL salt, but cannot
be true for the entire range of possible compounds which meet
the definition of an IL!

Ionic Liquids as Technology Enablers and Novel Materials

Recently, many scientists and engineers (many well outside
chemistry-related fields!®) have realized that ILs are actually
customizable materials for a variety of specialized applica-
tions, and through their research broadened the number of cat-
ions and anions that are used to form ILs (Fig. 2).!® The true
power of this field will ultimately come from how we exploit
our understanding of these modularly tunable liquid salts, and
industrial technologies are already appearing.

ILs are evolving from electrochemical and general sol-
vents,'”!8 to novel materials in diverse applications such as
specialized solvents,'® lubricants, 222 thermal fluids,? mag-
netic fluids,?*2® optical fluids,?’ propellants,?®?° etc. Interdis-
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Fig. 2. Emphasis on biological activity.

ciplinary exploration of both properties and potential uses of
ILs have led to such technologies as BASIL® the first
industrial application of ILs,?! where the IL acts as a biphasic
acid scavenger. BASF has also launched new product lines
like BASIONIC™ (a range of ILs) and CELLIONIC®, 5wt %
cellulose solutions in 1-ethyl-3-methylimidazolium acetate
([C;mim][OAc]).3? Large companies such as Merck KGaA
have developed hundreds of specialty IL products®> and sev-
eral companies have been founded to synthesize ILs in small
to bulk quantities and find novel applications (e.g., Solvent
Innovation,** Iolitec,? Solvionic,* Bionigs,”” etc.).

Many among the plethora of new applications appearing for
ILs, take advantage of the unique combinations of chemical
and physical properties addressable by their dual-functional
(two component) nature and their inherent compartmentalized
design flexibility which allow targeted synthesis of “tuned”
materials. ILs make a unique architectural platform on which,
at least potentially, the properties of both cation and anion

components can be independently modified, while retaining
the core desirable features of the IL state of matter.3

Ionic Liquids as Toxic Chemicals

It is ironic then, that although ILs have been extensively
studied for their tunability, and there could be the oft-quoted
10'® possible IL combinations,® many researchers insist in
using overgeneralizations when praising and criticizing the
field. Nowhere has this been more evident than in the debate
over whether ILs are “toxic” or not.*>*! Given the broad def-
inition of an “IL” and the aforementioned tunability of ion
combinations, it should be clear that ILs can be designed that
are toxic, flammable, or corrosive, just as easily as they can be
designed to be non-toxic, non-flammable, and non-corrosive.

The truth is, “toxicity” can be a desirable property of ILs!
Many useful and necessary chemicals are toxic, including, of
course, many pharmaceuticals. “The poison is in the dose,”
as pointed out by Theophrastus Paracelsus (1493-1541),4
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and more recently (2007) by Circa Survive in their song
“The Difference Between Medicine and Poison is in the
Dose.”** Might not delivery of biological activity in a liquid
salt form be another example of where IL technology could
make an impact?

The pharmaceutical industry has cautiously studied ILs for
the replacement of VOCs in the synthesis of active pharma-
ceutical ingredients (APIs) and crystallization.** Although
favorable results were obtained, the industry does not yet
appear to take ILs seriously as solvents due to questions re-
garding purity, toxicity, and regulatory approval.*> And yet,
one wonders why an industry that is quite focused on salt
forms of their major products (APIs),*® has not intensely stud-
ied how the fundamental knowledge generated about ILs
could help improve their product performance.

An IL approach seems more than appropriate in the design
of APIs, where a delicate balance exists between the exact
chemical functionality needed for the desired effect in the
absence of adverse side effects and the physical properties
required for manufacturing, stability, solubility, transport,
and bioavailability.*”*® Currently, the pharmaceutical industry
and regulatory agencies rely mostly on crystalline APIs. Un-
fortunately, many pharmaceuticals fail during testing because
of issues with, for example, delivery mechanisms such as dis-
solution, transport, and bioavailability or poor control over
polymorphism which can dramatically change properties such
as solubility.*

Polymorphism is the ability of a substance to exist in two or
more crystalline forms that have a different arrangement and/
or conformation of molecules in the crystalline lattice.’® Many
pharmaceuticals exhibit polymorphism, for example, 70% of
barbiturates, 60% of sulfonamides, and 23% of steroids are
believed to exist in multiple polymorphic forms.>' In addition,
many APIs crystallize as solvates which may be stoichiometric
or non-stoichiometric’> and which may also exhibit poly-
morphism. The existence of polymorphs or solvates can nega-
tively affect an API’s performance, since the solid-state struc-
ture determines its physical properties such as dissolution
rate, solubility, bioavailability, mechanical strength, etc.’
Moreover, many manufacturing processes are often hampered
by the lack of control of variable solvate formation, poly-
morphism, and polymorphic conversion that can render the
API dosages ineffective or even deadly.”*

The possibility of polymorphism and solvate formation can
exist for any particular API, but the conditions required to
prepare polymorphs or solvates are not easily determined.>*>>
Even the knowledge that one type of polymorph or solvate of
a crystalline form of a compound exists, or that a given set of
crystallization conditions leads to the production of one type of
polymorph or solvate, does not allow the prediction of other
types of polymorphs or solvates that might exist, or what type
of polymorph or solvates would be produced by other crystal-
lization conditions.’*® Thus, the existence and control of
polymorphism and solvates can be the biggest challenge to
obtaining a drug product of constant quality (or indeed, a
pesticide, herbicide, nutriceutical, cosmetic, food additive,
explosive, etc.).

Amorphous solid forms of compounds have attracted some
interest for overcoming problems associated with polymorphs.
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Amorphous forms are of higher energy than crystalline com-
pounds,”” which allows them to have higher dissolution rates
and solubilities, as there is no lattice structure to overcome
or the need to inhibit solvation. However, amorphous solids
have a tendency to crystallize spontaneously to a lower energy
crystalline form at possibly inopportune times.® Thus, the
strategy has been to search for salts or polymorphs or solvates
that have the desired “obtainable” properties.

Ionic Liquids as Active Pharmaceutical Ingredients (APIs)

Biologically active cations such as quaternary ammonium
compounds and anions such as acesulfamate and saccharinate
have previously been used to form TLs.>*%? These were paired
with traditional IL-forming counter ions to control physical
properties, especially melting point, but with a focus on pre-
paring ILs, not on preparing biologically active salts. In fact
only recently, have specific ILs with biologically active ions
been prepared and shown to retain their biological activity;
specifically, IL salts of anti-bacterial quaternary ammonium
cations were shown to be active against various types of bac-
teria and in some cases, an increased anti-bacterial effect was
observed.53-6

But ILs are composed of a minimum of two ions (a cation
and an anion) and both may impart biological activity to the
resulting salt. This dual functionality inherent in ILs is rarely
exploited,®”-%® and we have only recently published our first
paper with the designed incorporation of two biologically
active ions into an IL.%

Given that polymorphism and solvate formation cannot be
predicted; that the exact crystalline state affects chemical
(e.g., dissolution rate, solubility), biological (e.g., bioavailabil-
ity, pharmacokinetics), mechanical, and physical properties, as
well as, manufacturing processes; and that polymorphs and
solvates may inconveniently interconvert—what are needed
are chemical compositions that a) are effective for their intend-
ed purpose; b) have controlled and tunable chemical, biologi-
cal, and physical properties, c) are in a form that is not subject
to polymorphism, and d) for which controlled tunable dissolu-
tion and solubility are possible. In other words, ionic liquids.

A Few Ionic Liquid-API Examples

In our first attempts to specifically prepare biologically ac-
tive ILs,%” we chose to utilize relatively straightforward me-
tathesis routes utilized within the IL community"!? (and else-
where), although more complicated routes can certainly be
envisaged.”>7> The general syntheses consisted of separately
dissolving the salt of the cation and the anion in a solvent
(e.g., water or methanol) and then combining these solutions
and allowing them to stir with heating (to ca. 90 °C if necessa-
ry) or at room temperature. The products were then extracted
from the aqueous phase with chloroform and the chloroform
phase washed with water to remove any inorganic salt (typical-
ly NaCl which was monitored by a silver nitrate test). A rotary
evaporator was used to remove the solvent and the resulting IL
was placed on a high vacuum line to remove any residual
solvent. The structure and purity of each IL was confirmed
by 'H and 3CNMR and silver nitrate test, and were further
characterized with thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). Table 1 illustrates
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Table 1. Examples of IL-APIs

ACCOUNTS

API properties Cation

Anion IL

Benzalkonium chloride
function: anti-bacterial

gun
©/\/\ "
n=5to 15

Didecyldimethylammonium bromide
function: anti-bacterial

MM

n=7

Anti-bacterial,
anti-inflammatory

Anti-bacterial,
anti-inflammatory

Benzalkonium chloride
function: anti-bacterial

@A
©/\/\ !
n=>5to 15

Benzalkonium chloride
function: anti-bacterial

+
n=5to 15

Lidocaine hydrochloride
function: pain reliever

Anti-bacterial,
wetting agent

Anti-bacterial,
anti-acne

Pain reliever,
emollient

HN H/\
N
T

Ranitidine hydrochloride
function: histamine H,-receptor
antagonist

o NN
\NHMASN ~
+ ‘ ‘

NO,

Histamine Hj-
receptor antagonist,
emollient

function: anti-inflammatory

function: anti-inflammatory

function: wetting agent

058 N N
3 o
O S

[Benzalkonium][Ibuprofenate] a)
Form: Yellow gel
Melting point: —41°C
T (glass transition): —77°C

Sodium ibuprofenate

Ssns

Sodium ibuprofenate [Didecyldimethylammonium]-
[Ibuprofenate]b)
Form: Yellow liquid
Melting point: Liquid at RT
T (glass transition): —73°C
T (liquid-liquid transition): 69 °C
[Benzalkonium][Colawet MA-80]?
Form: Clear liquid
0 Melting point: Liquid at RT
T (glass transition): —28 °C
T (liquid-liquid transition): 77 °C

Ssns

Colawet MA-80

o
[Benzalkonium][Sulfacetamide]®
Form: Yellow gel
Melting point: Liquid at RT
T (glass transition): 46 °C

Sodium sulfacetamide
function: anti-acne

O __N_oO
s \f
Y
/@ o
H,N

Sodium docusate
function: emollient

P SN AP
ses

Sodium docusate
function: emollient

P SN AP
ses

[Lidocainium][Docusate]®
Form: Colorless gel
Melting point: Liquid at RT
T (glass transition): —29 °C
T (liquid-liquid transition): 78 °C

[Ranitidinium][Docusate]?
Form: Dark red liquid
Melting point: Liquid at RT
T (glass transition): —12°C
T (liquid-liquid transition): 29 °C

a) The synthesis and characterization can be found in the Supporting Information. b) The synthesis and characterization can be

found in Ref. 69.

examples of this approach exhibiting melting points below or
near room temperature.

But it is not the synthesis of these compounds which is the
key to the IL-API approach; it is making the proper choices of
ions. Our first goal was to choose a specific function for each
ion and then combine them to form an IL. This approach re-
quires not only knowledge of specific biological function pos-
sessed by each ion, but also what ion combinations will pro-
duce ILs. The knowledge base for the latter is still incomplete
and predicting ion combinations that will lead to ILs is, un-
fortunately, a hit-or-miss proposition. Nonetheless, it did not
escape our notice that: 1) many IL-forming cations bear simi-
larity with many APIs or API-precursors, and 2) that many
biologically active ions are large, charge diffuse, and asym-
metric—all characteristics which should lead to low melting
salts. Thus, our choices to test our approach were based on
our experience with ion types likely to lead to IL formation.
Let us briefly review how those choices led to IL-APIs.

Figure 2 represents several different biologically active
cations and anions, which on the surface would appear to be

likely candidates for IL formation. Indeed ILs of large quater-
nary ammonium cations such as benzalkonium ([BA]") and
didecyldimethylammonium ([DDA]") are known to form ILs
and to retain their anti-microbial properties.%> The cations of
lidocaine and ranitidine also appear to have characteristics
favorable for IL formation. The anions of docusate, ibuprofen,
colawet MA-80, and sulfacetamide, are all FDA-approved
compounds for use in pharmaceutical or agricultural applica-
tions. Docusate has been observed to form ILs in combinations
with appropriate cations.”>”*

From the limited set of ions likely to form ILs in Fig. 2, one
can choose the appropriate candidates based upon the desired
outcome. For example, ranitidine hydrochloride, an anti-ulcer
drug commonly known as Zantac™, has been the subject of
extensive litigation over polymorphic forms and purity.”” By
combining ranitidine hydrochloride with docusate, it is possi-
ble to prepare an IL which will not crystallize and thus will
not suffer from polymorphism (Table 1).%

An anion could just as easily be chosen as the primary ac-
tive agent. Ibuprofen is a common nonsteroidal anti-inflamma-
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tory drug used to treat arthritis symptoms, fever, and can also
have use as an analgesic.’® The sodium salt is readily available
and is primarily used to increase the water solubility of ibupro-
fen, which is less than 1 mgmL~! in neutral form.”” One can
envision using an anti-bacterial ion to combat inflammation
caused by bacterial infections, combined with the ibuprofenate
anion to prepare a dual action IL, as shown in Table 1 for the
ILs [BA][Ibuprofenate]’® and [DDA][Ibuprofenate].®’

An agricultural wetting agent, colawet MA-80, is structur-
ally similar to docusate, which has been previously shown to
lower melting points and increase viscosity and hydrophobic-
ity in ILs.”* Wetting agents are most commonly used in agri-
culture and increase the spreading and penetrating properties
of a liquid by lowering its surface tension. It is known that bac-
teria and fungi can cause severe damage to crops and, if left
untreated, can render a crop unusable. Therefore, the combina-
tion, in theory, of an anti-bacterial and a wetting agent would
allow for better penetration of the anti-bacterial to the roots
of the plant, which might be a better treatment option than
absorption via the leaves. The IL, [BA][Colawet MA-80],78
was obtained as a clear liquid (Table 1).

Sulfacetamide is a sulfonamide antibiotic that is used in
both skin”® and ophthalmic® applications and is prescribed ex-
clusively as the sodium salt. By pairing this anion with a qua-
ternary ammonium cation it should be possible to increase the
antibiotic activity, which in turn, could increase the spectrum
of bacteria for which it could be used. This combination of
antibiotic and anti-bacterial could also potentially reduce bac-
terial resistance, which is commonly seen in anti-acne treat-
ments. Utilizing the IL-API approach, [BA][Sulfacetamide]
was prepared and obtained as a yellow gel (Table 1).”8

Of course, much research remains to be done. While the IL
community can bring considerable skills in pairing ions likely
to form ILs, the effect of ion pairing on the biological efficacy
remains to be seen. It is not clear, for example, whether two
ions paired to form a hydrophobic IL will dissolve into “free”
solvated ions, ion pairs, or even clusters that might have mea-
surable lifetimes in solution. Such questions are vital to the
ultimate use of ILs as APIs, since synergistic effects could
enhance or decrease the effectiveness of a particular pharma-
ceutical.

In recently published preliminary studies,” we have seen
evidence for synergistic effects in [Lidocainium][Docusate],
an IL prepared from combining an analgesic (lidocaine hydro-
chloride) and an emollient (sodium docusate). Mouse antinoci-
ception assays were utilized to determine the onset and dura-
tion of the analgesic effect and the data indicated that [Lidocai-
nium][Docusate] possesses not only a higher onset analgesic
ability, but also a longer duration when compared to lidocaine
hydrochloride. This may be in part due to not only the hydro-
phobicity of [Lidocainium][Docusate], but also potential dif-
ferences in the mechanism of the analgesic activity.®!

The Future of ILs as APIs?

Although only a few examples of IL-APIs are presented
here, the possible combinations are only limited to one’s imag-
ination. A modular IL strategy could potentially revolutionize
the pharmaceutical and medical industries in ways never
thought to be possible and provide a platform for improved
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activity, new treatment options, or even personalized medica-
tion; or it could lead to such complexity that these materials
would never be accepted as pharmaceuticals. The possibility
to overcome problems such as polymorphism, solubility, and
bioavailability, that have stopped the use of many proposed
pharmaceuticals, might give abandoned APIs a second life;
or speed the adoption of new candidate drugs. While we can
certainly not predict the future of ILs as potential APIs, we
do suggest that the pharmaceutical industry should join the
growing number of other industries that are considering the
use of ILs as materials for many different process options,
and not just as solvents.

The Future of ILs?

Ionic liquids are continually evolving and these unique tun-
able materials appear to have potentially limitless applications
in a growing variety of disciplines. The knowledge based gen-
erated by worldwide efforts in IL research and the willingness
of the research community to try new things will continue to
provide new and exciting applications. We look forward with
anticipation to a bright future for these fascinating salts.

Our research into the nature and application of ionic liquids
has been supported by the US Air Force Office of Scientific
Research, BASF North America, the US Department of
Energy, and the US Environmental Protection Agency. The
work with IL-APIs has been a team effort with collaborators
(Prof. Juliusz Pernak (Poznan University of Technology), Prof.
James E. Davis, Jr., Prof. Richard D. Carliss, Morgan D.
Soutullo (University of South Alabama), Prof. Judith E. Grisel
(Furman University), Dr. Daniel T. Daly (The University
of Alabama)) and students and staff of The University of
Alabama (Marcin Smiglak, Dr. Héctor Rodriguez, Dr. Richard
P. Swatloski, and Dr. Scott K. Spear).

Supporting Information

All synthesis and characterization data for [Benzalkonium]-
[Ibuprofenate], [Benzalkonium][Sulfacetamide], and [Benzalko-
nium][Colawet MA-80] is reported here. This material is available
free of charge on the web at http://www.csj.jp/journals/bcsj/.
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