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1. Introduction

Recent development has shown that ionic liquids (ILs)
have emerged as very attractive media for performing
chemical reactions with a well-established potential in the
context of Green Chemical synthesis. The widespread
applications using ILs are governed by the unique combina-
tion of their physical properties: essentially no vapor pressure;
excellent thermal stability; good solubility covering a wide
range of inorganic, organic, organometallic, and polymeric
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substances in ILs; potential to be reused and recycled; high
polarity; and weak coordination affinity.

Today the scope of applications involving ILs ranges far
beyond the boundaries of being just a convenient “alterna-
tive” solvent. Their essential role in controlling both the
direction and selectivity of chemical reactions as well as their
important function in catalytic activity have all been dem-
onstrated for numerous important reactions as well as
industrially important processes. The most outstanding
feature of ILs is highlighted by their ability to tune their
physical and chemical properties by varying the structures
of both the anion and cation. The structural diversity of
potential cations and anions is further increased due to the
variety of possible permutations and combinations. This
proved an important prerequisite for the exponential growth
in successful IL applications in recent years and ensures
further future developments in this fascinating field.

Several excellent reviews have been published describing
the preparation of ILs and their applications in modern
chemistry.!~7 Some of the special topics involving the role
of ILs covered are as follows: catalysis,®"!! Pd-catalyzed
reactions,'>'* hydroformylation,'* heterocyclic chemistry,'?
chiral ILs,'®!7 chemical and biochemical transformations in
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ILs,'8"22 enzyme catalysis in ILs,**?** molecular structure of
ILs,?>2% properties and applications of protic ILs,?” electro-
chemical reactivity and voltammetry,?®~3* spectroscopy,*'-*?
industrial chemistry and related applications,>* 3® macro-
molecules,*”* synthesis of nanomaterials,*® inorganic com-
plexes,* and chemistry of the f-elements.*!

Despite the ongoing wide interest in ILs, some important
unanswered questions remain regarding the mechanisms of
chemical reactions in ILs, catalyst stability and decomposi-
tion pathways, and the nature of the solvent—solute interac-
tions. In addition, the structural changes caused by solvation
as well as the mechanism of in situ catalyst formation remain
unclear. Mechanistic and structural studies carried out directly
in ILs encounter significant difficulties due to the lack of general
and efficient analytical techniques such as, for example,
NMR spectroscopy in regular organic solvents. The unique
properties of ILs highlight the urgent need for the develop-
ment of such an analytical method for both the characteriza-
tion of complex molecular systems and the direct monitoring
of chemical reactions in ILs. Undoubtedly, the ability to
access an appropriate analytical tool for in situ studies will
greatly facilitate both the future research progress and their
application in industry.

There is a common belief that NMR measurements in ILs
are virtually impossible due to the dissipation of radiofre-
quency pulses caused by the strong ionic character of the
media as well as the unacceptable resolution arising from
the high viscosity and reduced molecular tumbling. However,
as will be shown in this review, NMR spectra of acceptable
quality can be recorded directly in ILs using routinely
available hardware. Proton and heteronuclear spectra, as well
as two-dimensional experiments, can be carried out in ILs
after appropriate spectral parameters adjustment.

It should be noted that in the present review no attempt
has been made to cover all aspects of spectroscopic studies
in ILs. NMR studies of ILs performed in regular organic
solvents, in dilute solutions (or with deuterium solvent
additives), and in other non-native systems are beyond the
scope of this review. These topics have been addressed in
excellent reviews by Giernoth and co-workers.*"*? Instead,
discussion here will be limited to results achieved using NMR
spectroscopy in native IL systems. As will be shown later,
even a small dilution of ILs with regular organic solvents
can dramatically change both their solvating and chemical
properties. Therefore, structural and mechanistic studies must
be performed in exactly the same media as that in which
the actual chemical reaction occurs: no additives for the
purpose of spectral measurements should be used. The
present review provides the necessary information for
understanding what NMR studies can be performed in native
IL systems and what kinds of chemical information can be
acquired. In this review, the application of NMR spectros-
copy in ILs will be analyzed and discussed with an emphasis
on the practical requirements needed to solve both structural
and mechanistic problems.

2. Chemical Applications of NMR Spectroscopy
in Native ILs Systems

The structures of the anions and cations of ILs, together
with common abbreviations cited in the present review, are
given in Figure 1. The summary of chemical applications of
NMR spectroscopy in ILs is provided in this chapter, and
the topics related to the high-performance NMR measure-
ments in ILs will be discussed in sections 3 and 4.
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2.1. Structure and Dynamics of Neat lonic
Liquids

In general, NMR measurements of 'H, !'B, *C, '°F, and
3P spectra are easy to carry out using commercially available
NMR machines equipped with superconducting magnets
from 200 to 750 MHz (in 'H resonance). The spectra of neat
ILs can be measured very rapidly for the above nuclei using
a single scan in many cases. In the present section, 'H NMR
studies will be covered first, followed by heteronuclear
spectroscopy, diffusion measurements, and relaxation studies.
Finally, two-dimensional experiments carried out using neat
ILs will be discussed with the view of the possible insights
into the structure of ILs they might reveal.

A structural study of the [HMIM][HBr,] moiety—the IL-
containing protic cation [HMIM]"—was carried out by Driver
and Johnson using variable-temperature 'H NMR. The results
indicated that the ionic protic species were not chemically
exchanged over the 24—94 °C temperature range studied.*
At high temperatures, the N—H signal presented as a broad
triplet in the '"H NMR spectrum due to spin—spin coupling
with the N nucleus (spin = 1). The authors concluded that
slow molecular motion and more efficient relaxation of the
quadrupole moment/electric field gradient interaction leads
to the disappearance of the triplet structure at lower tem-
peratures. This was an important issue deserving some
attention, since the presence of multiple lines may also be
confused with chemical exchange. In contrast to the cation,
where no chemical exchange was found, the authors reported
the dynamic nature of the anionic part of the IL due to the
following equilibrium:

Br + H,Br; = 2HB;

The 'H chemical shift observed for the acidic proton d('H)
= 5.44 ppm in the neat IL had an intermediate value between
the chemical shifts expected for the HBr, ™ and H,Br;™ anions
O0('"H) = 10.2 and 3.7 ppm, respectively.*> Thus, a more
correct representation of the IL at room temperature would
involve an equilibrium mixture of the [HMIM]" cation and
Br, as well as the HBr, and H,Br; ™ anions.*? Interestingly,
the formation of dimeric and oligomeric anions such as
[(AcO),H,—]” containing acetic acid molecules stabilized
by hydrogen bonds was also observed and studied with 'H
NMR.#

The 'H chemical shifts of the hydrogen atoms of the
imidazolium cation measured in neat ILs were studied by
Bagno, Chiappe, and co-workers in order to simplify the
analysis of the cation—anion hydrogen bond interactions
based on NMR data.** Under such conditions, the contribu-
tions of solvent and concentration effects were avoided, thus
providing more reliable 'H chemical shifts. A series of
trihalide-based [HMIM][X] and [BMIM][X] ([X] = [ICL],
[I,CI]™, [Brs], [IBry] ") ILs were studied in a neat state, as
well as in diluted solutions, and their relative hydrogen-
bonding abilities were estimated.***> An NMR study showed
that addition of the halogens did not initiate any modifications
in the cationic ring and it demonstrated a decrease in the
basicity of the anion.

A combination of variable-temperature 'H NMR and
IR studies was used by Johnson and co-workers to
determine the minimum values of the formation constants
for the HCl,~ and H,Cl;~ species (10*=10° and 5 x 10?
L M}, respectively) in the IL [EMIM][HCI,].*® Analysis
of the variable-temperature NMR data provided thermody-
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Figure 1. Structures of cations and anions of commonly used ILs.

namic parameters with good precision for the reaction below,
AH=-228 4+ 1.0kI mol ' and AS = —31.8 £ 29 JK™!
mol

H,Cl; + CI” = 2HCI;

Depending on the nature of intramolecular interactions
they were involved in, a chemical shift change for the
[EMIM]" protons was also reported by the authors. The
same authors reported a '"H NMR study that measured a
stoichiometric equilibrium constant of 218 & 25 for this
reaction.?’

An NMR observation of the species was used to construct
a phase diagram for the ternary system HCI/[EMIM][CI]/
AICI;. 'TH NMR has proven to be a reliable tool for the es-
timation of the electronegativity of aluminum for the
[BMIM][AIEt,Cly—,] (x = 1—3) IL system*® based on the
modified Dailey—Shoolery equation*® and 'H chemical shifts.
The method is also applicable for estimating the Lewis
acidity of the Al(Alk),Cl,-based salts (Alk = alkyl group).

A 3C NMR spectroscopy study was carried out by
Wilkes, Frye, and Reynolds to characterize the cation—anion
interactions in [EMIM][AICL,].>° Five possible environ-
ments of the cation were assumed to affect the '*C chemical

shifts; the greatest change was observed for the C-2
resonance of the carbon atom located between the nitrogens.
It was reported that the observed chemical shift reflects an
average value weighted by the mole fraction of each
component. The chemical shifts attributed to each of the
contributing species were estimated using a least-squares fit
procedure. The ?’Al NMR spectrum for this IL showed the
presence of two signals that were assigned to [AICl,]™ and
[ALL,Cl;]". The effect of chemical exchange was observed
between the aluminum species. It was characterized using
variable-temperature NMR and a two-site chemical exchange
simulation.>® The composition dependence of the relaxation
rates, the nature of the chemical exchange, and the relative
concentrations of the [AICL]~, [ALCl;]~, [ALsClyo]~, and
Al,Clg species were also determined by Al NMR.>!

A combination of 'H and '3C NMR was utilized to
establish the anion dependence of the cation—anion bond
strength in neat ILs.>?> A linear correlation was observed
between the ion-pair stabilization energies (calculated theo-
retically at the B3LYP/Lanl2DZp level) and 'H and "*C
chemical shifts of the proton and carbon in position 2 of the
imidazolium ring. The strongest and the weakest cation—anion
interactions were found for the [EMIM][Et,PO,] and
[EMIM][Tf,N] ILs, respectively. Measurements were also
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Figure 2. '"Sn NMR chemical shifts as a function of molar fraction of SnCI2 (¥SnCl,) and plausible species in the [BMIM][CI] IL.

Reproduced with permission from ref 60. Copyright 2005 Elsevier.

carried out for a series of other [EMIM][X] ILs, where [X]™
= [CF;COO]", [CeH3S04]7, [EtSO4], [BuSO4]™, [SCN]™,
[BF4]™, [TfO]~, and [N(CN),].>

The liquid structure of [EMIM][Tf,N] was investigated
by Ishiguro, Takamuku, and co-workers. They used a
combination of large-angle X-ray scattering, neat NMR, and
molecular dynamics simulation.> The study showed that the
liquid structure is significantly different from the layered
crystal structure observed for the solid state. The '*C NMR
proved of particular importance in observing the interaction
of the imidazolium C2 proton of the [EMIM]" with the
oxygen atom of the —SO,(CF3) group of the [Tf,N] > It is
noteworthy that this interaction was not assigned to hydrogen
bonding; this is in contrast to several other studies.

The first systematic '>’N NMR study of neat ILs by Lycka
and co-workers included twelve 1,3-disubstituted imidazo-
lium salts.>* The measured chemical shifts for both nitrogen
atoms were in a similar range: 0(**N)x; = 196.0—210.8 ppm
and 0("*N)n3 = 196.1—213.9 ppm. This therefore raises the
question of correct signal assignment: obviously this cannot
be done based on the chemical shift values alone. Unam-
biguous line assignment was carried out by the analysis of
"J(">N,'H) coupling constants mapped using a 2D 'H—5N
gradient-selected HMBC experiment.>* According to the
NMR data measured, alkyl substituents influence the N
chemical shifts in a much more pronounced manner com-
pared to the effect of the anion [X] . The data measured
should prove useful for further analysis using theoretical
methods, since "N NMR is known to reflect valuable
structural parameters and electronic properties of molecular
systems.>>%

The potential of '*N NMR spectroscopy for studying neat
ILs was investigated by Bliimel and co-workers.”’ In addition
to the neat samples, the authors also used 'H and '3*C NMR
spectroscopy to study ILs immobilized on silica because this
is closely related to their application in heterogeneous
catalysis.”’

Deuterium isotope effects on the proton A'H(H,D) and
chloride ion A¥?’CI(H,D) as well as NMR chemical shifts
upon deuteration of the imidazolium C-2 and C-2,4,5
positions were measured by Moyna and co-workers to
characterize interionic hydrogen bonds in [BMIM][CI].5

These A values stand for variations of 'H and **'Cl
resonances upon H/D substitution. However, the A'H(H,D)
values were below the statistically acceptable barrier and did
not provide useful structural information. In contrast, the
A¥PTCI(H,D) values were ca. 1—2 ppm, and their measure-
ments were carried out with good precision (standard
deviation <0.12 ppm). Thus, the NMR study made it possible
to identify the Cl-++H hydrogen bonds of the chloride anion
with all imidazolium protons. According to the A3*’CI(H,D)
values determined, the hydrogen bond involving the imida-
zolium proton at the C-2 position was stronger than the
hydrogen bonds involving protons at the C-4 and C-5
positions. The results of the NMR study are in good
agreement with crystallographic and ab initio studies.’® The
results of the Cl and 'C NMR study of the [BM-
MIM][ZnCl;] IL at 100—110 °C indicated an evolution
toward the dissociated structure [BMMIM +++Cl+++ZnCl,].%°

A 'Sn NMR study has been carried out by van Eldik
and co-workers to investigate the nature of the [BMIM]-
[SnCl;] anion and to characterize the dependence of the ''°Sn
chemical shifts from the molar composition of the IL (Figure
2).% The maximum value of the '"”Sn chemical shift was
observed for a 1:1 ratio of the [BMIM][CI]/SnCl,. This
suggests the formation of the [SnCl;]” anion. A linear
dependence of an observed chemical shift versus an increas-
ing molar fraction of SnCl, on the right side of the curve
(¢SnCl, > 0.5) suggested the formation of the [Sn,Cls]™
dimer. Nonlinear behavior on the left side of the curve
(xSnCl, < 0.5) was evidence of an equilibrium involving
the [SnCl,]*~ species. The presence of a single !'°Sn signal
over the whole concentration range indicated a rapid
exchange on the NMR time scale. The authors also reported
a dependence of the 'H chemical shifts on the H-2 signal as
a function of the SnCl, molar ratio. In addition to intercon-
version of the [Sn,Cl,]"" species, 'H chemical shifts were
also influenced by hydrogen bonding with the anionic
species.®

Several studies have been published dealing with the
application of self-diffusion measurement experiments in
studying the structure and dynamics of various ILs. For
[MEIM][EtAICI;], the diffusion coefficients of the cation
[MEIM]" and anion [EtAlICl;]~ were measured simulta-
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neously by 'H NMR.%! Direct correlation of self-diffusion
coefficients and viscosity with '*C and 'H correlation times
indicated that the transport properties of the IL are determined
by the molar quantities of the salt rather than the individual
properties of the ions in the IL.®' Similar conclusions have
been made in the 'H diffusion and '*C NMR relaxation study
of the [MEIM][AICI,] IL.%>%* Using NMR data and ab initio
calculations, the appropriate model was developed to describe
the movement of the [MEIM]" cation in the IL.%

Independent measurements of the self-diffusion coefficients
of the anions ("°’F NMR) and cations (‘H NMR) for a series of
ILs were carried out by Watanabe and co-workers.*~% It was
found that the cations diffuse almost equally compared to
the anions in [EMIM][BF,] and [BPy][BF,], whereas the
cations diffuse faster than the anions in [EMIM][Tf,N] and
[BPy][Tf,N].% A summation of the cationic and anionic
diffusion coefficients was used to estimate ionic transport
properties for each IL, resulting in the following order:
[EMIM][T,N] > [EMIM][BF,] > [BPy][Tf,N] > [BPy]-
[BF,].** For ILs of the general type [RMIM][TE,N] (R =
methyl, ethyl, butyl, hexyl, and octyl), diffusion measure-
ments revealed higher self-diffusion coefficients for the
cations compared to the anions. This was true even if the
cation radius was larger than that of the anion.® On the basis
of these studies, the authors have introduced an ionic
diffusion parameter to characterize several important IL
properties.®

The effect of mixing ILs was the subject of a diffusion-
measurements study carried out for mixtures of [MPPyrr]-
[Tf,N] and [BMPyrr][Tf,N].*” The larger cation [BMPyrr]*
was found to diffuse more slowly in mixtures where
[MPPyrr]" was the dominant component, whereas the
[MPPyrr]t cation was moving slightly faster.

A promising approach for estimating the ionic nature
of ILs was developed by Watanabe and co-workers in
order to answer the question of “how ionic” are these
ILs.%7% In the methodology they developed, the ionic
nature of the IL was defined as the molar conductivity
ratio Aimp/Anmvr, Where Ajy, is the molar conductivity
measured by the electrochemical impedance method and
Anmr was estimated from the pulsed-field-gradient
spin—echo NMR self-diffusion coefficients. An extensive
study of the A/ Anvr correlation with the solvatochromic
polarity scales of ILs was reported. This study was of
particular help in understanding the effect of the ionic
properties of the ILs on the intermolecular interactions
and also in illustrating their degree of aggregation.®’
Another successful application includes the characterization
of the anionic®® and cationic” effects on ion dynamics and
ionicity. The Aimpy/Anvr and effective ionic concentration
values (C, the product of Aimy/Axmr and molar concentra-
tion) can be considered as useful parameters for the estima-
tion of IL physical properties and, possibly, even chemical
reactivity in this media.

Variable-temperature ~ diffusion measurements for
[EMIM][BF,] indicated that a phase change took place at
333 K.”! The phase change was caused by a structural
rearrangement of the [EMIM][BF,] ion pair into individual
ions [EMIM]" and [BF,]"."!

Alkyl side chain effect on the transport properties of a
series of ILs was investigated by Kanakubo and co-workers.
They carried out independent measurements of the self-
diffusion coefficients of both the cations ('"H NMR of the
3-methyl group) and anions (!°F NMR of the [PFs]") of the
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following series [BMIM][PF¢], [HexMIM][PF¢], and
[OMIM][PF;].7? In this comparative study, ILs with longer
alkyl chains were found to have stronger interionic interac-
tions. Other examples of self-diffusion measurements in ILs
include the studies of proton transport®® and hydrogen
bonding.”!

Relaxation measurements are another source of valuable
information about the structure and dynamics of ILs. A '*C
relaxation study, combined with NOE (nuclear Overhauser
effect) measurements, has been used to study molecular
structure and rotational motion of the [BMIM][PF;] system.”>"™
The analysis of the spin—lattice relaxation times (7)) of the
[BMIM]™ cation revealed the relative motion of each carbon
atom in the cation.” These rotational motions are particularly
sensitive to some important IL properties such as hydrogen
bonding, phase changes, and viscosity.5!7>7>76 The phase
change of [EMIM][BF,] at 333 K observed by self-diffusion
measurements was confirmed by ''B quadrupolar relaxation
rate measurements.”!

The intrinsic structure and the microdynamics of the
[EMIM][AICI,] chloroaluminate IL were studied using '*C
NMR relaxation methods as a function of IL composition
and temperature.””’® The studies reported an NMR ap-
proach, which can be useful for probing cation—anion
interactions.

NMR measurements of 'H and '°F spin—lattice relaxation
times (7)) and self-diffusion coefficients at various temper-
atures have been carried out by Chung and co-workers for
trimethylsilylmethyl-substituted ILs [SIMIM][X]. They com-
pared these to the isostructural neopentyl- substituted ILs
[NpMIM][X] where [X] = [Tf,N] or [BF4]™ (see Figure 1
for abbreviations).”” Observed differences in the measured
NMR properties were correlated with reported viscosity
changes in order to understand Si-substitution effects on the
IL viscosity. In fact, lower room-temperature viscosities have
been found for both [SIMIM][Tf,N] and [SiMIM][BF,];
values are smaller by factors of 1.6 and 7.4, respectively,
compared to the neopentyl analogues [NpMIM][X], [X] =
[Tf,N]~ and [BF,]".”

Both the *C spectra and '*C—T7) relaxation times as a
function of temperature were measured to investigate [BMIM]-
[Br] IL in the supercooled state.®’ The measurements revealed
discrete segmental motions of the [BMIM]*' cation. The
motion of the imidazole ring was extremely restricted at low
temperatures, while the signal of the methyl group in the
butyl chain was active even after a phase change into the
solid state.?

Although two-dimensional NMR spectroscopy can be
quite challenging to carry out in neat ILs, it is undoubtedly
considered a superior source of unique structural informa-
tion. The first NMR evidence for the presence of short
intermolecular contacts (<5 A) between imidazolium rings
was reported in the pioneering study of basic [EMIM]-
[AIC1,] IL by Osteryoung and co-workers.?! 2D ROESY
spectra with the cross-peaks corresponding to NOE transfers
were recorded at 500 MHz and 25 °C. In the NMR spectra,
the intermolecular contacts were clearly resolved and pro-
vided independent evidence for the structure of the hydrogen-
bonding network in the IL. Cation—cation distances in
[BMIM][BF,] and [BMMIM][BF,] were estimated by Mele
and co-workers by analysis of 2D NOESY data (Figure 3).5?
The measurements of the quantitative NOE interactions
network made it possible to construct possible aggregation
motives in the studied IL (Figure 3). Averaged intermolecular
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distances for  BMMIM][BF,] (in A), r(5—10)y—me = 3.1(9),
r(6—2n-me = 3.1(7), (4—2)u-me = 3.2(2), (6~ 4)cu,-n =
3.2(9), and r(6—10)c,-me = 3.0(9), showed reasonable
agreement with the structural data obtained by X-ray studies
(r denotes intermolecular distance, atom numbering is shown
in Figure 3e, and the type of the interacting groups is
indicated in the subscript). It is noteworthy that the presence
of the bulky and noncoordinating [Tf,N]~ anion increased
the actual distances: corresponding intermolecular contacts
were not observed in the NOESY spectrum.®?

Judeinstein and co-workers carried out an excellent
comparative NMR study of the structure and local organiza-
tion of proton-conducting ILs consisting of triethyl amine
and a series of organic acids (acetic acid, trifluoroacetic acid,
and bis(trifluoromethanesulfonyl)imide acid).®* A carefully
selected set of NMR experiments was chosen to characterize
the ILs (Figure 4). Determination of the 'H and "°F self-
diffusion coefficients revealed interesting features of the

different transport properties for the components of each IL.
For example, similar values for H*, [EHN]", and acidic
anion were observed in [EtHN][CF;COQ], whereas they
were noticeably different in [Et:HN][CH;COO]. The "N
NMR was characteristic of the nature of the nitrogen group:
a doublet if hydrogen is attached to the nitrogen atom (due
to spin—spin coupling) and otherwise a singlet. The relative
acidic properties of the ILs were further studied by analyzing
the 'H and >N chemical shifts. Finally, a combination of
SN—'H and 3*C—'H HOESY experiments was carried out
in order to reveal the structural properties of the ILs. A
complementary set of NMR experiments provided sufficient
information to suggest a plausible structure for the ILs
studied (Figure 4).%* It should be pointed out that this study
concerned protic ILs, which have different properties,
especially for 'H resonance, compared to the widely used
aprotic ILs (see also section 3.1).
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Figure 4. Summary of NMR results and proposed structures of
the ILs (TFA = [CF;COO]~, TEA = [E;HN]*, AA = [CH;COO0] ",
TFSI = [Tf,N]7). Reproduced with permission from ref 83.
Copyright 2008 American Chemical Society.

2.2. Water and Impurities Effects on lonic Liquids

Water is one of the most commonly occurring impurities
in ILs, which may dramatically influence the yield,
selectivity, and reproducibility of chemical reactions
carried out in the ILs. The potential of native-state NMR
for studying IL/water system interactions is obvious, since
the addition of a deuterium-containing cosolvent intro-
duces the risk of also adding an uncontrolled amount of
water, the effects of which would be rather difficult to
rationalize and eliminate.

Water molecules change the IL structure by introducing
water—cation interactions in addition to the cation—anion
interactions already present. Water—anion interactions,
although not expected to be strong for weakly basic anions,
also cannot be ignored. The nature of the water—cation
interactions as well as the sites of water binding to
[BMIM][BF,] were determined using 'H NMR and
"H{'°F} NOE experiments.®* At a very low water content,
the interaction of water with the IL was highly specific and
was localized at the Cy,,—H protons (H2, H4, and HS protons
of the imidazolium ring). Increasing the amount of water
led to nonselective solvation.®* The degree of IL hydration
was found to depend significantly on the strength of
cation—anion interactions and the self-aggregation of the
IL.57% 'TH NMR combined with fluorescence spectroscopy
was successfully utilized to investigate IL/water systems and
to determine critical aggregation concentrations, standard free
energies of aggregation, and the aggregation numbers of
several ILs.%8

When [BMIM][PF¢] was exposed to moisture, two types
of PF,X,, species were detected by 3'P NMR.* The formation
of one of the species was facilitated by the presence of SnCl,
and water. A probable explanation for the formation of the
PF, moiety was based on the assumption that the equatorial
F ligands of PF;s are relatively easily substituted compared
to the apical F ligands.® Although the study did not explicitly
identify the nature of the X groups, X = Cl or OH may be
proposed. The decomposition of the [PFs]™ counterion in the
presence of water (and SnCl,) indicates that the aqueous
workup of reaction mixtures in some cases might lead to a
damage of the IL system.
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70 NMR studies in [EMIM][AICL,] IL have shown that,
under acidic conditions, reaction with water leads to two
different types of the oxygen-containing species: (1) hy-
droxochloroaluminate and (2) O-bridged oxochloroalumi-
nates (two forms).”® Under basic conditions, rapid exchange
between oxochloroaluminate and hydroxochloroaluminate
took place. In both cases, even a small amount of water (~50
mM) produced significant changes in the IL properties.”® The
nature of the chemical interactions involving water in
chloroaluminate ILs was revealed by analysis of the 'O
NMR spectra.’! Bvidence for the involvement of the oxy
species [Al;0Clg]~, [Al30,Cl¢] ", and [ALLOCls] ", as well as
hydroxy species [Al;Cly(OH)]™ and [ALCls(OH)]™, was
reported.

The 'H (®*H) NMR spectra of protons (deuterons)
recorded in oxide-free basic [EMIM][AICl,] ILs showed
a single line.”> An in-depth NMR study revealed the
complicated nature of this signal resulting from the fast
exchange between the HCI, HCI, ™ anion, and the CI(HCl),,”
anions. The effect of Cl~ concentration on the 2H NMR
chemical shifts was measured using a 0.1 M solution in the
IL. Both 'H and >H NMR spectra were utilized to determine
the DCI, /DCI and HCI, /HCI equilibrium constants with
sufficient accuracy under variable-temperature conditions
(30—90 °C). The thermodynamic parameters of the equilib-
rium were determined from the variable-temperature experi-
ments, AH=—98 £ 0.8 kI mol ! and AS =4.8 £ 257
mol ' K™:

HCI + CI' = HCl,

The NMR study suggested that an IL surrounding interacts
more strongly with the chloride ion than with the hydrogen
dichloride ion compared to the other solvents studied.”?

Interestingly, the theoretical study by Palomar and co-
workers at the GIAO-B3LYP/6-31++G** level high-
lighted a rather complicated influence of the water
molecules on the chemical shifts of 1,3-dialkylimidazolium
ILs.”® In fact, they found that specific interactions of the
cation with the water molecules change the 'H chemical shifts
to higher values, while nonspecific interactions with water
(as the solvent) affect the chemical shifts in the opposite
manner. The study reports a computational approach to
dealing with solvent—solute interaction problems.”® The
influence of ion pairs and cluster formation on the 'H and
13C NMR chemical shifts was investigated at the theoretical
level by a combined molecular dynamics and quantum
mechanics/molecular mechanics (QM/MM) methods ap-
proach.** Experimental measurements and theoretical GIAO—
DFT calculations of 'H chemical shifts were carried out to
study water effects in trihexyl(tetradecyl)phosphonium chlo-
ride IL.>> The study suggested that cation—anion—water
configurations at low water concentrations were transformed
into cation—water—water configurations at higher water
concentrations.”

A combined NMR and IR study by Firestone and co-
workers has shown that water molecules disrupt the hydrogen-
bonding network between the anion and imidazolium ring
in the IL.°*% The addition of an appropriate concentration
of water to [C;(MIM][Br] and [C;(MIM][NOs] was found
to change the native structural motif of the IL and resulted
in the formation of an “ionogel” composition. For mixtures
with high (=0.8) or low (=<0.16) ratios of water to IL,
satisfactory '"H NMR spectra were obtained in the native
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Figure 5. Plausible view of the microstructure of the [BMIM][Tf,N]/water system with increasing amount of water from left to right
(the IL is shown in gray and water is shown in white). Reproduced with permission from ref 100. Copyright 2007 American Chemical

Society.

mixtures, whereas for intermediate water/IL ratios, investiga-
tions using acetonitrile solutions were found to be a better
choice.”®*” Disruption of the hydrogen bonding between the
anion and cation upon mixing with water was also reported
for [HBet][Tf,N] (Hbet = Me;NTCH,COOH, betainium
cation).”® Temperature-dependent phase changes caused by
rearrangement of the IL structure were monitored using 'H
NMR.%

Characteristic water concentrations in [BMIM][CI] were
determined by Nakahara and co-workers utilizing kinetic
measurements and 2H NMR.* If the concentration of water
was above the characteristic point, water molecules were able
to participate in reactions as reactants. Below this concentra-
tion point, the water molecules interacted with the IL and
they were deactivated as reactants. The characteristic water
concentration was established in terms of the coordination
number of the chloride anion, which was found to be 1.6
for [BMIM][CI].”

Rollet and co-workers studied the self-diffusion proper-
ties of cations, anions, and water molecules in the
[BMIM][Tf,N]/water system (0.3—30 mol % of water)
using 'H and F NMR.'® The measured self-diffusion
coefficients of all species were found to increase with water
content. However, the water molecules did show anomalous
diffusion properties. The evolution of the diffusion coefficient
of water was completely out of step with that of the IL ions:
it increased 25 times quicker. The authors suggested that
increased amounts of water led to phase separation on a
microscopic scale, resulting in the formation of a network
of water-rich channels (Figure 5). NMR measurements were
used to estimate the ratio of linked and bulk water (a factor
of 10 at 30 mol % of water) and to characterize the size of
the water pores (~5 um). This study emphasized that water
molecules not only disturb the molecular structure of the IL
via direct interaction with the cations and anions of the IL
but also change the supramolecular organization via the
formation of a partially segregated biphasic system.'® Weiss
and co-workers observed that very small amounts of an
alcohol or water can induce critical changes into the
supramolecular structure of ILs.!%! The transformation of the
IL into the liquid-crystalline phases was monitored by 'H
and 2H NMR spectroscopy in the native state. The authors
observed a “molecular lubrication” effect of water or alcohol
additives: cation—anion electrostatic interactions were suf-
ficiently attenuated by complexing with hydroxyl groups,
thus leading to increased fluidity. This effect initiated both
conformational and structural changes and resulted in me-
sophase induction.!'?":102

A combined 'H NMR and molecular dynamics study also
showed that different IL/water interaction regimes are
possible depending on the amount of water present.'®® At
low water content, the ions of the [BMIM][BF,] IL are
selectively coordinated by the water molecules and the

overall ionic network is not perturbed, whereas at high water
content, the network is disrupted and the ions are solvated
by water clusters in a nonspecific way.!%

Mixing—demixing behavior of the [choline][Tf,N]/water
system ([choline]™ = (2-hydroxyethylammonium)trimethy-
lammonium) was shown to be strongly temperature depend-
ent.! 'H NMR spectrum of the [choline][Tf,N]/water
mixture at 25 °C was found to be nearly identical to the
spectrum recorded in the absence of water, thus indicating
the absence of interactions between two phases. Heating at
100 °C resulted in the formation of a single phase and
disappearance of the water signal in '"H NMR. Formation of
single phase with water was suggested to involve breakage
of the hydrogen bonds between anion and cation of the IL.
A similar behavior is known for some other IL/water
mixtures as well.!*

Self-diffusion measurements were used as a sensitive test
for determining the purity of various ILs. It was reported
that even a small amount of impurity significantly affected
transport phenomena in the IL.'% Of particular note is the
fact that ca. 3% of impurities in commercially available
[BMIM][PFq] led to a ~25% change in the self-diffusion
coefficients of the anion and cation. Although the authors
did not determine the exact nature of the impurities, they
showed that the impurities can be removed in a well-known
two-stage purification procedure: (1) removal of colored
impurities with activated charcoal and (2) drying under
vacuum,'®

The water impurity effect on the reaction rate and
selectivity was addressed using 'H and 'F NMR in
[BMIM][Tf,N].1% An unusually large rate effect on the
reaction of adamantyl mesylate induced by only small
amounts of water in the IL was found. The reaction rate
increased from k =1 x 107 to 17 x 107° s™! on changing
the water content from 0.11% to 1.00%.!% In another
reaction, the solvolysis of cumyl trifluoroacetate, the forma-
tion of 24% of a minor product was observed if the IL
contained even 0.5% of water.'%

2.3. Water/Proton Removal

The discussion in the previous section has clearly shown
the importance of controlling the amount of water in IL
samples. Water/proton removal techniques based on native-
state NMR as the analytical method of choice are discussed
here.

’H NMR was used to study proton removal from chloro-
aluminate ILs using a model system with added DCL'"
EtAICl, was used to remove acidic impurities according to
the reaction:

EtAICI, + HCl(or DCl) — C,HE"(or C,H,D#*) + AICI,
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Scheme 1. NMR Monitoring of Water Removal Process
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and MS analysis
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The reaction was monitored using 'H, ?H, and 2’Al NMR
spectroscopic techniques. Deuterium NMR proved the most
convenient tool for monitoring the study, and complete
removal of the acidic impurities was confirmed by this
method. Even at small concentrations, DCI gave the largest
peak in the 2H NMR spectrum and it was easy to monitor
disappearance of this peak. Neither the product of the above
reaction (AlCIs) nor the initial reagent (EtAICl,) was found
to introduce any noticeable changes into the normal com-
position of the IL.!"

Another approach for promoting water removal from
chloroaluminate IL utilized the reaction of oxide contamina-
tion with phosgene.!?!' Seddon, Welton, and co-workers
used step-by-step multinuclear NMR monitoring to follow
the process (Scheme 1).!% The *C{'H} NMR spectrum of
the IL with added phosgene showed two peaks attributed to
COCl, (144.6 ppm) and CO, (124.3 ppm). Both these species
were also detected by 70O NMR with 6(!’0) = 497.5 and
84.0 ppm for COCl, and CO,, respectively. Despite only a
small amount of CO, (0.04 equiv to IL) present, it was clearly
visible using a 360 MHz NMR spectrometer operating at
90.55 and 48.82 MHz for '3C and 70O, respectively.'” The
presence of the species was independently confirmed by MS
analysis. Detection of phosgene and carbon dioxide in step
1.2 was found to be more informative and much more
sensitive for monitoring oxide species removal due to the
fact that comparison of the '"O spectra of the aluminum
species in steps 1.1 and 1.3 is more complicated (Scheme
1).

The quantitative efficiency of proton removal under
vacuum was successfully monitored using NMR.!'"® The
smallest detectable proton concentration using 2H NMR was
reported as 1.92 x 107* M as measured by a 400 MHz
spectrometer operating at 61 MHz for 2H. More modern
NMR equipment with improved sensitivity!!! should ensure
improvement of the smallest detectable concentration of ~1
order of magnitude. This may come close to the limit of 5.5
uM reported for electrochemical measurements.''® Evacua-
tion of the [EMIM][AIC,] sample to a pressure less than 5
x 107® Torr for 5 h resulted in complete disappearance of
proton signals (Figure 6). After the evacuation, only those
signals corresponding to natural-abundance *H of the imi-
dazolium cation were observed. The authors also discussed
a possible algorithm for monitoring proton/water removal
from ILs using 2H and 7O NMR and compared the results
with electrochemical measurements.!!

The high sensitivity of the 'H chemical shifts of water
to the presence of acid was used in an elegant approach
by Nakahara and co-workers for an in situ NMR spec-
troscopic study to detect acid impurities in ILs.''? A
detection limit below 107* mol kg™! was successfully
achieved using a 400 MHz NMR spectrometer. The ef-
ficiency of the recrystallization purification procedure for the
commonly used imidazolium ILs was analyzed using this
approach.!!?
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Figure 6. (Top) *H NMR spectrum of the initial [EMIM][AIC,]
sample containing 19.8 mM protons (0 = 8 ppm); (Bottom) the
sample after 5 h under vacuum (61 MHz (400 MHz for 'H), 90
°C). Reproduced with permission from ref 110. Copyright 1991
American Chemical Society.

2.4. Solubility of Gases

Gas solubility is a very important property related to the
performance of several catalytic reactions of industrial
importance. For instance, knowledge of the solubilities of
CO and H, are critical for designing carbonylation, hydro-
formylation, and hydrogenation processes.

It should be noted that high-pressure NMR spectroscopy
provides an easy and convenient tool for determining the
solubility of gases in ILs and is particularly important for
gases such as hydrogen, which cannot be determined using
gravimetric measurements. 36113114

The solubility of molecular hydrogen in several ILs has
been determined by Dyson and co-workers using high-
pressure 'H NMR (at 101.3 bar H, pressure).''*!!> For
most of the ILs studied, H, solubility ([H,] = 0.47—0.98
mM) was significantly lower compared to that in organic
solvents ([H,] = 2.54—3.75 mM) and close to the
solubility of hydrogen in water ([H,] = 0.81 mM).!!4!15
The only exception was reported for the IL
[P(C6H]3)3(C14H29)][PF}(Cst)g], which had a hydrogen
solubility of [H,] = 1.84 mM.'*

Using high-pressure NMR experiments, the concentra-
tion of hydrogen in [EMIM][Tf,N] was estimated to be
[H,] <0.01 M (297 K, 30 bar).!'® However, after addition
of CO, to the system, the 'H NMR signal for the molecular
hydrogen was observed at d(‘H) = 4.3 ppm, and the
estimated concentration of hydrogen in this system was found
to be [Hy] <0.14 M (297 K, 120 bar). Releasing the pressure
of CO; resulted in the disappearance of the corresponding
H, signal from the 'H spectrum. This clearly demonstrates
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that the presence of CO, led to an order of magnitude
increase in the H; solubility in the IL. Leitner and co-workers
carried out a systematic study of hydrogen solubility
enhancement with respect to CO, pressure and described the
application of a multiphase IL/CO, system for the Ir-
catalyzed enantioselective hydrogenation of imines.!!¢

The solubility of carbon monoxide in 37 ILs and in
selected organic solvents was measured using high-pressure
13C NMR by Laurenczy and co-workers.''” The solubility
of CO in the ILs ([CO] = 0.66—4.20 mM) was significantly
lower compared to common organic solvents ([CO] = 7—17
mM).!"" Although the effect was small, it was also found
that CO solubility in the ILs decreased with increasing
temperature. The solubility of CO ([CO] = 0.66—4.20
mM)'"” showed a larger dependence on the nature of the IL
than the solubility of H, ([H,] = 0.62—0.98 mM).!!* This is
most likely due to the presence of the dipole moment and
higher polarizability.'!” On the basis of *C and '°F NMR
chemical shifts, a simple empirical model has been developed
to predict the solubility of CO in ILs.'"”

The solubilities of C, hydrocarbons, as determined by 'H
and 3C NMR, in the supported [BMIM][PF¢] IL at 1 bar
pressure showed significant differences depending on the
nature of the gas (mole fraction y at 25 °C is given):!!8

acetylene (74 & 7) x 107> >
ethylene (6.5 & 2) x 10> > ethane (3.5 & 1) x 10~

The solubilities of all the C, hydrocarbons studied were
found to decrease with increasing temperature (exothermic
solvation process).''®

A joint theoretical and experimental study by Tempel and
co-workers has shown that ILs may be utilized for selective
storing of a large quantity of PH; and BF; gases in a small
volume.'"” The observed values of a 1.92 molar ratio for
PH;/[BMIM][Cu,Cl5] (15 °C, 1.1 bar) and ~0.9 for BFs/
[BMIM][BF,] provide strong evidence for their high gas
storage capacity. The 3'P{'H} NMR spectrum of PHj/
[BMIM][Cu,Cls] exhibited a singlet at 6(*'P) = —171.9 ppm
(0(*'P) = —252.6 ppm for pure PH; gas). The '°F NMR
spectrum of the BF;/[BMIM][BF,] system contained a single
sharp peak at 6('’F) = —142.5 ppm (6('°F) = —134.3 ppm
for pure BF; gas and 6('°F) = —150.6 ppm for the anion of
pure IL). Thus, the NMR study has shown that chemical
complexation between the solute species and the selected
IL was the key feature responsible for the observed reversible
binding of PH3 and BF;.'"

The solubility of H,S in various ILs and their ability to
establish specific intermolecular interactions have been
studied by Pomelli, Dyson, and co-workers using both high-
pressure NMR (14 bar) and theoretical ab initio calcula-
tions.!?® Dissolution of H,S induced noticeable changes in
the '"H NMR spectrum of the IL, but no significant changes
were observed in any of the ''B, *C, '°F, and *'P NMR
spectra. Although the difference in solubilities was not large,
the relative solubility of hydrogen sulfide in a series of
[BMIM][X] ILs changed according to the order X = [Cl]™
> [BF,]” > [TfO]™ > [Tf,N]™ > [PF¢]™. The solubility of
H,S (molar fraction) was found to be in the range of
0.72—0.86. Theoretical calculations have shown a tight
interaction between the H,S molecule and the anions, with
the estimated interaction energy of 7—14 kcal mol ' at
B3LYP and MP2 levels. It is worth noting that the stability
of the H,S—[PF¢]™ complex was lower than the stability of

Chemical Reviews, 2011, Vol. 111, No. 2 427

the other H,S—[X]™ complexes, which is in agreement with
experimental data. This spectral study confirmed the potential
of ILs for H,S removal and storage.'*

2.5. Extraction and Separation

NMR spectroscopy has been successfully applied to the
investigation of separation ability and the selectivity of ILs
toward possible applications in the area of extraction. The
extraction and separation are closely related to industrial
purification as well as to environmental protection issues.
The analytical investigation of a native biphase or multiphase
system in a native state is an example of the use of this
convenient and reliable technique because the addition of
deuterium-containing cosolvents to the mixture has the
potential to change the equilibrium and lead to a wrong
distribution of components between the phases. Of course,
another possible option is to analyze the composition of each
phase separately using either solution NMR in deuterated
solvents or another appropriate analytical method.

Zhang and Zhang addressed the problem of the selective
removal of sulfur from fuels.'?! Using 'H and '3C NMR, it
was found that S-containing five-membered aromatic ring
compounds are favorably absorbed over six-membered
aromatics. S-containing nonaromatic compounds are poorly
absorbed. The absorption capacity was determined by
measuring the molar ratio of thiophene to IL after performing
the extraction procedure. The highest absorption capacity was
found for [BMIM][PF] (3.5:1) with somewhat smaller values
reported for [BMIM][BF,] and [EMIM][BF,] (2.2:1 and
0.86:1, respectively).!” NMR analysis was also used to
monitor IL regeneration as well as recovery of the absorbed
S-containing compounds.

A 'H NMR study confirmed that [BMIM][OTf] and
[OMIM][CI] were good extraction agents for ethanol from
mixtures with fer-amylethyl ether: the extraction is needed
for ether purification in an industrial process.'**!>* NMR (750
MHz) was utilized for the determination of the solute
distribution ratio and the selectivity of the solvent. A more
recent study has shown that [EMIM][EtSO,4] was an even
better choice with the highest purity of tert-amylethyl ether
recovery of all the IL systems considered.'?

Liquid—liquid equilibrium data for a system containing
limonen, linalool, and [EMIM][EtSO,4] were measured by
Arce and co-workers using direct "H NMR analysis of the
different phases at equilibrium.'?® This method allows
quantitative analysis of the contents of the three components
as well as construction of corresponding tie-line diagrams
with good accuracy (Figure 7). Because separation of linalool
from the binary mixture is an important challenge in the food
and cosmetic industry, the study focused on the determination
of the linalool distribution ratios and selectivities, as well as
the effect of temperature.'?® A comparative analysis of the
extraction performance of [EMIM][MeSOs] as well as regular
organic solvents indicated that the IL provides the highest
linalool purity.'?’

The liquid—liquid equilibrium at various temperatures of
the ternary hexane—benzene—[EMIM][Tf,N] system was
determined using "H NMR.'?® It was demonstrated that the
IL can be an excellent solvent for liquid extraction processes
aimed at the separation of aromatic and aliphatic hydrocar-
bons. Separation of toluene from the toluene/heptane mix-
tures using ILs was studied by GC and NMR analytical
methods; '"H NMR spectroscopy was reported as being
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Figure 7. (Left) An example of a 500 MHz '"H NMR spectrum of the mixture with signal assignment; (Right) experimental tie-lines (298
K). Reproduced with permission from ref 126. Copyright 2007 Elsevier.

necessary because ILs did not elute from a gas chromatog-
raphy column.'?

The liquid—liquid phase-separation phenomenon with
lower critical solution temperature (LCST) in the binary
mixture of poly(ethylglycidyl ether) and [EMIM][Tf,N] was
studied with variable-temperature '"H NMR (65—105 °C)
using a double-tube technique.'*® The hydrogen bonds
between the protons of the [EMIM]* cation and the oxygen
atoms of the poly(ethylglycidyl ether) chain were found to
be the primary driving force for the LCST-type phase
behavior.'*

The stability constants of cesium complexes with the 18-
crown-6 ether were measured using '3Cs NMR in the
[BPy][CH3SO4], [BMPy][BF,], and [BMIM][Tf,N] sys-
tems."! Interestingly, it was found that a 1:1 complex of
Cs*/18-crown-6 was formed in [BPy][CH3SO,], whereas
both 1:1 and 1:2 species were formed in [BMPy][BF,].
Variable-temperature NMR (30—50 °C) was used to estimate
the thermodynamic parameters of the second 18-crown-6
molecule complexation to the 1:1 complex in [BMPy][BF,]:
AH =47 kJ mol ! and AS = 131 J mol~! K™'. Thus, it can
be concluded that the enthalpy change is favorable for the
formation of the 1:2 complex, whereas the entropy change
hinders the complexation.'®' The study was further extended
to investigate the influence of the nature of cation and anion
of ILs on the stability of cesium complexes with 18-crown-
6.132

Lithium complexes with several different crown ethers
were studied by ’Li NMR in [EMIM][AIC,].!** The stability
of the 1:1 complexes was found to change in the order: 18-
crown-6 < 12-crown-4 < benzo-15-crown-5 < 15-crown-5.
Variable-temperature NMR (5—84 °C) was applied to
determine the stability constants at different temperatures as
well as to calculate the AH and AS values.'

As reported by Wang and co-workers, nanosized copper
pollutants in environmental contamination sources can be
extracted using ILs with high efficiency (80—95%) and a
short contact time (~2 min)."** A 'H NMR study revealed
that the key interaction of Cu(Il) and the nitrogen atoms of
the IL enhanced dissolution and the extraction properties.!3*

2.6. Solvent—Solute Interactions

Solvent—solute interaction studies address a broad range
of topics involving IL solutions of inorganic species, organic
molecules, and even large biomolecular compounds such as
carbohydrates and proteins. The discussion in this section is
organized according to the increasing size of the solute
molecules. Because questions related to the water—IL,
gas—IL systems, and extraction have been considered earlier
(see sections 2.2, 2.4, and 2.5, respectively), they will not
be repeated here.

NMR spectroscopy in native IL systems made an
important contribution to the studies dealing with the
solvation and transport properties of the Li' ion in
connection with the development of high-performance
lithium batteries. Hayamizu and co-workers carried out a
multinuclear 'H, "Li, and '°F NMR study of the quaternary
ammonium room-temperature IL, [DEME][T{,N]. They
obtained measurements for self-diffusion coefficients and
spin—lattice relaxation times.'*> A similar study was also
carried out for the [MMPIM][Tf,N] IL ((MMPIM]*—1,2-
dimethyl-3-propylimidazolium) system.'3® In the study, the
reorientational motion of the cation and lithium ion jump
distances were estimated to characterize the ion transport
properties of this particular IL in view of its possible
application as an electrolyte for lithium batteries.!*> Lee and
co-workers investigated the origins of potential difficulties
associated with the possible application of ILs as an
electrolyte component in lithium ion batteries.'*” Using 'H,
3Ip. and Li NMR diffusion measurements, the authors
carried out a quantitative investigation of the transport
properties of IL-modified electrolytes. This suggested that
the faster movement of the [BMMIM]™ cation versus Li"
was the main reason a barrier layer for lithium ion transport
developed.'?” Faster diffusion of [EMIM]" cation was also
observed in the 'H, '°F, and "Li NMR study of self-diffusion
of the individual components of the [Li]t/[EMIM]*/[BF,]~
system.!3%!3 By varying the LiBF, concentration in
[EMIM][BF,], it has been shown that Li* and BF,~ form
an ion complex and diffuse together. Formation of the ion
complex increases the number of active [EMIM]"species.
Thus, the ion conductivity of this particular system was
governed mainly by diffusion of the [EMIM]*cation.'*® Saito
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Figure 8. 'C NMR spectra of the upper (A) and lower (B) phases of the biphasic system [BMPy][Tf,N]—AICl; = 1:2.2 (C); DMSO-d;
was used as external standard (75 MHz (300 MHz for 'H), 298 K). Reproduced with permission from ref 149. Copyright 2004 The Royal

Society of Chemistry.

and co-workers have shown that the lithium species in lithium
IL electrolytes have a solvated form Li(Tf,N),+,"", with the
solvation number (n + 1) being ~3—4 in the LiTf,N/
[BMMIM][Tf,N] system.'*® As a result, solvated lithium
species are negatively charged, and their motion to the anode
for lithium deposition is restricted. Apparently, the solvation
bonds between Li* and Tf,N™ need to be released for better
performance.'* Passerini and co-workers carried out a
detailed NMR study of the interactions of [MPPyrr][TF,N]
with LiTf,N and correlated the spectral data with a phase
diagram and other measurements.'*! A combined multi-
nuclear NMR and ac impedance spectroscopy study was
carried out by Roling and co-workers for LiTf,N solutions
in [BMPyrr][Tf,N] to develop a strategy for further improv-
ing the lithium transfer number.'*? Two-dimensional 'H—"Li
and "YF—"Li HOESY NMR was successfully applied for the
analysis of structure-properties analysis of lithium electrolytes
based on ILs containing aliphatic quaternary ammonium
cations.'*® The '"H NMR chemical shifts and 'H and '°F self-
diffusion coefficients of the anion and cation were used to
characterize a novel type of protic IL consisting of bis(tri-
fluoromethanesulfonyl)imide and benzimidazole.'** The mea-
sured characteristics, combined with other IL physical
properties, were used to rationalize the electroactivities for
H, oxidation and O, reduction on a Pt electrode and showed
a favorable potential of these ILs as fuel cell electrolites.'**

Solid-state NMR spectroscopy was successfully utilized
to investigate a binary organic/inorganic crystalline electro-
lyte consisting of the phosphotungstic acid H;PW,044°nH,0
and the IL [BMIM][Tf,N].'* The 'H and *'P spectral analysis
revealed that coordination of [BMIM]*" and PW;,04°"
resulted in restricted motion of the ions. It was concluded
that the ion jump in this system occurs during the melting
and solidification of the hybrid material.'®

27A1 NMR spectroscopy has been used to study an AlCl;
solution in 1:1 [BPy][AICl,] IL.!*¢ The formation of [AICl,]~
and [Al,Cl;]~ was detected directly in the IL using ?’Al
NMR. The study showed that the IL was not a static solution;
rather it can be better described as a series of equilibria.'#
Possible interaction modes of the [Al,Cl;]~ anion with the
nitrogen atoms of the cation were discussed by comparing
13C NMR data for the [BPy][AICl;] and [BDMAP][AICl,]
ILs,'*" as well as for the interaction of N,N-dimethylaniline
with [EMIM][AICI,].!*

'H, 1C, and '°F NMR spectroscopy were all utilized to
study phase transitions when AICIl; was dissolved in
[BMPy][Tf,N] and with a view to designing a new IL

system.'* Wasserscheid and co-workers observed a surpris-
ingly high solubility of AICl; in the IL. Depending on the
structure of the cation, as high as 5 mol of AICl; may
dissolve in 1 mol of IL. A remarkable feature of the system,
which showed biphasic behavior in some specific composi-
tion ranges, was directly characterized by NMR spectroscopy
(Figure 8). For example, at an IL/AICI; ratio of 1:2.2, the
upper phase was found to contain a mixture of cation and
chloro—[Tf,N]—aluminate ions, while the lower phase was
composed of a mixture of neutral chloro—[Tf,N]—aluminum
species.'*® Both phases were clearly distinguishable by NMR
analysis in the native state.

D’Anna, Noto, and co-workers have found that the
addition of a small amount of organic solvent may signifi-
cantly change the structure of neat ILs.'*® An amount even
as small as 75 uL. of dioxane added to 0.5 mL of
[BMIM][BF,] induced noticeable changes in the 'H NMR
spectrum. The H-2 signal of the IL was split into a couple
of signals of varying intensity (similar changes were also
observed for some other IL signals). The spectral data
suggested formation of different ion-pairs in the mixture.
Remarkably, very slow reorganization of the IL molecules
has been mentioned in the study (i.e., several days as
monitored using 'H NMR)."*® The interaction of IL with
cosolvents (dioxane, ethylacetate, MeOH, amines) led to
chemical shift changes of the H-2 proton Ad up to ~0.1—0.5
ppm, depending on the content.'”">2 The degree of disorder
induced by the cosolvent depended on the nature of the IL:
[BMIM][BF,] was more sensitive than [BMIM][Tf,N]."3%151
The reorganization of the IL observed by 'H NMR was
independently confirmed by a UV —vis spectral study as well
as conductivity measurements.!%0152

An in-depth study of the effects of a cosolvent on the
structure of ILs was carried out by Pregosin and co-workers
using 'H chemical shifts and diffusion measurements on a
400 MHz NMR instrument.!>? In addition, a series of two-
dimensional '"H—""F HOESY and '"H NOESY NMR experi-
ments were measured on neat and binary IL systems. The
'H—'F HOESY spectrum of the neat IL as well as binary
mixtures with CD;0D or CD,Cl, as cosolvents (Figure 9),
together with the 2D NOESY data, revealed several unusual
features. In the neat IL, there are strong interaction contacts
from [BF4]” to all the ring protons without noticeable
selectivity. This observation challenges the commonly ac-
cepted picture of hydrogen bonding being the primary
interaction between cation and anion, because if this were
the case more selective interactions would be expected. The
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Figure 9. Series of 'H, °F-HOESY spectra under different conditions: (A) neat IL (IL) [BMIM][BF,], (B) 0.55 mL IL + 0.05 mL
CD;0D, (C) 0.1 mL IL + 0.5 mL CD;0OD, (D) 0.01 mL IL + 0.59 mL CD;OD, (E) 0.55 mL IL + 0.05 mL CD,Cl,, (F) 0.1 mL IL
+ 0.5 mL CD,Cl,, and (G) 0.01 mL IL + 0.59 mL CD,Cl, (400 MHz, 300 K). Reproduced with permission from ref 153. Copyright

Elsevier 2006.

study of such binary systems revealed that even a small
amount of cosolvent dramatically reduces potential aggrega-
tion within the IL (i.e., 0.05 mL of organic solvent added to
0.55 mL of IL). Methanol additives were found to signifi-
cantly reduce the intensity of the cross-peaks (Figure 9). This
observation indicates strong solvation by the methanol, which
in turn reduces anion—cation contact. Dichloromethane
additives, in contrast, do not eliminate cross-peaks, which
suggests strong ion pairing in this system (Figure 9).!53

The nature of the interactions of aluminum halide—alkylpy-
ridinium halide molten salts with benzene has also been
studied using 'H and '*C NMR.'3*!5° The addition of benzene
to the IL resulted in a decrease in the dielectric constant of
the medium and initiated ion pair formation between the
alkylpyridinium cations and the anions.!3* Liquid clathrate
formation between 1-alkyl-3-methylimidazolium-containing
ILs and aromatic hydrocarbons was investigated using 'H
NMR. "% Interaction of the 7-system of toluene and the IL
imidazolium ring was investigated by a combined NMR
study and molecular dynamics simulations.'>’ The solvent—
solute interactions and the site—site distances between
toluene and the IL were found to be strongly dependent on
the substitution at the C, position of the imidazolium ring
as determined by '"H NMR and 2D ROESY experiments.
Toluene was found to penetrate into the bonding network
of the IL [BMMIM][Tf,N], and the sr-system of toluene was
oriented in a plane parallel to the [BMMIM]" cation. In
contrast, the presence of hydrogen bonding between the
C,—H and the anion in [BMIM][Tf,N] (calculated association
energy > 20 kJ mol™!) stabilized the IL aggregates and
toluene penetration did not take place.'>’

The superacidic properties of a 2:1 melt of AICl;/TMSuBr
and AICly/TMSuBr with added HBr were studied by 'H
NMR ([TMSu]*—trimethylsulfonium).'® It was shown that

both melts exhibit properties of a Brgnsted superacid, since
m-xylene, toluene, and benzene were all found to be either
partially or completely protonated. A comparative study of
toluene and benzene protonation in the AICl;—[TMSu][Br]—
HBr and AICL;—[EMIM][CI]—HCI systems revealed the
same degree of protonation, thus suggesting that both melt
systems have similar acidities.'%!>

3C NMR was used by Srinivasan and co-workers to
evaluate the Brgnsted acidity of [HBIM][BF,] through
observing the interaction of the IL with the carbonyl group
of selected aldehydes and f-keto esters.'®1%2 The interac-
tions resulted in a ~3 ppm change in the chemical shift of
the carbonyl group. Recording '"H NMR spectra of neat
[HBIM][X] ([X] = [BF.]~, [Cl]7, [Br]~, [ClO4]") made it
possible to find out the correlation of chemical shifts of N—H
protons with acidity and chemical reactivity.'®3

The Brgnsted acidity of the ILs formed by combining
[BMIM][CI] and 2 equiv of the group IIIA metal chlorides
(AICl3, GaCls, InCl;) was characterized by '3*C NMR. The
results were compared with sulfuric and triflic acids.!** The
measurements were carried out for the neat ILs and then
repeated after HCI(gas) adsorption. To estimate the Hammet
acidity, the authors carried out a careful analysis of the NMR
spectra and discussed possible ways of signal assignment.
Good correlations between the Hammet acidity function
estimated from the '3*C NMR chemical shifts in the ILs and
toluene carbonylation ability were reported. The authors
suggested that, in these ILs, up to three separate environments
of Brgnsted acidity may be available, some of them with
superacidity properties after the addition of HCIL.'¢*

The interaction of thiophene with ILs has been studied in
detail using 'H, "'B, "F, and *'P NMR spectroscopy.'??
Thiophene dissolution in the IL resulted in pronounced
changes into the NMR chemical shifts of the protons of the
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imidazolium cation as well as in the boron, phosphorus, and
fluorine atoms of the anions. For each of the ILs studied, at
the maximum absorption of the thiophene, the NMR results
suggested that relatively ordered stacking structures of 4/1,
2/1, and 1/1 were formed for the thiophene/[BMIM][PF],
thiophene/[BMIM][BF,], and thiophene/[EMIM][BF,] spe-
cies, respectively. The results from this structural study were
in agreement with the measured highest absorption capacity
for these ILs.'??

The aggregation behavior of the solute molecules was
found to be strongly dependent on the nature of the IL. Using
a fluorinated surfactant as model solute compound, it was
found that traditional micelles formed in [BMIM][BF,],
whereas, as evidenced by 'H NMR, formation of segregated
nanodroplets of the solute was observed in [BMIM][PFq].'®°
Interaction of [BMIM][BF,] with p-xylene in the presence
of a surfactant led to the formation of a microemulsion, which
was characterized by '"H NMR.!'%® The 2D ROESY experi-
ment was found to be an efficient method for studying the
microstructure of micelles in [BMIM][BF4] and [BMIM]-
[PFs] ILs'%” and “oil-in-IL” micelles in [BMIM][BF,].'®8
Formation of the “oil-in-water” micelles was reported in the
presence of the [BMIM][BF,] according to a combined study
using optical microscopy, small angle X-ray diffraction, and
'H, "F, *’Na diffusion NMR.'®° The analysis of the sodium
bis(2-ethylhexyl)sulfosuccinate/water/[BMIM][BF,] ternary
system showed that the IL was strongly adsorbed at the
interface and initiated substantial modification of the inter-
facial geometry, resulting in establishing of the micellar
phase.'® Thermodynamic parameters, determined by vari-
able-temperature '"H NMR (25—50 °C), have shown that
micelle formation of polyoxyethylene surfactants in
[BMIM][BF,] is entropy-driven at low temperature, whereas
the process becomes enthalpy-driven at high temperature.'”
The 'H NMR analysis of the hydrogen-bond interactions has
shown that solvophilicity of the polyoxyethylene surfactants
is much higher in [BMIM][PFs] compared to [BMIM]-
[BF4].]7I

It is interesting to point out that the reverse “IL-in-oil”
microemulsions studied by diffusion NMR and other methods
were used as nanoreactors to perform the Matsuda—Heck
reaction in the presence of Pd catalyst.!”? The product yield
in the microemulsions (67%) was significantly larger com-
pared to the reaction in bulk IL (33%), and a correlation
between the reaction yield and the amount of IL was
observed.!”? This study highlights a possible strong effect
of confinement inside the IL. microemulsions on the structure
and properties of dissolved species.

A complex methodology, based on 'H NMR, Fourier
transform—Raman (FT-Raman), and conductivity measure-
ments, was developed by Riisager, Wasserscheid, and co-
workers for analysis of the IL/I-hexanol binary model
system.'” The liquid—liquid equilibrium phase diagram
showed good consistency between the complementary mea-
surements using the different techniques. The approach was
useful for obtaining information about miscibility and for
determining critical solution temperatures. Analysis of
AS(*H)on values for the hydroxyl group of the alcohol
provided information concerning the hydrogen-bond redis-
tribution on transition from pure organic liquid to the binary
IL system.'”® Specific interactions and solvation of the IL
[OMIM][BF,] with ethylene glycol derivatives were ad-
dressed by Singh and Kumar using a combination of 'H
NMR, UV—vis, and FT-IR techniques.!”™ Analysis of the
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chemical shift values was carried out to reveal different
packing effects in the binary mixture.

A structural and chemical investigation of the interaction
of the model IL tetramethylammonium fluoride tetrahydrate,
[(CH;3)4N]F-4H,0, with supercritical/subcritical CO, and
methanol has been reported by Yonker and Linehan.'”> The
formation of methylcarbonate and ethylcarbonate were
observed in situ under typical conditions used for supercriti-
cal CO, methodology.

The 'H NMR study of the solutions of ferrocene and
cobaltocenium cation in the [BMIM][BF,] and [BMIM][PF¢]
ILs has shown that the solute molecules in a small concen-
tration did not change the ILs aggregation in significant
manner.'”® Rather, the interaction of the solute species with
the surfaces of the aggregates was proposed. The study
indicated that even subtle structure changes in the system
may play an important role in modifying the mass transport
and dynamic properties.'”®

A high-resolution *C NMR study of cellulose and
cellulose oligomers was performed in [BMIM][CI] solu-
tion.!”” According to the '*C chemical shifts, the interaction
of the solute with the IL leads to a disordered oligomer
structure. It was suggested that the IL could be used as a
versatile nonderivatizing/nondegrading solvent for studying
cellulose materials.!”” Brendler and co-workers used 1D and
2D NMR experiments involving 'H and *C nuclei to provide
important data about dissolving abilities and interactions of
molten salt hydrates and cellulose. In addition, ’Li NMR in
the presence of LiClO, or LiSCN salts proved a useful
technique.'”® The 'H and '*C NMR spectra confirmed that
neither decomposition of the IL nor derivatization of mi-
crocrystalline cellulose takes place during dissolution in
[EMIM][(MeO)RPO,] (R = H, Me, MeO).!” The mecha-
nism of cellulose dissolution in [BMIM][CI]] was studied
using '*C and **’CI NMR and model systems. The important
role of hydrogen bonding between the hydroxyl protons of
solutes and chloride ions of IL (1:1 stoichiometry) was
revealed.'® A multinuclear NMR study of the solvation of
carbohydrates in the [RMIM][X] ionic liquids series (R =
methyl, ethyl, butyl, and allyl; X = Cl, OAc) has shown
that the process is governed by the interactions between the
IL anion and the carbohydrate.'$:!82 The interactions of the
IL cation and the solute was found to be relatively weak!'$?
or at least too weak to play a significant role in solvation.'8!
The importance of cellulose treatments using new advanced
methods prompted several investigations on the subject that
involved MAS NMR.!83

Recently, it was reported that proteins can dissolve in ILs.
A surprisingly high thermodynamic stabilization of proteins
by the IL media was reported.'3*13¢ Byrne and Angell have
shown that easily adjustable proton acidity suggests ILs can
function as a convenient media to study the protein folding/
unfolding process.'®” The '"H NMR chemical shifts of the
N—H group of the ammonium cation (7.05—9.15 ppm range)
provided the necessary information about the acidic proper-
ties of ILs. The study involving [BMIM][CIO,] IL'®*" and
various ammonium cations was applied to two proteins—hen
egg white lysozyme and ribonuclease A.!3¢7!88 The authors
noticed that solutions of the proteins in ILs can show several
surprising properties such as stability to hydrolysis and
aggregation, ability for multiple folding/unfolding cycles, etc.
It appears that this novel application of ILs is worth further
investigation by NMR spectroscopy.
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Scheme 2. Diels—Alder [4 + 2]-Cycloaddition Reaction'®
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2.7. Monitoring of Chemical Reactions

Direct NMR investigation of chemical reactions being
carried out in ILs is one of the most powerful analytical
applications of the method, resulting in a great impact on
our knowledge about the mechanistic nature of the observed
transformations. The results of published NMR studies of
chemical reactions, including NMR monitoring in ILs, are
discussed in this section.

The Diels—Alder reaction between cyclopentadiene and
methyl acrylate was investigated in situ by using 'H and *C
NMR in different ILs (Scheme 2).'%° The NMR study
indicated that the rate of formation of the exo-products was
unaffected by the presence of the IL, whereas the rate of
formation of the endo-products was increased. This lead to
an overall higher selectivity. It was shown that the lowering
of transition state energies was related to the interactions
between the transition state and the solvent, rather than to
highly specific structure-dependent interactions.

An empirical solvent parameter scale, based on NMR
spectroscopy data (“the A scale”), was developed to predict
the selectivity of Diels—Alder reactions in ILs (a similar
NMR approach was used to predict carbon monoxide
solubility in ILs; see section 2.4).!%

A 'H NMR study of the mechanism of a Friedel—Crafts
reaction in the IL [EMIM][AICIly4] suggested a stoichiometric
reaction between the CH;OH and [AL,Cl;]™, which may lead
either to the 1-oxoethylium electrophile (CH;CO™") or to the
undissociative reactive complex CH3;COCI-++[Al,Cl;].!°
Thus, the IL was found to be acting both as solvent and
catalyst. The anionic [Al,Cl;]™ species was proposed as the
plausible catalytic center in the IL.

A comparative in situ NMR study by Horvath and co-
workers was carried out in order to understand the differences
of acetyl chloride interactions with AICl; in both regular
organic solvents and an IL."' In contrast to a regular
donor—acceptor complex, the formation of the diacetylacety-
lium tetrachloroaluminate, [(CH;CO),CHCO][AICL] ™, via
trimerization of the acetyl chloride was observed in the IL
(Scheme 3). Understanding the differences between these

i i
7 i
H3C\C{’C\§ _CH; <— H3C\C{,C\§C/CH3
I} i I+ 1l
O\H/O O\H,,O
"methyne-like" "ketene-like"

reactions played an important role in shedding light on the
mechanism of the Friedel —Crafts acylation reaction. Another
important question concerns the nature of the trimer, since
the contribution from “methyne-like” and “ketene-like”
resonance forms could be expected (Scheme 3).

An in situ NMR study in an IL clearly detected the
formation of the [(CH3;CO),CHCO]* cation ('H, '*C, and
DEPT) and the [AICl,]~ anion (*’Al). A two-dimensional *C—
BC{'H} COSY experiment involving a labeled CH3'*COCI
substrate was used to confirm the proposed structure of the
trimer (Figure 10). Analysis of the '*C—'3C coupling
constants provided further structural information and made
it possible to assign a “ketene-like” structure in agreement
with the observed NMR signals (Figure 10)."°!

Several carbocation-forming reactions in native IL systems
were investigated by Creary and co-workers using both 'H
and 'F NMR.'% The ionization of trifluoroacetates, mesy-
lates, and triflates leading to carbocationic intermediates has
been studied in [BMIM][Tf,N]. For example, the NMR
measurements were successfully utilized to measure the
solvolysis rate constants of substituted cumyl trifluoroacetates
in the range k = 2.93 x 1077 t0 3.67 x 10~*s~!. The kinetic
study was carried out for substrates with different electronic
character of the substituents, and the corresponding Hammett
parameters were obtained. The study showed that carbocation
chemistry in ILs is somewhat different from the chemistry
expected in regular solvents.'%

The Ru-complex catalyzed hydrogenation reaction of
benzene to give cyclohexane was studied in a range of ILs
(Scheme 4).!'* It was concluded that for this reaction the
solubility of H, in the IL has little influence on the reaction
rate.!'* Interestingly, an order of magnitude difference in
solubility of acetylene and ethylene played a key role in
designing highly selective Pd nanoparticles system for the
catalytic hydrogenation of acetylene in the [BMIM][PFs]-
supported ionic liquid phase.!'® Low ethylene solubility
increased the selectivity of the process, because further
hydrogenation to give ethane was greatly suppressed under
these conditions.
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Figure 10. (a) C—'*C{'H} COSY spectrum at 125 MHz (500 MHz for 'H) and 298 K of the CH;'*COCI/AIC13/[BMIM][CI] mixture and
the structure assignment based on coupling constants (resonances due to structure (b) are marked with asterisks); (b) the structure with
coupling constants shown. Reproduced with permission from ref 191. Copyright 2002 The Royal Society of Chemistry.

Scheme 4. Ru-Catalyzed Hydrogenation of Benzene''*
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The investigation of the Rh-catalyzed hydroformylation
of 5-hexen-2-one was performed in several ILs (Scheme
5).""7 Surprisingly, the turnover frequency (TOF) did not
correlate to either the carbon monoxide solubility or the
viscosity of the IL. Increasing the partial pressure of H,
relative to CO led to an increased TOF, therefore suggesting
that the oxidative addition of H, could be the rate-determin-
ing step. Increasing the partial pressure of CO relative to H,
decreased the TOF. This is most likely due to formation of
stable carbonyl complexes.!!’

The mechanism of Rh-catalyzed hydroformylation in an
IL was studied using NMR spectroscopy by Agbossou-
Niedercorn and co-workers.!”> Analysis of the 2D ROESY
spectrum revealed the interaction between the ligand (a
sulfonated derivative of triphenylphosphine) and the protons
of the imidazolium ring of [MBMIM][Tf,N]. The observed
NMR patterns are evidence of the existence of s-stacking
interactions and allowed deduction of the possible structure
of the [MBMIM]—ligand complex (Figure 11). The study
indicated that the catalytic properties of the Rh system with
the sulfonated triphenylphosphine ligand can be altered in
the IL. On the other hand, for the neutral triphenylphosphine
ligand, the properties of the catalyst are mostly preserved
with respect to those observed in pure organic solvents.!*?
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Figure 11. Partial plot of the 2D ROESY spectrum of the
[MBMIM][Tf,N]—ligand mixture and the proposed structure of the
corresponding complex (300 MHz, 300 K). Reproduced with
permission from ref 192. Copyright 2008 The Royal Society of
Chemistry.

The formation of N-heterocyclic carbenes in biphasic
hydroformylation reactions promoted by Rh complexes in
[BMIM][Tf,N] was evident from 'H and '*C NMR data.'?*
This study also highlighted the role of the phosphine ligand
in the reaction.

The mechanism of methyltrioxorhenium-catalyzed olefin
epoxidation was studied by Abu-Omar and co-workers using
2H NMR spectroscopy (Scheme 6).'* Two different ap-
proaches were utilized to obtain kinetic information for the
reaction. First, the oxidation of deuterated substrates (styrene-
dg, cyclohexane-d,) was monitored by 2H NMR. The signals
of the substrates and products (epoxide or diol) were well
resolved in the 2H NMR spectra. Second, the nondeuterated
alkenes (styrene, 2-fluorostyrene, 2,6-difluorostyrene) were
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Scheme 6. Re-Catalyzed Olefin Epoxidation in ILs Based on
the 2H NMR Study'**
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Scheme 8. Main Product and Side Products in the
Oxidation of Benzyl Alcohol by Ceric Ammonium Nitrate
(CAN) in [EMIM][TfO]"’
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reacted with the deuterated rhenium complex CD3;ReO;. On
the basis of kinetic measurements, the fast step was assigned
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to the reaction of the olefin with 6.2 (k4) whereas the reaction
with 6.1 (k3) was shown to be slow (Scheme 6). For the ILs
studied, the following rate ratio was determined: k4 = 4.5k.
It should be noted that in regular solvents the opposite
relationship was observed, where 6.1 was more reactive than
6.2. The rate constants k; and k3 were sensitive to the
structure of the IL anion but not sensitive to the structure of
the cation.'**

The electrochemical oxidation of anthracene-d;, and the
H/D exchange reaction was monitored by *H NMR in
[EMIM][AICL].'> 2H NMR monitoring of the catalytic
styrene-dg oxidation by aqueous H,O, leading to styrene-
ds—1,2-diol (Scheme 7) revealed a steady-state intermediate.
This was assigned as being the 7>-diolato complex of a
Re(VII) peroxo species.'?

The oxidation of benzyl alcohol by ceric ammonium nitrate
in the IL [EMIM][TfO] was studied by Binnemans and co-
workers, using '*C NMR (Scheme 8).!”7 The formation of
benzyl nitrate and benzoic acid as side products during the
oxidation reaction was detected by NMR monitoring (Figure
12). An interesting feature of the recorded NMR spectra was
the presence of a broad signal of benzyl alcohol, which can
be an evidence for a rapid exchange of free and cerium-
coordinated substrate.'"’

The performance of the [BMIM][X] IL series, where ([X]
= [C1]7, [Br]™, [ClO4]", [BFE4]™, [PFs] ™), used to promote
sonochemical acetylation was correlated to the nature of the
anion by considering the relationship between the 'H
chemical shifts of the most deshielded imidazolium proton
and the reaction time needed for complete conversion.'*® The
chemical shifts of the imidazolium protons (O('H) =
8.9—10.6 ppm) were used as an indicator of the Lewis/

*
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Figure 12. 'C{'H} NMR monitoring of the oxidation of '*C labeled Ph'*CH,OH by (NH,),(Ce(NO3)) in [EMIM][TfO] after 5 min (top)
and 6 h (bottom) of reaction (75 MHz (300 MHz for 'H), 298 K). Peak labels are as follows: (a) benzyl alcohol, (b) benzaldehyde, (c)
benzyl nitrate, and (d) benzoic acid. The resonances marked by an asterisk (¥) are due to the [EMIM][TfO] IL. Reproduced with permission

from ref 197. Copyright 2005 American Chemical Society.
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Figure 13. Proposed mechanism of the catalytic reaction (left) and Job’s plot of the Ad chemical shift change of the carbonyl group vs
mole fraction for 4-MBP in solution (right); I* and I*, are the inactive complexes formed by complexation of the HOTf and HNTY, acids
with the 4-MBP. Reproduced with permission from ref 200. Copyright 2006 American Chemical Society.

Brgnsted acidities of the different ILs, the key factor for the
reaction studied.

"H NMR monitoring of the alkylation of aniline by Mel
and EtI in [EMIM][Tf,N] was utilized by Chiappe and co-
workers to understand the origin of chemoselectivity ob-
served in this IL.!° The registration of spectra at regular
time intervals showed that Mel was considerably more
reactive than Etl. Respectively, 10 min and 1 h reaction
periods were needed to reach ca. 25—30% conversion.
Broadening of the 'H NMR signals due to decreased
resolution was evidence of the precipitation of the alkylation
products directly in the NMR tube. The different solubilities
of the products were suggested as being a key factor in the
observed chemoselectivity.'?

The metal salt-catalyzed benzoylation of anisole to yield
4-methoxybenzophenone (4-MBP) was studied by Rooney
and co-workers by applying complementary kinetic and '*C
NMR techniques.?® A rather complicated reaction mecha-
nism was proposed for this catalytic system (Figure 13). A
13C NMR examination of the reaction mixture was used for
studying the interactions of In(OTf); and triflic acid with
4-MBP in [BMIM][Tf,N]. Evidence for the involvement of
the carbonyl group in the interaction was the 6 ppm
downfield chemical shift change. The stoichiometry of the
interaction between 4-MBP and triflic acid was determined
from '3C NMR using Job’s method of continuous variations.
The maximum on the Job’s plot at ~0.5 confirms the 1:1
stoichiometry of the complex (Figure 13). The temperature
dependence of the equilibrium constant and corresponding
thermodynamic parameters of the reaction were established
from variable-temperature '*C NMR (20—80 °C) data.?

NMR monitoring was successfully used to investigate an
ether cleavage reaction in the IL [HMIM][HBr,].*> The
reaction was followed using '*C{'H} NMR by observing the
disappearance of the substrate signals and the appearance
of new product signals. This approach, which is widely used
in NMR studies of chemical reactions in regular solvents, is
clearly also a powerful approach for estimating reaction rates
in ILs under various conditions (temperature, concentrations,
etc.).

The application of 2H NMR to the direct investigation of
different chemical reactions in ILs has also been reported.'*
This technique was also successfully applied to the oxidation
of DMSO-ds, cyclohexene epoxidation, and dihydroxylation
as well as the addition of methyl iodide to the dimethylsul-
fide-ds (Scheme 9).!%

Scheme 9. Monitoring of Chemical Reactions Directly in IL
Using NMR Spectroscopy'*
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The catalytic active sites responsible for the observed
selectivity in the disproportionation of light paraffins were
determined in [Me;NH][AICl,] using variable-temperature
'H and ?’A1 NMR.?! It was found that the disproprotionation
reactions begin to yield the product at a temperature of ~80
°C: this corresponds to a phase change in the IL and to
preferential formation of the [AlL,Cl,]™ species.

The formation of the polyimide nanoparticles was moni-
tored by 'H and '"F NMR in [EMIM][Tf,N].22 Polyimide
nanoparticles were prepared by the heterophase polycon-
densation of diamines and aromatic tetracarboxylic acids.
The nature of the produced polyimide was easily controlled
by NMR: mobile (dissolved) polymer chains gave relatively
sharp signals, while the particles (solid) resulted in very broad
signals. In fact, analysis of the NMR data has shown that
30% of the polymer was represented as mobile chains and
70% of the polymer was consumed by nanoparticles forma-
tion.2*2

An interesting application of NMR spectroscopy deals with
the monitoring of chemical reactions on the surface of solid
particles. Reactions of [BMIM][AICl,] and [(SiC;)MIM][CI]
with silanol groups (R3Si—OH) on the surface of silica were
monitored with Si MAS NMR.2% Surface coverage and
the amount of residual silanol groups were both studied. Al
NMR spectral data were used to confirm partial removal of
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Scheme 10. NMR Monitoring of Chemical Transformations Involving Pt Complexes®
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the AICl; from the surface.?? Solid-state 2Si NMR was used
to characterize the formation of a silica-supported ionic liquid
via the reaction of benzyl chloride-functionalized silica with
N-substituted imidazoles, followed by reaction with Cul to
form supported Cu—NHC—Si0; catalysts.?** The microen-
vironments of the solvent cages of IL ion pairs in a silica-
supported Pd hydroamination catalyst and in the thin—film
Rh hydrogenation catalyst were characterized with the help
of multinuclear MAS NMR.2%52% Solid-state '*C, '°F, and
3P NMR were all successfully utilized to monitor the
intercalation of phosphonium ionic liquids into polypyrrole
films.2%7

Solid-state ''B NMR in [BMIM][CI] IL in a combination
with solution-state ''B NMR in [MMIM][MeSO,] was
applied to study hydrogen release from ammonia borane
initiated by bis(dimethylamino)naphthalene proton sponge.?®®
Formation of intermediate species was successfully detected
with "B NMR, and different reaction pathways were
examined. ILs were proved more favorable for efficient
hydrogen release compared to other solvents.

2.8. Transition Metal Complexes

Investigation of the chemical transformation of transition
metal complexes in ILs is a topic worthy of special attention.
In addition to a general interest in transition metal chemistry,
these reactions very often represent (or model) formation of
an active form of the catalyst from the catalyst precursor.
Establishing the active form of the catalyst and the structure
of the catalyst active center is a problem of primary
importance in catalysis. NMR studies involving Pt, Pd, Rh,
Ir, Os, and Ag complexes in native IL systems are discussed
in this section.

The usefulness of NMR spectroscopy in studying the
reactions of transition metal complexes directly in ILs was
systematically investigated using model platinum diphos-
phine complexes by Kolldr and co-workers.® Using both *C
and *'P NMR spectroscopy, the formation of platinum
complexes of catalytic importance was monitored directly
in [BMIM][PF¢] (Scheme 10). Insertion of SnCl, into the
Pt—ClI bond gave the trischlorostannato complexes 10.2 and
10.3. Ligand exchange reaction with monodentate (PPh;) or

bidentate (dppp) phosphines leads to the cationic and
dicationic complexes 10.4 and 10.5, respectively. A chloride
ligand exchange giving 10.6 was observed after the reaction
of 10.1 with 2 equiv of NaCN. This study confirmed some
similarities between the reactions of platinum complexes in
ILs and conventional organic solvents.?® On the other hand,
a 3'P NMR study of the reaction of PtCl,(dppe) with dppb
=1,4-bis(diphenylphosphino)butane (dppb) and SnCl, in the
same IL [BMIM][PFs] revealed formation of the unusual
cationic mononuclear [PtCI(L*)(%'-LE)]" and dinuclear
[Pt,CL(L"):(',p'-LB)>t complexes (LA and LP denote
bidentate diphosphine ligands bis(diphenylphosphino)ethane
(dppe) and dppb).2”° It appears, therefore, that quite different
products may be expected in ligand-substitution reactions
in ILs depending on the nature of the metal complex and
the ligands.

The novel ILs—bis(N-2-ethylhexylethylenediamine)sil-
ver(I) nitrate, [Ag(eth-hex-en),][NO;], and bis(N-hexyleth-
ylenediamine)silver(I) hexafluorophosphate, [Ag(hex-en),]-
[PF¢]l,—were synthesized via the reaction of AgNO; and
AgNOs/NaPF, with the corresponding N-alkylethylenedi-
amines.”!” Complex formation was monitored with *C NMR,
and the dynamic properties of the liquids were studied using
diffusion measurements. Treatment of the ILs with aqueous
NaBH, resulted in the formation of uniform-sized Ag(0)
nanoparticles in the case of [Ag(eth-hex-en),][NOs] in
contrast to [Ag(hex-en),][PFs]. where nanoparticles were not
formed. The '*C spectral analysis revealed the key role of
the terminal alkyl chain in this process.?!

In situ formation of mixed phosphine—imidazolydine
palladium complexes was monitored by Welton and co-
workers using 3'P NMR (Scheme 11).2!! Addition of aryl
bromide to the mixture of Pd(PPh3),/NaCl in [BMIM][BF,],
followed by treatment with an aqueous solution of Na,CO;,
led to the mixed complex 11.2. The intermediate complex
11.1 and the product 11.2 were detected directly in the IL
by *'P NMR. In a similar way, the product 11.2 was prepared
using PdCl,/Pd(OAc),+PPh; as a source of palladium, and
the intermediate complex 11.3 was also detected with *'P
NMR 21!
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Scheme 11. NMR Detection of Formation of Pd Imidazolydine Complex*!!
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Scheme 12. Coordination of IL to the Rh Complex and Subsequent Reaction with Hydrogen
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The initiation of the Pd/phospine catalyst in ILs in Suzuki
cross-coupling reactions was studied by Welton and co-
workers.?'? Several [Pd(PPh;)»(C4C,Im),X,,]* complexes
(wheren=1,2and m =2, 1; x = 1 or 4) were detected by
3P NMR (6(*'P) = 21.8 — 24.2 ppm), and the mechanisms
of their formation and decomposition were discussed. The
3P NMR evidence for the palladium imidazolylidene
complexes obtained was independently confirmed by elec-
trospray ionization (ESI*)-MS.

Conte and co-workers carried out a 3'P{'H} NMR study
to detect the actual presence of the [Pt(dppb)(u—OH)],(BF,),]
catalyst in the IL [BMIM][Tf,N] before the catalytic reaction
of the Baeyer—Villiger oxidation of cyclohexanone with
H,0,.2'3 Although the Pt complex was reported to be only
sparingly soluble in the IL phase, it was detected with
3SIP{'H} NMR because of its characteristic signal, 6(*'P) =
4.7 ppm, 'J(Pt, 3'P) = 3550 Hz. Analysis of the initial
reaction mixture was performed in the native IL phase. After
completion of the reaction, the final composition of the crude
reaction mixture was further examined by dissolving the IL
phase in CDCl;3.213

Miiller and co-workers carried out an NMR study of
supported metal catalysts of a hydroamination reaction
containing the IL [EMIM][Tf,N].2!4 High-resolution '"H NMR
spectra recorded for the supported catalysts revealed line
widths similar to the values observed in regular CDCl;
solutions. NMR data for the supported IL showed hindered
rotation around the N—Cggy bond due to interaction of the
nitrogen atom with the support, whereas free rotation around
the N—C,;. bond was retained. It is important to note that
the 'H and 3'P NMR characterization of supported Pd and
Zn catalysts was carried out without the use of an additional
solvent, which clearly could have broken the native structure
of the supported catalyst.?'*

The formation of a symmetrical Rh—hydride complex was
reported in [BMIM][SbF4] using *'P NMR. The structure
was assigned the formula [H,Rh(PPhs),(Solv),]t (6 = 40.6
ppm, 'J('Rh, ¥P) = 103 Hz).2'> The complex was
considered as a possible intermediate for Rh-catalyzed
hydrogenation, isomerization, and hydroformylation reactions.

Dissolution of the Wilkinson complex 12.1 in an acidic
IL [EMIM][AICl,] was studied by Mann and Guzman using
3Ip{H}, 3'P, and 3'P{'H}-COSY NMR (Scheme 12).2'¢ After

rigorous analysis, the authors concluded that the observed
signals in the 3'P NMR spectrum belonged to the complex
12.2. The [AICl,]™ anion was suggested to be coordinated
to the transition metal center through the bridging CI™ ligand
(0C'P)a = 49 ppm, 'J(1®Rh'P) = 201 Hz; 6C'P)s = 51
ppm, 'J('®Rh,*'P) = 216 Hz; 2J(*'P,>'P) = 37 Hz). Upon
reaction with hydrogen, a new 'P signal appeared at (0(*'P)
= 59 ppm) as well as a high-field '"H NMR signal (6('H) =
—17.4 ppm). Analysis of the 'J('®*Rh,*'P), 'J(!**Rh,'H), and
2J('P,'H) coupling constants, carried out in a selective *'P
decoupling NMR experiment, provided evidence for the
formation of the hydride complex 12.3.2!6 It was also reported
that the complex 12.3 formed in the IL from 12.2 on
standing, although in this case the source of the hydrogen
was not clearly understood (probably from traces of residual
water). The study raised an important feature of the stabiliza-
tion of low oxidation state Rh(I) complexes by ILs, which
may play an important role in the hydrogenation reaction in
IL media. For comparison, high oxidation state Rh(III)
species are easily formed due to the oxidative addition of
H, in regular solvents.?!’

The mechanism of the catalytic dimerization/hydrogenea-
tion reaction of alkynes was modeled by Jod, Oro, and co-
workers following a sequence of stoichiometric steps using
[BMIM][BF,] as the solvent.?!® The *'P NMR monitoring
of the reaction of the iridium complex 13.1 with alkynes
indicated sequential formation of the alkenyl hydride 13.2
and the butadiene complex 13.3 (Scheme 13). The isomeric
distributions of 13.2 and 13.3 were successfully determined.
Recording the *'P NMR spectra under off-resonance decou-
pling conditions resulted in simplification of the phosphorus
spectrum by eliminating small "J(*'P,'H) spin—spin couplings
presented in the P(iPr); ligand (~2—3 Hz). Meanwhile, the
larger 2J(*'P,'H) spin—spin couplings due to the hydride
protons (~19—21 Hz) remained unchanged in the spectrum.
This technique can be useful for the identification of hydride
complexes of the transition metals with bound phosphine
ligands.?'® The stoichiometric reaction was a model of the
catalytic cycle involving alkyne insertion into the metal—
hydrogen bond and C—C reductive elimination. The role of
NMR monitoring for studying the last C—C bond-forming
step, which is of primary importance in transition metal
catalysis,?!” proved an important one.
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Scheme 13. Sequence of Stoichiometric Reactions Studied by
NMR Monitoring in [BMIM][BF,] (Adapted with Permission
from Ref 218; Copyright 2003 Wiley-VCH Verlag GmbH &
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2H NMR was utilized by Finke and co-workers to provide
evidence for N-heterocyclic carbene formation involving
iridium nanoclusters.??’ Under a D, atmosphere, deuterium
incorporation into the imidazolium cation was observed at
the 2-, 4-, and 5-positions (fast) as well as at the 8-position
(slow). The proposed reaction mechanism involves C—H
oxidative addition to the metal, H/D scrambling, and C—D
reductive elimination. The NMR study indicated that Ir(0)
nanoclusters react with the imidazolium-based ILs to form
surface-attached carbenes.??

High-pressure NMR monitoring of the Rh-catalyzed hy-
droformylation of 1-octene with H,/CO was reported by
Dupont, van Leeuwen, and co-workers.??! Reaction of the
catalyst precursor Rh(acac)(CO), with 1 equiv of the bide-
ntate phosphine ligand in [BMIM][PF¢] resulted in the
formation of a hydride complex HRh(diphosphine)(CO),.
The ligand was coordinated in bis-equatorial fashion (*'P
NMR). However, NMR monitoring under hydroformylation
conditions showed the existence of a dynamic equilibrium
between the Rh complexes with bis-equatorial and equatorial-
apical diphosphine coordination. The conclusions drawn from
this high-pressure NMR study were independently confirmed
by a high-pressure IR study. The study also reported NMR
evidence for the possible formation of a dimeric Rh spe-
cies.??!

Mehnert and co-workers have carried out a high-pressure
13C and *'P NMR study of the Rh-catalyzed hydroformy-
lation of hexene-1 with H,/'>*CO in [BMIM][BF,] and
showed the presence of an equilibrium between two types

Ananikov

of metal species.??? At 1 bar of H,/'3CO pressure, the
[HRh(CO)(phosphine);] complex was detected, whereas at
a higher pressure of 138 bar, signals assigned to the
[HRh(CO),(phosphine),] complex were observed. After
depressurizing the IL sample, the [HRh(CO)(phosphine);]
signals were detected again. The use of *C labeled carbon
monoxide played an important role in increasing the sensitiv-
ity of the '*C NMR. Unfortunately, the study was carried
out with 5 wt % of D,O added to the IL, and the influence
of this additive is difficult to rationalize.???

High-pressure 'H NMR in an IL was utilized to investigate
the mechanism of styrene hydrogenation catalyzed by metal
cluster catalysts.?”® In particular, the tetranuclear cluster
[H30s4(CO),,]~ was observed in [BMIM][BF,] by '"H NMR,
O0('H) = —14.8 ppm (symmetric structure with three equiva-
lent protons). The possible substitution of one of the CO
ligands by the substrate (styrene) resulted in the formation
of a new metal species whose signals were observed at a
higher field, 5('"H) = —20.0 ppm.??*

2.9. lonic Liquids Stability and Recycling

The stability of the IL [BMIM][PF¢] under UV irradiation
(254 nm) was investigated using '*C NMR of the neat
samples and comparing the results to those from other
physical chemical methods.?** It was concluded that
[BMIM][PF¢] in its pure form can be considered as being
resistant to UV irradiation and thus useful as a solvent for
photochemical reactions.

Stability of the [BMIM][BF,] IL toward hydrolysis was
confirmed by ''B and "?F NMR in the study of photoinduced
oxidation in water aimed for fabrication of semiconducting
nanowires.”?® Under studied conditions, no hydrolysis prod-
ucts were detected by NMR.

NMR analysis has been utilized by Seddon and co-
workers to investigate the radiochemical stability of 1,3-
dialkylimidazolium-based ILs.??® The ILs were found to
be relatively radiation-resistant and did not undergo major
decomposition of the organic component.??® The formation
of small amounts of hydrogen gas was observed under
electron beam irradiation of ILs, but only in moderate yields
(~2.5 x 1077 mol J71).2%

The stability of [EMIM][TfO] and [HexMIM][TfO] toward
oxidation by ceric ammonium nitrate (CAN) was studied
with 'H and *C NMR.!" It was shown that, under typical
conditions used for the oxidation of organic substrates
(125—150 °C, 6 h, 1:10 IL/CAN ratio), no IL decomposition
products were detected. Because decomposition of the ILs
was observed only at an IL/CAN ratio of 1:2 at 150 °C,"’
these results indicate reasonable IL stability against oxidation
by CAN and their reliable choice as adequate solvents to
carry out oxidation reactions. This example clearly empha-
sizes the necessity of verifying the IL stability for developing
reliable synthetic procedures.

A 'H and "F NMR study of the IL recycled/regenerated
after performing an electrophilic nitration reaction revealed
that the counterion exchange and nitration of the imidazolium
ring may take place depending on the structure of the IL.?
Careful IL and nitration system selection made it possible
to achieve both aims—namely, carry out the nitration reaction
and recycle the IL.

The stability of ILs under various reaction conditions and
after recovery with a view to recycling was confirmed using
YF NMR.'® Identical NMR spectra were recorded both
before and after reaction, as well as after recovery.
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Routine characterization of the [BMIM][BF,] and [BMIM]-
[PFs] by 'H and '*C NMR in the neat form was carried out
by Dupont and co-workers as early as 1996,%*° and similar
chemical shifts values were reproduced later.>*° Other 'H
and '3C NMR characterizations include: [BMIM][B-
(HSO,),/*' and [OMIM][PFs] 233 9F NMR for
[EMIM][BF,],?* 'TH NMR for [EMIM][Tf,N],>* as well
other ILs.?**2%3 The multinuclear NMR characterization of
both pure [BMIM][CI] and its Ph,P-substituted form was
carried out in the neat IL.>** Characterization of the [BPy-
J[AICl,] in the neat state by 'H and '*C NMR was followed
by X-ray structure analysis.?*> Another useful application of
NMR spectroscopy addressed the identification of ILs and
analysis of their purity.>*

The chemical stability of IL toward metallic lithium was
studied using multinuclear NMR results, suggested that
[BMMIM][Tf,N] is significantly more stable than [BMIM]-
[Tf,N].>*” The latter decomposed with carbene species
formation when exposed to Li. The ILs were also character-
ized by NMR diffusion experiments.?*’

3. Overview of NMR Experiments in lonic Liquids

The previous section illustrated the possible applications
of a wide range of proton and heteronuclear spectra,
including 2D NMR. In the present section, an overview of
the scope and limitations in dealing with high-performance
NMR in native ILs systems is provided with a special
emphasis on the estimation of the accuracy of NMR
measurements.

3.1. 'H and 2H NMR Spectra

To the best of our knowledge, the first 'H NMR spectrum
of a neat IL was reported by Newman and co-workers in
1972 in their study of pyridinium salts.?*

Proton NMR spectroscopy in ILs has two major limita-
tions: (1) commonly used ILs have residual signals in the
aromatic (imidazolium ring) and aliphatic (alkyl groups)
regions; (2) the high viscosity and highly ionic nature of
ILs makes it difficult to achieve high performance in 'H
NMR studies.

Indeed, in many cases, 'H NMR studies in ILs is possible
only if the signals of the solute and solvent do not overlap.
The solute signals can be particularly difficult to detect in
the case of ILs with long side chains. This is because they
occupy most of the high-field part of the spectrum, while
the aromatic signals occupy the low-field part of the
spectrum. Routine solvent-suppression techniques are not
applicable in such cases, as neither of the T1 relaxation time
differences allows achievement of this aim.

A very promising approach based on DOSY filtration has
been suggested by Giernoth and Bankmann.’* The high
viscosity of ILs and the resulting slow movement of the IL
molecules, compared to faster-moving solute species, made
it possible to filter out the signals of the ILs. The greater the
difference in size and diffusion constants between the solute
and the IL, the better is the filtration performance. This
method may be useful not only for reconstruction of the
solvent-signal-free NMR spectrum but also for monitoring
chemical reactions directly in ILs.2*

Another approach to dealing with the problem involves
preparation of specially designed ILs. To simplify the 'H
spectrum of the IL and avoid overlapping of the signals, the
protic [HMIM][HBr] IL was prepared.** Compared to the
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widely used [BMIM]-based ILs, the replacement of the Bu
group by hydrogen removed four multiplets from the high-
field part of the 'H NMR spectrum.*? [TMSu]*-based ILs
were suggested as convenient solvents for doing NMR
studies, because in their "H NMR spectra one sharp peak
(Me group only) is present, leaving the whole spectral
window free.!*8

Several studies have been carried out to estimate the
numerical precision and accuracy of 'H NMR measurements
in ILs. In a typical experimental setup, signal widths of
~3—5 Hz at half-height were observed in the 'H NMR
spectra of ILs at room temperature.’”” This is compared to
~0.5—1.0 Hz, which is typically the width observed in
regular solution-state NMR. A resolution of £0.0012 ppm
has been reported for the '"H NMR in [EMIM][T£,N] at 300
MHz.>* Experimental errors within 40.002 ppm were
reported for the 'H NMR of [P(CsH 3)3(C14H,0)][Cl] at 270
MHz.%

One of the ways to improve the quality of the 'H spectra
in ILs is to increase the sample temperature. It was shown
that increasing the temperature to 328—353 K significantly
reduces signal widths and dramatically improves spectral
resolution.®*®>7> The main contribution to the resolution
enhancement on heating comes from reducing the IL
viscosity, thus facilitating molecular tumbling. Variable-
temperature NMR experiments have confirmed the decrease
in the viscosity of ILs on increasing the sample temperature
in agreement with the Vogel—Tamman—Fulcher equation.®%°
However, it should be pointed out that temperature depend-
ences of line widths of ILs may be rather complicated due
to several factors (including homogeneity of the external
magnetic field, sample conditions, etc.). More studies are
required to fully understand whether the same temperature
effect will hold for the other ILs.

To increase accuracy in the determination of spectral
parameters (integrals and chemical shifts), the '"H NMR
spectra were fitted using a nonlinear least-squares proce-
dure.''* The difference between the calculated and experi-
mental spectra was reported as being <1%.

Arce and co-workers conducted an important study of the
suitability of 'H NMR spectroscopy for the direct analysis
of liquid—liquid equilibrium data to characterize the extrac-
tion ability of ILs.!?*"!2% Before doing the actual measure-
ments, the authors verified the accuracy of 'H NMR in ILs
for quantitative mixture analysis. Using a series of samples
with known composition, the largest deviation in mole
concentration determined was found to be only 0.004.!23125
The same type of analysis carried out in CDCl; solutions
showed the largest standard deviation of 0.005.2° Thus,
selecting IL as a solvent did not diminish the accuracy of
the quantitative NMR measurements. Careful analysis and
verification of the analytical technique, based on the 'H NMR
spectroscopy of native IL samples, emphasize the following
important advantages of this method: (1) analysis of all
components is performed using only one step of measure-
ments; (2) experimental error is reduced; (3) only a small
amount of sample is needed for the analysis. To avoid
solvent—solute signal overlapping in the NMR spectrum, a
high-field instrument operating at 750 MHz was utilized in
the study.!?37125

2H NMR was reported as a useful technique for monitoring
the removal of water and other acidic impurities from
chloroaluminate ILs.!”” To achieve the aim, a specified
amount of a deuterium-containing compound (i.e., DCI) was
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added to the IL before purification. 2H NMR has an important
advantage since the spectrum contains only the signals of
interest, and their disappearance (as a result of purification)
can easily be followed with high precision by NMR. This is
in sharp contrast with '"H NMR, where traces of acidic
impurities and water were rather difficult to detect due to
the presence of high-intensity residual solvent signals (indeed,
detection of very small signals on a background of high
intensity peaks is a complicated technical task). Thus, *H
NMR is a most useful alternative for 'H for this purpose.'?’

The use of deuterated substrates proved particularly
advantageous for performing kinetic studies with 2H
NMR.!*+?2 Both decay and growth curves were easily
obtained from a series of 2H NMR spectra. A comparative
kinetic study using UV/vis spectroscopy and *H NMR
spectroscopy was performed in ILs, and good agreement for
the determined rate constants was found.'** This confirms a
reliable accuracy of 2H NMR for kinetic measurements in
ILs.

3.2. Heteronuclear Spectra

Albeit in a significantly less pronounced manner, hetero-
nuclear NMR spectroscopy also suffers from the limitations
mentioned previously (see section 3.1). The probability of
signal overlap is reduced due to a larger range of chemical
shifts in heteronuclear spectra. In most cases, it was easier
to obtain routinely acceptable spectral parameters within the
same time period used for instrument adjustment (compared
to 'H NMR). In the present section, possible improvements
and extended applications of *C, “N, N, 70O, !°F, ?’Al,
3P, and ¥Cl NMR are discussed. Measurements can be
carried out to characterize not only neat ILs but also the other
species dissolved in the ILs and the nature of solvent—solute
interactions.

We start the discussion of heteronuclear spectroscopy with
BC NMR, because it is a well-established tool in the
structural studies of organic compounds.?"?>? The first 1*C
NMR spectrum of a neat molten salt was reported by
Osteryoung and co-workers in 1979.1%* Nowadays, the
performance of '*C NMR spectroscopy in various ILs has
been thoroughly evaluated.

After pulse-length calibration, the '*C NMR spectrum of
[BMIM][Tf,N] with a good signal-to-noise ratio was acquired
with <8 scans.” With modern hardware equipped with a
digital oversampling module, even strong signals from a
solvent should not preclude the observation of solute
signals.?>?

As mentioned previously, the resolution of '*C NMR
spectra can be dramatically improved by raising the tem-
perature of the sample. An order of magnitude decrease in
the line widths was observed on increasing the sample
temperature from 313 to 363 K.!”7 The '3*C NMR spectrum
of a cellulose solution in [BMIM][CI] at 363 K had a
resolution comparable to the solution in D,O at 298 K.!7” A
resolution of 4-0.017 ppm was reported for '*C NMR using
a 300 MHz NMR instrument (operating at 75 MHz for 1*C)
in [EMIM][Tf,N].>

To decrease the number of solvent signals and minimize
the chance of overlapping solvent—solute signals, special ILs
were designed: [HMIM][HBr,] (alkyl group replaced by
hydrogen)* and [TMSu]*-based ILs (the only sharp solvent
peak from the Me group).'®® The same approach was used
to simplify the 'H spectra of the IL (see also section 3.1).
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The sensitivity of natural abundance '*C NMR was not
enough to detect minor changes caused by the decomposition
of [BMIM][PF¢]. UV—vis spectroscopy was found to be a
more sensitive alternative.??* This conclusion is in line with
that of another study indicating that <1% conversion of the
IL could not be observed by NMR.??® It should be noted
that this concentration limit implies the decomposition of
IL itself, while the other solute molecules (if signal overlap-
ping with IL resonances is not the case) can be detected at
lower concentrations.

The sensitivity of '*C NMR spectroscopy in IL studies
may be further increased by using '*C enriched com-
pounds. Incorporating a '*C-labeled ligand into a transition
metal complex not only allowed measurement of the
chemical shifts but also allowed the 'J('3C, ' Pt) and
2J(3C, 13C) coupling constants to be measured directly in
the IL.% 13C-labeled carbon monoxide was used for obtaining
accurate measurements of its solubility in several ILs.'"”
Quantitative signal integration was performed using a least-
squares fitting procedure.!!” As was shown in the NMR study
of the oxidation of benzyl alcohol in [EMIM][TfO], utiliza-
tion of a 3C labeled substrate allowed the determination of
side products formed in trace amounts at a much lower
concentration compared to the natural abundance sample.'?’

Although 'H NMR could be expected to be the easiest
way to characterize the Brgnsted acidity of ILs, it was
shown that in some cases indirect measurements with '*C
NMR are more applicable. The idea was to utilize *C-
labeled acetone (CH3),'*CO and to study the interaction
of the acidic centers with the carbonyl group. The
relationship between the acidic properties and the NMR
chemical shifts was discussed.'®*

Despite the low sensitivity of '*N nuclei, spectra in ILs
were recorded using standard NMR measurements with direct
detection using a 500 MHz spectrometer operating at 50.68
MHz for nitrogen-15 (1000—3000 pulses, 5 s repetition
time).>* For dilute solutions of ILs, indirect detection within
a 'H—"N HMBC pulse sequence was applied. Chemical shift
values, independently determined by both methods, were in
good agreement.>* The measurements of '*N NMR spectra
required a very short time due to higher sensitivity and a
shorter relaxation delay.’” Determination of “N NMR
chemical shifts and line widths with reasonable precision
O0("*N) = 210 £ 1 ppm and Avy, = 1500 £ 10 Hz was
accomplished within 1 min (16 pulses, 200 ms repetition
time, 500 MHz NMR spectrometer).57 However, measure-
ments were possible only at 80 °C, because at 25 °C the
signals were too broad to be detected. The drawback of '*N
NMR is its low resolution. Even at high temperatures, the
NI and N3 signals of the imidazolium ring remained
unresolved, and a single peak was observed for both
nitrogens. Either dilute solutions®” or N NMR measure-
ments®* had to be used if both nitrogen atoms needed
characterization.

To increase the sensitivity of 70O NMR measurements,
H,'70 (20% enrichment) was utilized.®' In this case, the 'O
NMR detections of oxychloroaluminum and hydroxychlo-
roaluminum species in [EMIM][AICl] with a good signal-
to-noise ratio were acquired using a 270 MHz NMR
spectrometer operating at 36.54 MHz for 'O observation.
70 NMR spectroscopy was also used for the study of the
nature of water molecules and of oxygen-containing species
in ILs. In this case, water samples enriched with 7O were
necessary in order to achieve the necessary sensitivity.”® The
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nature of the solvent—solute interactions was also studied
using 2’Al NMR®!7614625% apnd 1'B NMR.7"122 A useful
approach for the monitoring of oxide contamination removal
by treatment of the IL with phosgene is reported.'” In such
a case, insensitive 70O NMR detection of aluminum oxide
species was replaced with the much more convenient 3C{'H}
and 7O detection of phosgene and carbon dioxide (see
section 2.3 for reaction details).

"F NMR spectroscopy is a very useful general method
for studying various properties of ILs, since most of the ILs
have the '°F signals from the fluorine atoms of the anions
([PF¢]™, [BFs ], [Tf,N]™, [SbFs]~, [CF;COO], etc.). '°F
NMR was widely utilized for investigating cation diffusion
in ILs as well as specific cation—solute interactions. A
resolution of 4+0.013 ppm has been reported for 'F NMR
in [EMIM][Tf,N] using a 300 MHz NMR instrument
(operating at 282 MHz for °F).>* For accurate measurements
of the intensity of small signals in '"F NMR, solvent
suppression of the residual IL peak in [BMIM][Tf,N] was
applied.'%

Using "“F and "*C NMR chemical shifts of reference
compounds in ILs, an empirical numeric model was devel-
oped to analyze and predict chemical reaction selectivities'®’
and solubility.'"”

A few useful approaches for the enhancement of 2’Al
spectra quality have been reported. Removal of acidic
impurities from a chloroaluminate IL by the addition of
EtAICI; led to significant narrowing of the [AICl4]™ peak in
the 2’Al spectrum.'’” In the >’Al NMR spectrum of the IL
[EMIM][AICly], a useful approach to signal selection for
observing the [AICly]” and [ALCI;]” signals has been
reported. The narrow [AICl,]” signal was separated by
increasing the preacquisition delay (0.033—1.0 ms).*

An important 'P NMR spectroscopy application concerns
the identification of transition metal phosphine complexes
containing phosphorus ligands. Palladium phosphine com-
plexes in ILs were identified by comparing the 3'P chemical
shifts with independently prepared samples.?'' The *'P NMR
monitoring of platinum complexes was also successfully
employed in several reactions involving the metal center.®
The study reported by Mann and Guzman provides an
excellent example of the application of powerful NMR
methods—3'P{'H}, *'P, selective *'P decoupling, and *'P{'H}-
COSY for carrying out line assignments in the NMR spectra
of native IL systems as well as identifying transition metal
complexes directly in the IL.2!¢

The first 3*C1 NMR study of neat [BMMIM][ZnCl;] was
reported by Santini and co-workers.” The chemical shifts
of [BMMIM][CI] and [BMMIM][ZnCl3] were observed at
O(*Cl) = 84 and 800 ppm, respectively. The temperature
dynamic of the sample was monitored with **C1 NMR as a
function of time. The signal corresponding to [BM-
MIM][ZnCls] underwent a significant shift to 0(**Cl) = 400
ppm after 20 min, and finally to 250 ppm after 60 min (110
°C).% Such a large range of 3Cl chemical shifts and high
sensitivity to the structural environment suggests that **Cl
NMR is a valuable tool for structural studies, providing that
NMR spectra of sufficient signal-to-noise ratio can be
obtained. In studies by Moyna, Rogers, and co-workers, a
90°—90°—90° ARING pulse sequence was used in *>*’Cl
measurements to reduce artifacts in neat ILs,3-86.180.181
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3.3. Diffusion Studies

NMR spectroscopy provides a range of techniques for
studying molecular motions in liquids.?>®> The main advan-
tages are as follows: fast experiments (typically from minutes
to hours of measuring time), relatively small sample volumes
(~0.5—0.7 mL with a standard 5 mm NMR probe), and easy
application over wide ranges of temperature and pressure.
Routine NMR hardware equipped with a pulsed-field gradient
is suitable for studying fast diffusion in organic solvents as
well as a slower diffusion in viscous liquids.?>® However,
special attention should be paid to minimizing convection
effects and to maintaining temperature stabilization.?’->3% A
higher quality of diffusion spectral data may be obtained with
dedicated hardware. NMR probes optimized for diffusion
measurements and stronger pulsed-field gradients are avail-
able. Nowadays, routine diffusion NMR measurements are
used for evaluating molecular systems in organic solvents
and water. Because there have been several recent reviews
on the subject,?>72% only some specific notes concerning
the application of diffusion measurements in native IL
systems are summarized here.

In the case of diffusion measurements in viscous samples
using a BPPLED sequence, the standard sine-shaped gradi-
ents were replaced with trapezoid-ramped gradients.* A
modified stimulated spin—echo sequence was utilized to
improve diffusion coefficient measurements in ILs.'*1% A
small sample height (at 2 or 5 mm, for example) was
maintained for ILs susceptible to convection in order to
minimize the possible harmful influence of convection on
the diffusion measurements.%8:136.138

Saielli and co-workers have determined the diffusion
coefficients of the anion and cation of [BMIM][BF,] at
various temperatures using 'H and '’F NMR. Subsequently,
they evaluated and further developed the molecular dynamics
calculations for modeling ILs.** An optimal computational
procedure was developed for the computer simulation of the
IL translational dynamics, and their reliability was analyzed
by comparison with experimental data.

In an important study, Forsyth and co-workers evaluated
the reliability of routinely applied diffusion measurements.®’
The data presented in their report showed that the pulsed
field gradient spin echo (PGSE) method suffers from
“intrinsic internal gradients”. This results in up to 20%
differences in diffusion coefficients measured for different
signals of the same molecule. However, the pulsed field
gradient stimulating echo (PGSTE) method was applied
without such anomalous behavior and produced more reliable
results (<1% inaccuracy). The measurements were carried
out using a special diffusion probe at 300 MHz.%” The study
emphasized that routine methodology widely utilized for
traditional liquid systems may not always provide acceptable
results for ILs. More insight into the subject is highly
desirable to reveal the origins and the full scope of this
problem.

A special NMR probe has been designed by Richter and
co-workers to carry out pressure- and temperature-dependent
measurements of self-diffusion coefficients in ILs.?*!>*> The
measurements were successfully carried out for pure
[BMIM][PF¢] and binary [BMIM][PFg]/methanol systems in
the temperature range 293—313 K and in the pressure range
ambient to 3000 bar. The activation energies for the self-
diffusion coefficients of [BMIM]' and methanol were
determined as a function of mixture composition.?®!
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3.4. Relaxation Measurements

A new methodology was developed by Carper and co-
workers to separate dipolar and chemical shift anisotropy in
a 3C relaxation study of [BMIM][PF¢], [MNIM][PF;],263264
and [EMIM][BuS0O;].2% The *C NMR chemical shifts,
chemical shift anisotropy, '*C spin—Ilattice relaxation times,
pseudorotational correlation times, corrected maximum NOE
factors, dipolar relaxation rate part, and total relaxation rate
for each aromatic carbon nucleus in the imidazolium ring
were determined or estimated in the studies. Analysis of the
NMR data indicated the presence of several phase changes
in the IL over the measured temperature ranges. The mo-
lecular radii of the [MNIM]™ cation determined in the study
compared fairly well with DFT calculations at the B3LYP/
6-311+G(2d,p) level.?632% Comparison of spectral data
measured for [BMIM][PFs] and [MNIM][PFs] allowed
observation of a long side chain effect on the '*C rotational
microdynamics of both parts of the cation (side chain and
imidazolium ring).2%>?* Analysis of the 'H relaxation data
in [BMIM][BF,] and [BMIM][PF;] ILs showed high sensi-
tivity of this method to identify subtle changes in the system
caused by interaction with solute molecules and to reveal
specific solvent—solute interactions.!”®

3.5. Nuclear Overhauser Effect Measurements

The nuclear Overhauser effect (NOE) arises due to
resonance line intensity changes caused by dipolar cross-
relaxation from neighboring spins with perturbed energy level
populations.?®® The intensity of the signal is proportional to
the inverse sixth power of the distance between the atoms,
I ~ 1/r°. Thus, NOE data is very useful for stereochemical
assignments and provides straightforward information about
intra- and intermolecular interactions.?®’ Depending on the
value of the correlation time, in some cases the NOE effect
is unobservable.?%*?” To overcome the problem, rotating
frame measurements (ROE) can be utilized. This is due to
the fact that the ROE signal does not become zero when the
value of the correlation time is changed. For example,
NOESY experiments for the [BMMIM][Tf,N] and
[BMIM][Tf,N] systems exhibited very weak or null cross-
peaks, while the ROESY experiment led to positive NOEs
irrespective of the long rotational correlation time due to the
high viscosity of the IL system.'>” The advantage of rotating
frame experiments and their relevance to the fact that
correlation times corresponding to small or zero NOEs are
possible due to IL viscosity was also discussed in another
study.?e

Intermolecular nuclear Overhauser effect (NOE) measure-
ments provided experimental evidence for cation—cation,
cation—water, and cation—anion interactions in [BMIM]-
[BF,].% The type of cation—cation interactions and the
binding site of water in cation—water interactions were
investigated by homonuclear NOE in the rotating frame
(ROE). The quantitative analysis of the ROE factors was
performed by volume integration of the cross-peaks. The
cation—anion interactions were determined using a 1D
'H{'°F} NOE difference experiment (3.3—3.6% enhancement
was observed).%

By running a gated decoupling experiment, the nuclear
Overhauser enhancement was determined and used for
calculating the value of correlation time.*!”! The temperature
dependence of the NOE factors has also been reported for
[BMIM][PF¢].”
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3.6. Two-Dimensional NMR Spectroscopy

Two-dimensional experiments are one of the most power-
ful NMR methods available nowadays for routine use.
Several very useful approaches were developed for studying
the structure and dynamics of molecular systems in
solution.?®~27! Tt is of much importance to rationalize the
scope of existing 2D experiments for IL systems and to
understand potential applications.

The utility of 2D NMR in ILs has been illustrated by
several examples throughout the review. It is very important
to emphasize that in most cases standard pulse sequences
supplied by the NMR spectrometer can be used to acquire
2D spectra in ILs.

A homonuclear HHH—COSY experiment on a test sample
with coherence selection by pulsed-field gradients was
successfully recorded in [BMIM][Tf,N].”> A 2D ROESY
experiment in [BMIM][BF,] was performed using a pulse
sequence that had been used for off-resonance ROESY with
adiabatic rotation.?”

An elegant approach was developed to distinguish in-
tramolecular and intermolecular NOE contacts.®! The 2D
ROESY spectra (250 ms spin locking time) of the reference
[EMIM][AICl,] sample was compared to the spectrum
recorded for the sample with 95% fully deuterated imida-
zolium cations. In the former, both intramolecular and
intermolecular NOE contacts are present, whereas in the latter
only intermolecular NOE contacts could be recorded due to
the absence of adjacent protonated molecules.®! The com-
parison, therefore, made it possible to clearly identify the
intramolecular and intermolecular NOEs. The distances
measured from 2D NOESY experiments for [BMIM][BF,]
and [BMMIM][BF,] showed a good correlation with avail-
able X-ray structures.’? NMR data was found to be reliable
for providing quantitative information for the assessment of
the local structure of the neat IL. Moreover, NOE contacts
provided important complementary information for a deeper
understanding of IL structure derived from X-ray and
neutron-scattering studies.?

It is important to point out that even a small dilution of
the original mixture with THF-dg (up to 25% m/m) led to
partial loss of the solvent—solute intermolecular contacts in
the 2D ROESY spectra.'®? Further dilution (over 50% m/m)
resulted in all contacts being lost. This example once again
emphasizes that dilution of IL samples with a deuterated
solvent may lead to a loss of structural information and,
finally, to unreliable structural models.

To carry out 2D heteronuclear Overhauser effect spec-
troscopy (HOESY), a strategy involving twice recycling
evolution and mixing times was applied to enhance the
observed NOE.* Carper and co-workers reported that the
correct determination of hydrogen—hydrogen distances in
[EMIM][BF,] and [PMIM][BF,] requires the use of short
mixing times of <50 ms in the 2D NOESY experiment.?’?
A mixing time of >50 ms led to an increasing contribution
of spin diffusion that resulted in unrealistically short
hydrogen—hydrogen distances.?”

Diffusion coefficients were determined using DOSY
methodology®>~2 by collecting a series of 'H NMR spectra,
measured as a function of gradient amplitude.®’*> DOSY
NMR spectra were recorded in [BMIM][Tf,N] and
[CioMIM][Tf,N] ILs, using BPLED or STE pulse se-
quences.?* Complete separation of the solvent and solute
signals was observed, and the solute spectrum was recon-
structed by the summation and extraction of corresponding
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rows in pseudo-2D DOSY spectrum.?* Both types of
heteronuclear correlations HETCOR and gradient-selected
HMQC were successfully recorded for a range of neat ILs
with standard pulse sequences.”

4. Practical Aspects of NMIR Spectroscopy in
lonic Liquids

Several important considerations need to be taken into
account to accomplish accurate and reproducible NMR
measurements. The present section provides the necessary
information for choosing the best practical strategy for
recording spectra in ILs and highlights the most important
issues for spectral parameters optimization.

Nowadays, NMR superconducting magnets are remarkably
improved in terms of higher stability and better homogeneity
of the magnetic field. In a routine case, the lock system may
not be necessary for acquiring spectral data. Therefore, in
addition to sections 4.1 and 4.2 where operation with a *H
or '°F lock, respectively, is discussed, the possibility of
deuterium-free NMR measurements is summarized in section
4.3.

4.1. Operation with a 2H Lock

Routine solution-state NMR spectroscopy operates with
the 2H internal standard needed for a lock signal. The *H
lock system is of practical importance for adjusting the
magnetic field homogeneity and maintaining high stability
during the measurements. For these purposes, an internal lock
provided by fully deuterated organic solvents is usually
employed.

At the moment, NMR studies using fully deuterated ILs
as solvents are not common, because of their high cost.
Nevertheless, experimental procedures for the preparation
of such perdeuterated ILs have been reported.?’*?7

Another possibility for providing the internal lock standard
is dilution of the IL with a deuterated organic solvent. Although
this approach was utilized in some studies (for example, a
mixture of [BMIM][CI] and 15 wt % DMSO-dg,'""?7
[BMIM][BF,] and 5 wt % D,0,??? etc.), clearly it should be
avoided to preserve a native IL system.

The external lock standard may be provided in two
different ways: (1) the IL solution in the inner part of the
NMR tube is surrounded by the lock standard and (2) the
IL solution is in the outer part of the NMR tube with
the lock standard in a capillary. Important advantages of the
first option are the possibility of sealing the inner tube with
the IL to avoid contact with air and moisture and a slightly
better resolution due to the narrower outer diameter of the
IL sample. The easiest practical way is to provide the external
lock standard in a capillary (second option), and this has
been used in numerous studies discussed in this review.

Unfortunately, in several of the studies, the use of two
concentric tubes was mentioned without the authors specify-
ing whether the IL was placed into the inner or outer tube.
This information should be necessarily provided in the
experimental descriptions for better reproducibility and
comparison of the NMR measurements (see section 4.7
below).

4.2. Operation with a '°F Lock

I9F stabilization is an alternative for the deuterium-based
lock system. It has the important advantage for NMR
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spectroscopic studies in ILs that most of them contain
fluorine in the anion ([PF¢]™, [BFs], [Tf,N]~, [SbF¢] ™,
[CF;COO]™, etc.). Therefore, the measurements can be
performed in regular ILs without any additional modifica-
tions. This approach has been tested for some ILs and has
allowed recording of high-resolution NMR spectra.” How-
ever, fluorine-based stabilization requires a special '°F lock
channel, which, although available as an option, is in most
cases not installed by default.

4.3. Operation without a Lock

In many applications, NMR measurements can be
successfully performed without lock stabilization in the
unlocked “sweep-off” mode. This is the fastest way to
obtain spectra in ILs, since it does not require any
additional manipulation with the sample and may even
exclude magnetic field homogeneity adjustment. Strictly
speaking, the necessity of the lock system can be checked
by calibration of the drift of the magnetic field for a
particular NMR machine. For routine measurements
involving 200—600 MHz NMR machines, operations
without lock are well worth trying without such calibra-
tion. It should be noted, however, that in the case of
spectral measurements using high magnetic fields (750
MHz or higher), time-consuming experiments, or those
involving pulsed-field gradients, the importance of a lock
system stabilization should be addressed more carefully.

For several ILs, the application of the unlocked (sweep-
off) mode has been reported.!%6133173.189.195 Op some routine
NMR spectrometers, the sweep-off mode was the only
available choice for recording 2H NMR spectra to avoid
artifacts caused by a lock system, which also operates at a
’H resonance frequency (see, for example, ref 92). It was
also particularly important for high-pressure NMR, where
an external standard in a capillary is technically difficult to
use. !4

It would appear that several studies listed in the present
review have actually been carried out without lock under
unlocked conditions. Unfortunately, this was not explicitly
mentioned in the experimental procedures description.

4.4. Key Parameters for High-Performance NMR

The following most important issues need to be addressed
for high-performance NMR in ILs: (1) shimming, (2) pulse
calibration, (3) probe tuning/matching, and (4) selecting a
proper temperature.

Various algorithms for shimming have been described in
the literature, and most of them can be applied to ILs.?”7 727
For shimming in the unlocked mode, the approaches sum-
marized in the No-D-NMR technique can be used.?®°

Tonic media are strong absorbers of radiofrequency radia-
tion. It was reported that 90° pulses in ILs were ~1.5 times
longer than in regular organic solvents.”” For some IL
systems, NMR spectra recorded with 90° (ref 175) or 45°
(refs 54 and 95) flip angles were reported. Pulse calibration
is recommended before the NMR measurements in ILs to
achieve high sensitivity and to measure correct integral
values. Because of absorption of radiofrequency radiation
by ILs, higher values of pulse power and lock power may
be required.”

Probe tuning and matching strongly depends on the solvent
properties. Nevertheless, standard probes seem to be flexible
enough for reliable tuning and matching. With one exception,
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where a special probe adjusted for ILs was used,” all the
experiments discussed in the present review were performed
on standard hardware. Other parameters can be further
optimized to achieve high-quality NMR spectra in ILs as
described in the excellent study by Giernoth and co-
workers.”

Selecting a proper temperature is an important issue. Most
of the measurements discussed in the present review were
carried out at ambient temperature. However, as previously
mentioned, it has been established that recording NMR
spectra at higher temperatures can significantly increase the
resolution and result in narrow lines in the spectrum. Such
behavior would naturally be expected in viscous liquid
systems (although, depending on the system, the contribution
of other factors cannot be excluded). Thus, temperature
ranges of 80—140 °C are not uncommon.’'*l:14 For
example, line sharpening of the NMR signal with increased
sample temperature has been illustrated: whereas the signal
in the neat [(SiC3)MIM][CI] IL was resolved at 80 °C, no
signals were detected at 25 °C.>” Sample temperatures as
high as 300 °C were also reported for NMR measurements.*
Unfortunately, the authors did not specify the hardware
configuration for temperature stabilization, since operation
at such harsh temperatures may cause damage to some
routine hardware.

ILs are not expected to suffer during the NMR measure-
ments at high temperature because of negligible vapor
pressure and good thermal stability (unless some decomposi-
tion involving solute molecules or impurities takes place).
However, care should be taken about using capillary inserts
(acetone-dg, etc.), which need to be verified for their stability
against development of internal pressure.

Because temperature effects can be quite large, for precise
measurements a uniform sample temperature should be
maintained. In some studies, a rather long temperature
equilibration time of 12—24 h was reported for keeping the
sample in the probe before each measurement.”>!'*! A slow
temperature change of 1 K min~! with 30 min equilibration
at each temperature was also utilized.'*' Tt should be noted
that, with standard air-flow methods for temperature stabi-
lization of the sample inside the NMR probe, the time interval
needed to reach a uniform sample temperature depends
largely on the sample volume. This is necessary to remove
temperature gradients in the horizontal and vertical directions.
For a better reproducibility of the NMR measurements,
sample volume, temperature, the type of NMR machine, and
the IL should be unambiguously specified in the experimental
part (unfortunately, these details were not specified in the
above-mentioned studies).

4.5. Important Notes on Sample Preparation

Ultrasonic treatment of the samples was applied to ensure
complete dissolution of the substrates in the IL prior to NMR
analysis.?’ This approach may be particularly useful to
facilitate dissolution of metal complexes. Notably, it was
reported recently that ultrasonic treatment of the sample
directly in an NMR tube may lead to better spectra quality
for heterogeneous samples and for samples containing metal
species.?®! The use of ultrasonic treatment for degassing IL
binary mixtures has also been reported.® The IL itself was
found to be stable to ultrasonic irradiation (50 kHz, 120 W,
60 min).'®2

Another important issue concerns achieving uniform
homogeneity in the sample volume. It was reported that
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establishing a solvent—solute equilibrium may require a
long period of time (i.e., several days); until the equilib-
rium point is reached, several changes in the NMR spectra
may take place.'”® A possible way to avoid this would
involve rigorous stirring at high temperatures, followed by
cooling down to the appropriate point and then conducting
the necessary NMR measurements. The study of water effects
on ILs has also required several days of equilibration prior
to NMR measurements to ensure reaching the equilibrium
state of the sample.'® Samples used for the construction of
a phase diagram in water/[BMIM][BF,] system were stored
for seven days at 25 °C before the measurements.'® It was
reported that a white crystalline solid precipitate was formed
at the bottom of the NMR tube in some cases after a week
of storage (assumed to be a product of tetrafluoroborate anion
hydrolysis in water). Although formation of the precipitate
did not introduce significant changes into the NMR measured
parameters,'® care should be taken to control native samples
during long periods of storage. Undoubtedly, the nature of
this problem needs to be further clarified in more detail,
taking into account that the procedure for sample equilibra-
tion may not always be the same for all ILs.

To achieve better results in diffusion experiments, a special
sample tube was used with the magnetic susceptibility
matched to the sample, thus affording good magnetic
homogeneity over the whole sample volume.'*

NMR measurements were carried out for [BMIM]-
[CH3SO;3] and [BMIM][CI] at room temperature in a
supercooled liquid state (both ILs have melting points higher
than room temperature).'!? In these supercooled IL variable-
temperature experiments, for safety reasons a thick glass tube
was used instead of a regular NMR tube. The latter may
break in case of spontaneous solidification.'?

It was shown that regular NMR hardware is suitable for
studying quasi-solidified composite IL samples. The sample
preparation procedure required centrifugal treatment (~3000
rpm for several minutes) to avoid the inclusion of air bubbles
into the sample.?®?

4.6. High-Resolution Magic Angle Spinning
(HRMAS) NMR Spectroscopy

Poletti, Caneva, and co-workers have reported a compara-
tive study of the performance of HRMAS NMR for the
investigation of ILs.?8* The study illustrated the potential of
this technique for the direct analysis of IL solutions. The
following findings are worth summarizing:

(a) Better resolution: line widths at a half-maximum height
in '"H HRMAS NMR with an internal lock (with acetone-dg
added) were 25—40% lower than conventional 5-mm liquid
probes with external lock (acetone-dg in a coaxial capillary).
Some of the line width values in the HRMAS spectra were
close to those observed in dilute solutions of CDCl;. Figure
14 shows an example of a series of 'H spectra of methyl
2,3,4,6-tetra-O-benzyl-o.-D-glucopyranoside recorded in ILs
using both techniques; the higher resolution in the HRMAS
spectra is evident.

(b) Acceptable concentration range: HRMAS NMR does
not need large solute concentrations. A routinely used amount
of ~0.2 M was shown to be enough for practical applications.

(c) The possibility for reaction monitoring: for example,
acetylation of p-methoxybenzyl alcohol was studied in the
HRMAS rotor using 'H NMR. Time-dependent intensity
changes of the signals belonging to reactants and product
were successfully observed (Figure 15).
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Figure 14. 500 MHz 'H NMR spectra (303 K) of methyl 2,3,4,6-tetra-O-benzyl-0-D-glucopyranoside recorded in a standard 5-mm NMR
tube with an external lock (a) and HRMAS NMR spectrum with an internal lock (b); 1, [BMIM][PF¢]; 2, [HexMIM][PFs]; 3, [OMIM][PF].
Reproduced with permission from ref 283. Copyright 2007 The Royal Society of Chemistry.
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Figure 15. 'H HRMAS NMR monitoring of the acetylation reaction in [HMIM][PF4] (500 MHz, 303 K). Reproduced with permission

from ref 283. Copyright 2007 The Royal Society of Chemistry.

(d) More accurate chemical shift values: although the issue
is not completely clear at the moment (see section 4.7),
reported results provide evidence that HRMAS NMR suffers
less from the high magnetic susceptibility of ILs.

The main disadvantage of the reported study was the
presence of deuterated solvent as the internal lock
standard. Although only 6% of acetone-d¢ was added,?®’
it was still a modification of the native IL system. Further
studies are required in order to evaluate the performance of
HRMAS NMR without the influence of added deuterated
solvents.

The applications of HRMAS NMR for both 'H and *C
NMR analysis of ILs immobilized on silica,”” as well as
multinuclear 3C, #Si, and >'P MAS NMR characterizations
of heterogeneous catalysts based on IL-modified solid
supports,?$+285 have also been reported.

4.7. Referencing Procedure and the Influence of
Magnetic Susceptibility

Accurate determination of NMR chemical shifts requires
a consistent referencing procedure. For liquid-phase samples,
two methods are routinely used: (a) an internal reference,
where the reference compound is added directly to the

solution under study (or a signal of a solute component with
a known chemical shift is used as a reference) and (b) an
external reference, where the solution under study and the
reference are positioned separately, for example, in different
coaxial tubes. The advantages and disadvantages of these
(and other) referencing methods have already been dis-
cussed.”®

Where ILs are concerned, the accuracy of the chemical
shift referencing requires special attention irrespective of the
method used.

(a) An internal referencing procedure provides the
desired accuracy only in the absence of intermolecular
interactions between the reference compound and the
solvent (or other solute components). This effect can be
minimized by reliable choice of the reference compound,
taking into account solubility, miscibility, and concentra-
tion. Special note should be made concerning the primary
reference compounds—TMS (tetramethylsilane) and DSS
(sodium 3-(trimethylsilyl)propane-1-sulfonate; Me;Si—
(CH,);—S05; Na™)—as suggested by IUPAC regulations.?¢
The solubility of TMS in native IL systems is questionable
and should be verified before use. The ionic nature of DSS
means that it can interact with ILs and hence change the
native system in an unpredictable manner. If the interactions
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are strong enough, they may change the chemical shifts of
the DSS. Anyway, even if DSS dissolved in the IL may still
give correct chemical shift references, it is more advisible
to avoid direct interaction with ILs to preserve native system
properties.

(b) An external referencing procedure does not suffer from
the above-mentioned problem since the reference compound
and studied system are isolated from each other, but it still
requires a special correction to be applied. This is due to
differences in the bulk magnetic susceptibilities between
sample and reference.

These effects are all well recognized for solutions com-
posed of regular organic solvents or water.?%%27 In some
cases ('H and '3C NMR) bulk magnetic susceptibility effects
can be of the same order of magnitude as the chemical shift
differences usually used to derive structural information. 28287
Several methods were developed to overcome this problem
and to carry out high-precision measurements while using
an external referencing approach (see, for example, refs
288—290).

Because of the clearly different natures of ILs and
organic solvents (the reference compound is dissolved in
the latter), one might expect noticeable deviations due to
bulk susceptibility in the case of the external referencing
procedure. Of course, this mostly concerns the accuracy
in referencing the exact chemical shift values. The
correction is not needed to describe relative trends in
measured chemical shifts (AJ).

To date, no systematic studies are available for the
characterization of the influence of the bulk magnetic
susceptibility effect in ILs on the accuracy of chemical
shift measurements. Some studies have mentioned that the
bulk magnetic susceptibility effect could be a source of
inaccurate chemical shift determination in ILs.2!%2!8 In a
few studies, correction of the observed chemical shifts
for the volume susceptibility effect was carried out, but
the values of the corrections and their influence on the
determination of structural information were not discussed
in detail.”>»* Comparison of the '"’N NMR chemical shifts
of [BMIM][BF,], measured with the external referencing
procedure in neat IL, and in diluted solutions in organic
solvents or water, revealed small differences for both
nitrogen atoms S(’N) = —198 £ 2 ppm and 6('°N) =
—210 £ 2 ppm. In fact, these differences may also include
contributions from solvent and concentration effects.’*

It was shown that in theory the magic-angle spinning
(MAS) technique can be free from bulk magnetic suscepti-
bility problems.?®® The chemical shifts of H-2 protons of
[BMIM][PFs], [HexMIM][PF¢], and [OMIM][PFs] measured
with HRMAS NMR and internal referencing were 0 =
8.43—8.47 ppm.?** The measurements carried out in the ILs
using a conventional probe with external referencing resulted
in high-field shifted values 6 = 7.28—7.41 ppm. Thus, the
approximate deviation of 1 ppm in the 'H chemical shifts
could have originated from the bulk susceptibility problem.
However, these HRMAS NMR measurements were carried
out with 6% acetone-dg added to the IL as an internal
reference, and the influence of the additive cannot be
completely ruled out.3

It should be noted that the contribution of paramagnetic
metal centers could be another source of line broadening and
chemical shift deviation in ILs.*"!
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5. Concluding Remarks

As shown in this review, significant progress has been
made in recent years in the development of reliable NMR
methodology for studying native ILs systems, including both
neat ILs and their mixtures with other compounds of interest.
A summary of chemical applications of NMR spectroscopy
in ILs is provided in Table 1. In spite of some initial bias,
NMR measurements in ILs have been carried out with high
accuracy and good sensitivity on routinely available hard-
ware, providing that the necessary spectral parameter adjust-
ments were made. The information about NMR experiments
discussed in this review is summarized in Table 2. NMR
strategies for operation in native ILs systems are given in
Table 3.

Several enlightening examples discussed in the text have
clearly emphasized that native IL systems possess unique
properties that can be easily altered even by a very minor
change in the composition. Where NMR studies are con-
cerned, there is an important difference between systems
involving ILs and regular solvents: while adding deuterium-
containing cosolvents and internal standards to the latter is
a common NMR practice, utilizing the same approach in
the former case may lead to noticeably different results. Thus,
as the studies reviewed in the present article strongly suggest,
any modification of the samples for the purpose of NMR
measurements should be avoided. Whenever possible, mea-
surements should be carried out for native ILs samples.??
Otherwise, there is a risk of altering the characteristics of
the sample and overlooking some intriguing property of the
IL system.

NMR spectroscopy has been established as a flexible
and convenient tool not only for homogeneous IL systems
but also for the investigation of heterogeneous and
multiphase systems (Table 1). Separate NMR spectra from
the different phases were successfully recorded and
characterized for each part of the multiphase systems. Such
spectral studies afford a comprehensive treatment of these
complicated systems.?*?

Careful sample preparation is another important concern,
which distinguishes ILs from regular NMR solvents. For
better reproducibility of the NMR measurements, the sample
preparation procedure should be specified. If an external
referencing method is used (Table 3), the geometry param-
eters of the NMR sample should be indicated (diameters of
external and internal tubes, sample height, etc.). The rather
slow reorganization of IL systems, a possible result of bulk
magnetic susceptibility and the pronounced sensitivity of ILs
aggregation to various experimental conditions, unambigu-
ously suggests that careful description of sample preparation
and temperature control during the measurements cannot be
neglected.

From the examples presented in this review, we can
conclude that a wide range of powerful homonuclear,
heteronuclear, and two-dimensional NMR methods were
successfully applied to native IL systems (Table 2). Further
growth in the field of native IL. NMR is anticipated as the
technique becomes more widely known. The wider use of
the structural and mechanistic NMR studies identified in this
review is expected, as well as the emergence of many more
applications.
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type of NMR study

ionic liquids

reaction monitoring and reaction mechanism

transition metal complexes

catalytic reactions

kinetic studies, determination of equilibrium constants and
thermodynamic parameters

gas absorption (solubility of gases)

solvent—solute interactions

water effect and water/protons removal

self-diffusion and transport properties

extraction and separations

[BMIM] [A1C14],203 [BMIM] [BF4],1 17,189,198,212,218,220 [BMIM] [Br]7198
[BMIM][CF;COO],''*!¥ [BMIM][CF;SO;],''* [BMIM][C]],!!:18:208
[BMIM] [C104] 198 [BMIM] [PF ] 89,114,117,118,189,198,220,283
[BMIM] [SbF ] 114,215 [BMIM][szN] 106,114,117,189,193,200,220,249
[BMPyrr][Tf,N]!14

[BPy][BF,],"*"* [BPy][TE,N],'"* [C;oQMIM][T,N]**
[EMIM] [AlC] ] 190,195,216 [EMIM] [BF4],194’196 [EMIM] [szN],197’199
[EMIM][TfO],'7 [EPy][BF,]'**!%

[HexMIM][BF,],'* i [HexMIM][PF],%** [HMIM][HBr,],**
[Me;NH][AICL,], %! [Me,N][F],'”> [OMIM][BF,],!** [OMIM][PF;],?3
[P(CeH13)3(C1aH0)] 1[PF5(C:Fs)3],'"* [P(CeH3)3(C1aHao) [ TEN],
[(SiC5)MIM][C1]?3

[BMIM] [BF ] 211,212,218,220,222 [BMIM] [PF ]89 ,209,221,220

[ [SbFe],2> [BMIM][Tf,N],21322 [EMIM][AICI4]*'®
[EMIM][Tf,N]**

[ 1[BF,],!17222223 [BMIM][CF;COO],!** [BMIM][CF;SO;],'*
[BMIM][PFg],!!4117 [BMIM][SbF,]!!

[BMIM][T£,N],! 14117213 [BMMIM][Tf,N],'"# [BMPyrr][Tf;N],'4
[BPy[BE,],'*1% [BPy][Tf,N]'!*

[EMIM] [BF4] 194,196 [EPy] [BF4] 194,196 [HCXMIM] [BF4] 114,117
[MBMIM][TE,N],192 [OMIM][BFE,],!*

[P(C¢H13)3(Ci14Ha9) I[PF3(CoFs)5]'

[BMIM][BF,],"3*170220 [BMIM][N(CN),],"*? [BMIM][PF;],>*
[BMIM] [Tf N] 106,131,189,200,220,249 [BMP ][BF ] 131,132 [BP ][BF ]
[BPy][CH3SO4],"*! [C,qMIM][ Tf,N], 24" [EMIM][AICI,],*791:92.133
[EMIMI][BF,],!* [EPy][BF,]!% [HMIM][HBr,]*2

[BMIM] [BF ] 114,115, 117 119,120 [BMIM][CF COO]114 117
[BMIM][CF5SOs],!** [BMIM][CI],'*° [BMIM][Cu,Cl;]'*®
[BMIM] [PF ] 114,117,118,120 [BMIM][SbF ]114 117

[BMIM] [Tf N] 114,117,120 [BMIM] [Tfo]IZO
[BMMIM][Tf,N],'** [BMPyrr][Tf,N]'*

[BPy][Tf,N],'"* [EMIM][BF,],"” [EMIM][Tf,N]''6117
[HexMIM][BF,],""*!"7 [HexMIM][Tf,N]'"7
[(HOCH,CH,)MIM][BF,],!'S [MMIM][BF,]'"”
[MMIM][TEN],"Y [OMIM][BE,]'"* [OMIM][Tf,N]!"7
[P(C6H13)3(C14H29)[PF3(CF5)3],' [R][T,N] (27 examples)'”
[(AIKOC,),IM][T£:N],' 7 [(Ally)MIM][CI]'®!

[BMIM] [AlCl ] 164 [BMIM][BF ]84 119,121,122,150,151,153,156,167—171,176,211,220
[BMIM][CI],77-180.181 [BMIMJ[CIO,.! 187 [BMIM][Cu,Cl]!1
[BMIM][GaCl4],'** [BMIM][InCl,],¢

[BMIM] [PF ] 73,74,89,121,122,156,167,176,171,220,261 [BMIM][SHCh]m
[BMIM] [Tf N] 140,145,150,151,153,156,157,189,220 [BMMIM] [TfQN] 140,157
[BMPy][Tf;N],'* [BMPyrr][BF,]'*

[BMPyrr][Tf,N]1,'*? [BPy][AIBry] '** [BPy][AICI,] 46154
[EMIM][(MeO)RPO,] (R = H, Me, MeO),'”

[EMIM] [AlCl ] 78,90,92,195 [EMIM] [BF ]71 121,122,138
[EMIM|[HCL,/AICL,],'55 [EMIM][OAc],” [EMIM][TEN]!%
[HBIM|[BF,],1%~1¢2 [HexMIM][PF],!¢ [HIM][T£,N]°°
[MBMIM][TEN],192 [MesN][F],15 [MEIM][AICL]7®
[MEIM][EtAICL/AICIy/C1],7® [MEIM][EtAICI5]°!
[MEIM][EtAICL;],7° [MMIM][PFq],'*® [MPPyrr][TF,N]*4!
[OMIM][BF,],'”* [Ph,P][GaCl,],**' [R);R?>N][Tf,N],'*3
[TMSu][HBr,/AIX5] (X = CI, Br)!38

[BMIM] [BF ] 84,89,103 [BMIM] [Cl] 86,99 [BMIM] [szN] 100,106,189
[BPy][AICL]"”

[C1oMIM][Br],% [C;,MIM][NO;],%® [choline][Tf,N],'%*

[EMIM] [AlC] ] 90,91,107,109,110 [HBC[] [szN],98
[P(C¢H13)3(C1aHa0)][C1]»

[BMIM][(C,F3,+1):N1,%® [BMIM][BF,],%%!15* [BMIM][CF5COO],%
[BMIM][CF;SO;],%8 [BMIM][PFj],6872:105.261

[BMIM] [Tf N]65 ,70,140,145,153

[BMMIM] [Tf N] 137,140,247 [BMP I'I'] [szN](ﬂ ,70,142

[BPy][BF,].* [BPy][Tf,N],6470 [DEME][Tf,N]'35
[EMIM][BF,],%+71138 [EMIM][T£,N],64>97 [HBenzIM][Tf,N], '
[HexMIM][PF4]"

[HexMIM][Tf,N],% [HIM][Tf,N],%® [Me;BuN][Tf,N]"
[MEIM][AICI,] ®*%° [MEIM][EtAIC1;],*! [MMIM][Tf,N]%
[MPPyrr][ N(CN),],*” [MPPyrr][TF,N],'*! [MPPyrr][Tf,N],%
[NpMIM][BF).] 9 [NpMIM][T£,N],” [OMIM][PF;],"
[OMIM][T£,N].°
[SIMIM][T£,N]”
[BMIM][BF,], 21122132 [BMIM][CI],'%*12* [BMIM][N(CN),],!3?
[BMIM][PFg],"?!"122134 [BMIM][T£,N],"*" [BMIM][TfO],'**!2*
[BMPy][BF,],'"132 [BPy][CH;SO,],*' [EMIM][AICL,],'*3
[EMIM][BF,],"?1?2 [EMIM][EtSO4],"* [EMIM][HSO,],'*
[EMIM][MeSOs],'2” [EMIM][T£,N] 128130

> [P(CeH13)3(Ci4Ha9)] [TENL [SIMIMI[BE,],™
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Table 1. Continued

type of NMR study ionic liquids

ILs structure and properties” [BMMIM][BF,],%? [BMIM][Br],*° [BEIM][CF;SO5]**
[BMIM][(C,FsS0,),N1,%® [BMIM][AIEt,Cl,—,] (x = 1—3)*
[BMIM][BF,],°4%82 [ BMIM][CF;COO0],*® [BMIM][CF;S0;],%
[BMIM][CH;COO],>* [BMIM][CH;SOs],>* [BMIM][C]],>®
[BMIM][PE),26326¢ [BMIM][SnCl5].% [BMIM][X] ([X] =
[ICL]™, [LCI, [Br3], [IBr,]"),*** [BMMIM][PF4],**
[BMMIM][ZnCL:],¥ [BDMAP][AICL],"* [BPy][AICL],5"'47
[EMIM][(C,F5sS0,),N],>* [EMIM][AICI,],>*77-7881
[EMIM][BuS0;],>* [EMIM][BF,],>”® [EMIM][CF;SO;]**
[EMIM][EtSO5],>* [EMIM][HCL],* [EMIM][Tf,N]>*>*
[EMIM][X] ([X] =[Et,PO4], [CF;COO]~, [HexSO4] ", [EtSOy],
[BuSO4]~, [SCN]~, [BE,]™, [TfO]~, [N(CN),]~, [T,N]),”
[HBenzIM][Tf,N], " [HBIM][X] ([X] = [BE4]", [CI]", [Br]",
[C104]7),'%% [HexMIM][BF,],>* [HMIM][HBr,]**

[HMIM][X] ([X] = [1C12] , [LCI]™, [Brs]™, [IBry] )"
[MMIM][CH3SO5],>* [MNIM][PFq]?32%4
[NpMIM][BF,], 7 [NpMIM][TE,N], 79 [PMIM][BF4]*”
[SIMIM][BE,],” [SiMIM][T£,N]"

stability, recycling and characterization of ILs [BMIM][B(HSO,)4],?' [BMIM][BF,],?*>*-%0 [BMIM][CI],>*
[BMIM][Co(CO),],2*> [BMIM][PF], 22223 [BMMIM][Tf,N],%*’
[EMIM][BF,],?*® [EMIM][PF¢]**

[EMIM][T£,N],2% [HBIM][BF,],' S [OMIM][PF,]*32%33

@ Abbreviations used in the table: [B DMAP]' = 1-n-butyl-4-(dimethylamino)pyridinium; [TMSu]" = trimethylsulfonium; BenzIm = benzimidazole;
[PMPyrr][ N(CN),] = N-methyl-N-propylpyrrolidinium dicyanamide; [HBet]" = betainium cation (Me;NTCH,COOH); [choline]™ = (2-
hydroxyethylammonium)trimethylammonium). ® The question of IL structure is partially discussed in the studies of self-diffusion and solvent—solute
interaction.

Table 2. Scope of the NMR Studies Performed in Native IL Systems”
type of study ionic liquids

'H [(AIKOC,),IM][T£;N],1 [(Ally)MIM][CI]'®!
[BMIM][(C,F5sS0,),N)1.% [BMIM][AIELCly_,] (x = 1—3)*
[BMIM] [BF4],68"84’]03"1 14,120—122,150,151,153,156,167—171,176,189,198,223
[BMIM][Br],5*1% [BMIM][CF;CO0],%:18%!14 [BMIM][CF;S0;],65!14
[BMIM] [C]]SS,SG.120,123,124,181.19],198
[BMIM][CIO,],'8"1% [BMIM][Co(CO),],2*
[BMIM] [PF6]68'72’105'1 14,118,120—122,134,156,171,176,189,198,283

[BMIM][SbF¢],!' [BMIM][SnCl;]*°
[BMIM][szN]65,70,75.100,106,114,120,140,145,150,151,153,156,157.167,189
[BMIM][TfO],"**!**'2* [BMIM][X] (IX] = [ICL]", [L.Cl]", [Brs] ",
[IBr,]"),** [BMMIM][PF¢]'%
[BMMIM][T£,N],!14140.157 [BMPy ][ Tf,N]'#
[BMPyrr][BF,],'3* [BMPyrr][TfN] 7114142
[BPy][AlBr,] > [BPy][AICI,],'"1>* [BPy][BF,]*
[BPy][Tf:N],%47114 [choline][Tf,N],! [DEME][Tf,N],!
[EMIM][(MeO)RPO;] (R = H, Me, Me0)'”®
[EMIM] [A1C14],47‘92‘IO7‘190 [EMIM] [BF4]64"121‘122‘138
[EMIM][EtSO,],'% [EMIM][HCL],* [EMIM][HSO,4]'%
[EMIM][MeSO;],'”” [EMIM][OAc],'®!
[EMIM] [szN] 753,64,65.1 16,128,130,156,199,197,214,235
[EMIM][X] ([X] = [Et,PO4], [CF5COO]~, [HexSO4]™, [EtSO4],
[BuSO4]~, [SCN]~, [BE,], [TfO]~, [N(CN),]™, [TE:N]),”
[EHN][CF;COO0],% [Et;HN][CH;COO]%
[EGHN] TN [HBenzIM][TH,N],'* [HBet][TE,N]
[HBIM][X] ([X] = [BE,]", [CI]", [Br]~, [C1O4]")'*
[HexMIM][BF,],65!4 [HexMIM][PF],2%* [HexMIM][PF], 715624
[HIM][Tf,N],° [HMIM][HBr,]*
[HMIM][X] (X] = [ICL]", [LCI]", [Brs]", [IBr] )**
[Me;BuN][Tf,N],7 [Me;sNH][AICL],>*! [Me,N][F]'73
[MMIM][PF],%¢ [MMIM][Tf,N],% [MPPyrr][TF,N]'*!
[NpMIM][BF,],” [NpMIM][Tf,N],” [OMIM][BF,]®> 114174
[OMIM][PF;],”*¥2328 [P(CgH3)3(C14Ha0)[C1],
[P(C6H13)3(C14Hao) I[PF3(CoFs)s],'* [RPRN][TEN,
[Sil}/sIBIM][BE;],79 [SIMIM][T£,N],” [TMSu][HBr/AlX;] (X = CI,
Br)"

H [BMIM][BF,],**° [BMIM][C1],” [BMIM][PF¢],>*° [BMIM][Tf,N]**
[BPY][AICL],'"” [BPy][BE,]"*'**
[EMIM][A]CM],”’IM’]10’195 [EMIM][BF4],1%‘194 [EPy][BF4]196,194

Li [BMIM][TE,N], 40 [BMMIM][TEN],'3 [BMMIM][TE,N]!40
[BMPyrr][Tf:N],'*? [DEME][T£,N],'* [EMIM][AICL,]'*
[EMIM][BF,],'38 [MPPyrr][TF,N],'*! [R';R?N][Tf,N]'*3

B [BMIM][BE,],!22225 [BMIM][CI],2°8 [BMIM][PF¢],'??
[EMIM][BF,]""122
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Table 2. Continued
type of study ionic liquids

13C and DEPT [(AllyDMIM][CI],'3! [BMIM][AICL,],'6* [BMIM][BF,],!1:121.222
[BMIM][Br],* [BMIM][CF;SO;]'"”
[BMIM][C]],IW"ISO’ISI'IQI [BMIM][CO(CO)4]242
[BMIM][GaCl,],'** [BMIM][InCL,],'*
[BMIM] [PF(,],73’74’89’1 17,118,121,224,263,264 [BMIM] [Sbe] 189,117
[BMIM][Tf,N],>!17:189200 IBMMIM][ZnCl;],” [BMPy][Tf,N],'*
[BMPyrr][Tf,N]'42
[BDMAP][AICL,],'¥ [BPy][AIBr,],'5* [BPy][AICI,]'47154
[EMIM][(MeO)RPO,] (R = H, Me, MeO),'” [EMIM][AICL,],5*!%
[EMIM][BF,],”!17121 [EMIM][BuS05],*° [EMIM][OAc],'$!
[EMIM][TE,N]53117
[EMIM][T{O],"” [EMIM][X] ([X] = [EtPO,], [CF;COO],
[HexSO4]™, [EtSO4], [BuSO4]~, [SCN]~, [BE4]™, [TfO]™, [N(CN),]™,
[T£:N]),%* [HBIM][BF,]'®"'*
[HexMIM][BF,],""” [HexMIM][Tf,N],'""7 [HMIM][HBr,]*
[MesN][F],' [MEIM][AIC],] 63 [MEIM][EtAICl5]*!
[MMIM][BF,],'"” [MMIM][Tf;N],'"7 [MNIM][PF,]?63264
[OMIM][PF4],*>*3 [OMIM][TE,N],"7 [P(CeHi3)3(Ci4Hao) [ TENT,2
[R][Tf,N] (27 examples)'!”

5N, N [(SiC3)BIM][CI],”7 [(SiC3)MIM][CI],%” [BEIM][CF;SO5]>*
[BMIM][BFE,],* [BMIM][CH;COO],* [BMIM][CH;SO;]**
[BMIM][PF],>* [BMMIM][PF¢],>* [EMIM][(C2F5SO,),N]*
[EMIM][CF;SOs],** [EMIM][EtSO;],3* [EMIM][Tf,N]>*
[EHN][CF;CO0],% [Et;HN][CH;COO],* [EtzHN][TE,N]®
[HexMIM][BF,],** [MMIM][CH,SO;]**

170 [EMIM] [AlCl4]90,91.109,1 10

IQF [BMIM] [(C2F5SOQ)2N)],68 [BMIM] [BF4]68’1 19,122,153,169,225
[BMIM][CF5COO],%8 [BMIM][CF3S05],58 [BMIM][PFj],6872105.122
[BMIM] [szN] 65,70,100,106,140,153
[BMMIM][Tf,N],'*° [BMPy][Tf,N],'*° [BMPyrr][Tf,N]7
[BPy][BF,],%* [BPy][T,N],**" [DEME][T£,N]'"*>
[EMIM][BF,],%+!22138 [EMIM][Tf,N],%3-646>197 [Et;HN][CF;CO0],%
[EtsHN][CH3COO]*
[EGHN][TEN] [HBenzIM][TEHN], 44 [HBIM][BF,]'
[HexMIM][PF4],”> [HexMIM][T£,N],55 [HIM][Tf,N]%
[Me;BuN][Tf,N],7 [Me,N][F],' [MMIM][Tf,N]%
[MPPyrr][TE,N],'*! [NpMIM][BF,],”” [NpMIM][T£,N]”
[OMIM][PFg],” [OMIM][T£,N],* [P(CsH,3)5(C14Ha0) [ TF,N],*7
[R1R2N][TEN], 43 [SIMIM][BF,],” [SiMIM][TEN]”

2Na [BMIM][BF,]'®®

2741 [BMIM][AICL,],2% [BMIM][CI],'®' [BPy][AICL,]5"107-146
[EMIM][AICL,],5>197 [Me;NH][AICL],2! [MEIM][AICL,]"®
[MEIM][EtAICI/AICL/C1],” [MEIM][EtAICI;],°!76254

[(SiC;)MIM][CI1]**
2Si [BMIM][AIC,],% [(SiC3)MIM][CI]?*
3ip [BMIM][BF,],!222!1:218222 [BMIM][BF,],>'? [BMIM][Cu,Cl5],'"?

[BMIM][PF],**'>209221 [BMIM][SbF],”'* [BMIM][TE,N], #5213
[BMMIMI[TE,N]'Y

[EMIMI][AICL,],*' [EMIM][BF,],"> [EMIM][Tf,N}*!*
[P(CsH3)3(C14Ha0)][TE:N],27 [PhoP][GaCly !

3Cl, ¥Cl [(AllyhDMIM][CI],'®! [BMIM][CI],%-86:180.181 IBMMIM][ZnCl5]>°

195y [BMIM][SnCl5]%°

133Cs [BMIM][BF,],'*? [BMIM][N(CN),],"*? [BMIM][Tf,N],"3!
[BMPy][BF,],"*:'32 [BPy][CH;SO4]""!

diffusion measurements [(AllyhDMIM][CI],'8! [BMIM][(C,F2,+1):N),%® [BMIM][BF,],%-15%16?

[BMIM][CF5COO],%8 [BMIM][CF;S05],%8 [BMIM][CI],'®!
[BMIM][PF]®105
[BMIM][Tf,N],%7 100140153 [BMIM][X] ([X] = [ICL]", [Brs] ",
[IBr2]7)744,45 [BMMIM][szN],l37']40’247 [BMPyrr][szN],67‘70"42
[BPy][BF,].** [BPy][TE,N]*7
[DEME][TE,N], 135 [EMIM][BF,],6471138 [EMIM][Tf,N],646567
[EHN][CF;CO0].% [Et;HN][CH;COO],** [EtHN][TE,N],%
[HBenzIM][TLN] 44
[HexMIM][ TN, [HIM][TEN],® [MesBuN]|[TEN]
[MMIM][T£,N],%> [MPPyrr][ N(CN),],¢” [MPPyrr][Tf,N],6714!
[NpMIM][BF,],” [NpMIM][T£,N],” [OMIM][Tf,N],*
[P(CeH3)3(C14Hy0)I[TEND [RIRPNI[TEN] [SIMIM][BE,],”
[SIMIM][T£,N]"™

relaxation studies [(Allyh)MIM][CI],"$! [BMIM][Br],%° [BMIM][BF4],'7®
[BMIM][CI],!8! [BMIM][PFg],7>176:263264 [BMIM][T£,N],”
[BPy][AICL],”! [EMIM][AICL],”"’® [EMIM][BF,],”!
[EMIM][BuSO;],%° [EMIM][OAc],'8! [MEIM][AICL],"®
[MEIM][EtAICIy/AICIy/C1],"® [MEIM][EtAICI;]°"7¢
[MNIM][PF],%32%* [NpMIM][BF,],” [NpMIM][Tf,N]"
[SIMIMI][BF,],” [SiMIM][Tf,N]"
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Table 2. Continued

Ananikov

type of study

ionic liquids

variable-temperature NMR

[BMIMI[(C,F2,+1):N)1,¥ [BMIM][BE,],6%!3>70:17! [BMIM][Br],*

[BMIM][CF;COO],°® [BMIM][CF;S0;].% [BMIM][CI],!""-18

[BMIM] [N(CN)z],HZ [BMIM] [PFﬁ] ’68,73.8‘),118,]71,263.264

[BMIM] [Tf N]70 ,75,131,140,145,200

[BMMIM][TE,N],'“* [BMMIM][ZnCls],* [BMPy][BE,],""'*
[BMPyr|[TH:N].™ [BPy][AICL]. "% [BPy][BF;].% [BPy][CH,SO,],""
[BPYTE:N,%7 [choline][TEN],'* [DEME][TEN], ™ [EMIMI[AICL 092133
[EMIM][BF,],%7"13 [EMIM][BuSO;],2*> [EMIM][EtSO,],"2* [EMIM][HCL,]*
[EMIM][T£,N], 64125130 [HBe(][Tf,N],” [HMIM][HBr,]*2
[Me;BuNJ[TE.N]." [Me;NH][AICL].*" [MEIM][AICL]®
[MEIM][E{AICL/AICL/CI],” [MEIM][EtAICL;],"

[MNIM][PF], 263264 [MPPyrr][TF,N], 4! [NpMIM][BF. A

[NpMIM][Tf,NT,” [ P(C6H13)3(C]14H29) 1[Cl],

5 thP] GaCl4] 241

[SIMIM][BE,],” [SIMIM][TE,N

[TMSu][HBry/AIX;] (X =
[BMIM][BF ] 114,115,117,119,120,] 2”2 223 [BMIM] [CF C00]114

high-pressure MR

= (I, Br)'

[BMIM][CF;SO;].'™ [BMIM][CI],'?* [BMIM][Cu,Cl;]'°
[BMIMJ[PF(,],] 14,117,120,221,261 [BM]MJ[SbF@],] 14

[BMIM][TE,N], 4117120 [BMIM][TfO]'?°

[BMMIM][T£,N],"'* [BMPyrr][Tf,N],11# [BPy][Tf,N]!
[EMIMJ[TEN].! [HexMIM][BF,],'!!7 [(HOCH,CH,)MIMJ[BF.]."
[OMIM][BF,],"* [P(CeH 3)3(Cy14H29)][PF3(CoFs);]'*

NOE measurements

)]
[BMIMI[BF,].# [BMIM][Br] % [BMIM][PF,| > 7263264

[EMIM][BE,1.”' [EMIM][BuSOs],%> [MEIM][EtAICI]°!
[MNIM] [PF6]263,264

2D DOSY

[BMIM][Tf:N],* [C1oMIM][Tf,N],** [MEIM][AIC1,]*>6*

[MEIM][EtAICI; !

2D ROESY and 2D NOESY

[BMIM][BF,],52% 153167168 [BMIM][Tf,N]'53157-167

[BMMIM][BF,] . [BMMIM][Tf;N],’5” [EMIM][AICL]®'
[EMIM][BE,],”” [MBMIM][Tf,N],"> [PMIM][BF,]?”*

2D HOESY

[BMIM][BF,],'>3 [BMIM][Tf;N],">? [EHN][CF;CO0]*

[EGHN][CH;COO],% [Et;HN][TfN],® [R3R2N][TH,N]

2D COSY

2D 3'P{'H}-COSY
2D HMQC
solid-state NMR”

[BMIM][CI],"™' [BMIM][TEN]7

[EMIM][AICL,]?!0

[BMIM][TE,N]”

[BMIM][AICL,],2* [BMIM][CI],2°® [BMIM][PF],%3 [BMIM][T£,N], 145

E{S%I\%Wﬁ’éﬁ]ﬁ} [OMIM][PF5],23 [P(CgH,3)3(C14H0) ][ TE,N],27

1 3

[(SiC;)MIM][Cl]W-Zm

“ For some abbreviations, see footnote a to Table 1. ®For the studies of supported systems, see section 2.7 (see also refs 31 and 32).

Table 3. Overview of NMR Techniques Used for Spectra Registration®?

lock nuclei details

ionic liquids

’H external lock standard in a capillary

external lock with IL surrounded by lock standard

internal lock by dilution of IL with lock standard®
19F internal lock using special hardware

No Lock Unlocked or “sweep-off” mode

[(AIKOC,),IM][TE,N],' [(Allyh)MIM][CI]'8!
[BEIM][CF;S05],>* [BMIM][AICL,]'¢*
[BMIM] [BF ]54 ,84,122,132,150,151,153,156,167,168,218
[BMIM][CH;COO],%* [BMIM][CH,SO;]%*

[BMIM][CI],5%123124177.180.181 [BMIM][GaCl,],'* [BMIM][InClL,], **

[BMIM] [N(CN) 1132

[BMIM][PR]5+:122.156.209.283

[BMIM][SnCl],% [BMIM][Tf,N]75131:150.151.153,156,157,167.200,249
[BMIM][TfO],'**2* [BMMIM][PF,]**

[BMMIM][TENT,'S” [BMMIM][ZnCls]®

[BMPy][BF,],1*""132 [BMPy][TEN]'#

[BMPyrr][BF,],'s> [BDMAP][AICL]"

[BPy]{AIBr,] > [BPy][AICI,]!47-154

[BPY][BF.],"*1* [BPy][CH;SO,]"*"

[C1oMIM][TE:N].2 [EMIM][(CFsS0,),N]*

[EMIM][AICI,],*792216 [EMIM][BF,],”" 2> 196,194,273 [EMIM][BuSO3]265
[EMIM][CE;S0;],5* [EMIM][EtSO;]**

[EMIM][EtSO,],"*¢ [EMIM][HSO,]'

[EMIM][MeSOs],"” [EMIM][OAc]'®!

[EMIM][T£,N], 12515 [EMIM][X] ([X] = [Et,PO.], [CF:CO0]", [HexSO,]",
[EtSO4], [BuSO4]™, [SCNI™, [BF,I7, [TfO]™, [N(CN),I", [Tf:N]),*
[EPy][BF,] 194,196

[HexMIM][BF,],** [HexMIM][PF4]'%

[HexMIM][PE,],** [HMIM][HBr,]*2

[Me;NH][AICL,],2"! [MMIM][MeSO;]**

[MMIM][PF],>® [OMIM][PE,**}

[PMIM][BF,],?”* [TMSu|[HBr»/AlX;] (X = Cl, Br)'
[BMIM][(C,F5S0,),N1,% [BMIM][AIE(,Cly.] (x = 1 - 3),*8 [BMIM][BFE,],%*
[BMIM][CF;COOL.*® [BMIM][CF;SO5]%

[BMIM] [PFG] ’68,72,]05,263,264 [EMIM] [Hcl2]46

[EMIM][T£,N],%%1% [HBenzIM][TEN]#

[HexMIM][PE,],” [HIM][T£,N],°® [MBMIM][T£,N],'2 [MNIM][PF],26>264
[OMIM][PE,]"?

[BMIM][BF,],22 [BMIM][CI],'77?7¢ [BMIM][PF,], 2 [EMIM][T£,N],!16
[HexMIM][PFg],** [OMIM][PF¢]**

[BMIM][BF,],”> [BMIM][PE,],”” [BMIM][Tf,N],”* [EMIM][BE,],”*
[EMIM][PE,]"®

[BMIM][BF,],1+!%9225 [BMIM][CF:COO],'"*!%° [BMIM][CF;SO;],'™*
[BMIM][PFe],'"13 [BMIM][SbF],!'* [BMIM][Tf,N], 06114189
[BMMIM][TEN],' ™ [BMPyrr][TEN], ' [BPy|[TE;N], 14
[EMIM][AICL],%>331% [HexMIM][BF,],""* [Me,N][F],"” [OMIM][BF,],'*
[P(CH13)3(C14Ha9) I[PF3(CoFs)s] '

@ Only those studies where the utilized NMR technique was explicitly mentioned are listed in this table. ® For some abbreviations, see footnote a to
Table 1. ¢ Only a few selected examples were present for comparative purpose; in general, this approach is not recommended to study native IL systems (see text).
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6. Abbreviations

ARING acoustic ringing (cancellation pulse se-
quence)

BPLED bipolar longitudinal eddy current delay

COSY correlation spectroscopy

DEPT distortionless enhancement by polarization trans-
fer

DOSY diffusion ordered spectroscopy

GIAO gauge-including atomic orbitals

HETCOR heteronuclear correlation

HMBC heteronuclear multiple bond correlation

HMQC heteronuclear multiple quantum correlation

HOESY heteronuclear Overhauser effect spectroscopy

HRMAS high-resolution magic angle spinning

LED longitudinal eddy current delay

NOE nuclear Overhauser effect

NOESY nuclear Overhauser effect spectroscopy

PGSE pulsed field gradient spin echo

PGSTE pulsed field gradient stimulated echo

ROESY rotating frame Overhauser effect spectrosco-
py

STE stimulated echo
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