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Structure of the cationic and anionic counterparts of ionic liquids
has a significant impact on the conformational bias of the
porphyrin rotor; an apparent correlation between the conforma-
tion and the viscosity of ionic liquids was noted, albeit it was
found to be distinct and more complex from that found in
molecular solvents.

Introduction

Ionic liquids (ILs) are materials comprised exclusively of ions, and
have phase-transition temperatures at or below room tempera-
ture." ILs have found numerous and ever-expanding applications
in various areas of science and engineering.'”

Virtually unlimited structural variations of ILs, which can be
obtained via well-developed synthetic routes, are likely to give rise
to distinct physicochemical properties such as phase transitions,
density, viscosity, polarity, hydrogen bonding abilities, etc.®
Arguably, these physical properties could have an impact on
solutes, and therefore, the ILs can be designed to control the
outcome of a given process by simply varying the structure of
cationic and anionic components. This has led to the idea of ILs
as designer solvents. The designer solvent ability has been defined
as the manipulation of a structure and thus physical property of
the IL which can predictably alter the outcome of a given
process.”'® As such, this paradigm has been illustrated through
several synthetic transformations.”"' However, applications
demonstrating the designer solvent ability of ILs outside of their
use as milieu for synthetic organic transformations appear to be
limited. Notably, it was demonstrated that structural changes
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within either the cation or anion could be used to modulate the
conformational flexibility of a small molecule.'*"? Possibilities for
using neat ILs to control intermolecular interactions have been
suggested primarily for cyanine dye self-assemblies."*

Studies on viscosity of ILs using fluorescent dyes has been a
subject of interest,””"” and the use of fluorescent probes for
understanding the structure of ILs, in general, has been recently
reviewed."® In addition, it was shown that the viscosity of
molecular organic media could control the conformation of a
conjugated porphyrin dimer (PD), resulting in an array of
conformations with two distinct extremes: a planar and a twisted
conformation (Fig. 1)."**°
particular probe, as many fluorescent molecular rotors used for
viscosity studies report on viscosity primarily through an emission

This characteristic is unique for this

enhancement? or lifetime measurement,?* rather than a distinct
wavelength. A linear dependence was observed between the
conformational preferences of PD and viscosity of the media.*

planar | T
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Fig. 1 Structure (A) and conformational extremes (B) of PD.
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Importantly, planar and twisted conformations exhibited distinct
emission maxima: 710 nm for twisted and 780 nm for planar,
which allowed for a facile and straightforward evaluation of the
conformational preference of PD. Specifically, in non-viscous
media, e.g., methanol, the planar conformer was shown to
predominate, while in more viscous methanol-glycerol mixtures,
the twisted conformation was observed.?® Thus, PD was proposed
to be a suitable probe for an investigation of the media’s viscosity.

Conversely, viscosity of the media might be viewed as a
physical property that could control the conformation of PD.
Because the viscosity of ILs can easily be tuned by varying the
structure of the cationic and anionic counterparts,® we investi-
gated whether the conformational preference of PD would be
altered as a consequence of changes in the viscosity due to
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Fig. 2 Emission spectra of PD in EtOH—-glycerol mixtures of different viscosity (A),
single component molecular solvents of different viscosity (B), and effect of media’s
viscosity on % of twisted PD (C, black diamonds — EtOH-glycerol mixtures, grey
diamonds - single component solvents). Conditions: Aex = 470 nm, [PD] = 1 uM, all
mixtures contain 0.1% DMSO (v/v).
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variances in the IL structure. As such, this could also be used as a
corroboration of the designer solvent ability of ILs,”"°
demonstration of the distinct nature of ILs as compared to the
molecular solvents.

First, the fluorescence spectra of PD were measured in ethanol,
glycerol and their respective mixtures (Fig. 2A, see Table S1 and
Fig. S1 for additional informationt).

Next, in order to evaluate the scope of single component
molecular solvents, the physical properties of more viscous
decanol, ethylene glycol and tetraethylene glycol were also
measured (Fig. 2B, see Table S2 for additional informationt).
Qualitatively our results were in complete agreement with the
published data:** the planar conformer of PD dominated in less
viscous media, whereas the twisted conformation started to
dominate in more viscous media. Specifically, the switch from
the planar to the twisted conformation of PD took place at a
molecular solvent viscosity of ca. 39 mPa s. Notably, a good linear
correlation between the viscosity and a conformational preference
of PD was found (Fig. 2C).

In order to examine the correlation between the conforma-
tional preference of PD and the viscosity of ILs, we employed ILs
based on one of the most commonly used cationic components,
i.e., 1-alkyl-3-methylimidazolium, [C,-mim]. It is well known that
the viscosity of this type of ILs can be altered by varying the length
of the alkyl chain as well as the identity of the anion.>*® Hence,
we prepared several sets of [C,-mim]-based ILs (Scheme 1) in order
to investigate the effect of viscosity on PD conformation and
potential cation and/or anion effects.

ILs were chosen to cover a wide range of viscosities.
general, for 1-alkyl-3-methylimidazolium-containing ILs, increase
of the alkyl chain length leads to more viscous ILs. It is also known
that NTf,-based ILs are among the least viscous imidazolium-type
ILs, while viscosity of PFs-containing ILs spans over a fairly wide
range. In addition, NO;-containing ILs, which are generally much
more hydrophilic than the corresponding NTf,- and PFs-contain-
ing congeners, were chosen due to similarities in viscosity with the
PF4-containing set of ILs.”®*° Collectively, this set of ILs would aid
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Scheme 1 Synthesis and abbreviations of ILs.
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in identifying possible anion and cation effects on the PD
conformation.

Furthermore, the viscosity of ILs is known to be greatly affected
by the presence of water.”””® Therefore, the water content of all ILs
was measured after the viscosity and spectroscopic measurements
were performed (Table S3, ESIf). It could be argued that in order
for the ILs to be viable from the practical standpoint, all
manipulations involving the ILs must be conducted on a bench
top. As such, no attempts to reduce the amount of residual water
in ILs, beyond commonly applied azeotropic water removal and
vacuum drying were taken (see ESIt for further details).

Concurrent with water content measurements, we examined
the conformational preference of PD in ILs using fluorescence
spectroscopy (Fig. 3). It should be noted that ILs are intrinsically
fluorescent, and the origin of the fluorescence has been debated in
the literature.” However, a number of experimental and
theoretical accounts from various groups have suggested that it
is likely to be related to the microstructuring within ILs.*® Here, for
all fluorescence experiments that feature PD, the fluorescence
spectra of ILs were subtracted.

Viscosities of common imidazolium-based ILs are known to be
orders of magnitude higher than those of many common
molecular solvents, and as such the twisted conformation of PD
was expected to be seen for all ILs with a viscosity of ca. 40 mPa s.
However, in contrast to molecular solvents (Fig. 2), IL [Cy-
mim|NTf,, with # = 38 mPa s significantly promoted the planar
conformer of PD (Fig. 3A, see Fig. S1, ESIf for absorption spectra of
PD in ILs). As the viscosity of the NTf,-containing ILs increased as
a function of the alkyl chain length, the preference for the twisted
conformation of PD increased as well. A similar effect was
observed for the PFs- and NOs-containing ILs (Fig. 3B and 3C,
respectively). Thus, the cation of the ILs might have a significant
role in the conformational bias of PD.

Furthermore, when the viscosity was plotted as a function of
the twisted conformation of PD, an apparent correlation was
observed (Fig. 3D), albeit the linearity was found to be somewhat
poorer from that observed in the case of the molecular solvents
(Fig. 2C). In addition, since the slope in the case of ILs is smaller
than that compared to molecular solvents, ie., 6.0577 versus
7.8798, respectively, a significantly higher viscosity would be
required for ILs to induce the twisted conformation when
compared to the molecular solvents. Overall, within each set of
ILs with a common anion, the percentage of the planar
conformation of PD appeared to decrease as the viscosity of the
IL increased (Fig. 3: A, B and C). For example, in all [C,-mim]-
containing ILs (Fig. 3; see Fig. S2, ESLt for overlaid spectra),
despite ca. 6-fold viscosity range (60 for [C,;-mim]|NTf, to 262 for
[C,mim]NO; to 381 mPa s for [Cymim]|PFs), the planar
conformation of PD was observed (although a linear correlation
with viscosity was noted). This was reminiscent of the correlation
with viscosity observed in the molecular solvents (Fig. 2).

However, upon closer examination of the aforementioned
trend (Fig. 3D), it is evident that the viscosity of the ILs might not
be a dominant factor in controlling the conformational bias of PD.
Specifically, when comparing the viscosities of [C;,-mim|NTf,, [Cy-
mim|NO; and [C,-mim]PFs, which progressively increased in
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Fig. 3 Fluorescence spectra of PD in [C,-mimINTf, ILs (A), [C,-mim]PFg ILs (B), [C,-
mim]NOs ILs (C), and effect of ILs’ viscosity on % of twisted PD (D: [C,-mim]NTf, —
black symbols; [C,-mim]PFg — purple symbols; [C,-mim]NOs — grey symbols).
Conditions: Aex = 475 nm, [PD] = 1 uM, all mixtures contain 0.1% DMSO (v/v).
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viscosity from 202 to 262 to 381 mPa s, no correlation in regard to
the PD conformation was observed (Fig. S3, ESIf). An inverse
correlation was evident for [Comim|NO; and [Co-mim]|PF, ILs
(Fig. 3D, see Fig. S4, ESIf for overlaid spectra): with increasing
viscosity of IL, the planar conformation started to dominate.

It is plausible that in ILs specific solvent-solute interactions (as
well as the structure of ILs) could control the conformation of a
small molecule, rather than the viscosity of the media. Unlike
molecular solvents, which interact with solutes via dipole-dipole
interactions and hydrogen bonding, ILs have the added ability to
interact via ion-, and ion-ion interactions, iLe., via electrostatic
interactions. It was also suggested that a significant amount of
solute stabilization by ILs comes from the cation,” which might
explain the apparent cation effect observed here.

To gain further support for the notion that viscosity of ILs
might not be the dominant factor in controlling PD’s conforma-
tion in ILs, we examined the relationship between viscosity and
conformational bias of PD as a function of temperature. Arguably,
if the viscosity were the main factor that modulated the
conformation of PD, then changing the temperature (and as a
result changing the viscosity of the solvent) should result in a
linear correlation between the viscosity and the percent of the
twisted conformation of PD. Also, the slope should be similar to
that observed for solvents of various viscosities at a fixed
temperature. Conversely, if the slope of the viscosity (obtained at
different temperatures) as a function of PD conformation would
be different from the slope obtained for solvents of various
viscosities at a fixed temperature, some specific interactions
between the solvents and PD might be present.

To test this hypothesis, we examined the conformation of PD in
several molecular solvents (Tables S4-5; Fig. S5, ESIf) and ILs
(Tables S6-8; Fig. S6, ESIf) at various temperatures and
consequently viscosities (Fig. 4).

The slope of viscosity as a function of the twisted PD in EtOH-
glycerol (2 : 8 v/v) mixture as well as tetraethylene glycol (Fig. 4A)
appeared to be very similar to that obtained for various molecular
solvents (Fig. 2C). Arguably, this indicated that viscosity of
molecular solvents was the major factor that controlled the
conformational bias of PD (See Fig. S7, ESIt for overlaid data
points).

On the contrary, in ILs no apparent correlation among several
different ILs was observed (Fig. 4B). Although for PF¢-containing
ILs ([C;-mim]PF, and [Co-mim]PFs) somewhat similar slopes were
obtained, the two data sets were off-set. When the ILs with the
same cation were compared ([C,-mim|NO; and [C,-mim]|PFy), the
corresponding slopes were found be distinctly different. Therefore,
it is plausible that in ILs, solute-solvent specific interactions are
playing a significantly more prominent role than viscosity. This is
in contrast to the observation noted for the molecular solvents.

Finally, we decided to investigate the effect of water in [C,-
mim|NO; ILs on the viscosity of the IL (Table S9, ESIf) as well as
the conformational preference of PD. Following the aforemen-
tioned rationale on the effect of temperature on viscosity and the
conformation of PD, we reasoned that the presence of water
should alter the PD-[C,-mim]NO; interactions, which should
produce a distinct correlation between IL viscosity and PD

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Effect of solvent (A: molecular solvents; B: ILs) viscosity on % of twisted PD
measured at 20-60 °C range (see ESI for additional informationt); conditions: Zex
=470 nm for A, Jex =475 nm for B, [PD] = 1 uM, all mixtures contain 0.1% DMSO
(v/v).

conformation from that observed upon variation of temperature
(Fig. 4B) as well as the structure of ILs (Fig. 3D). It is worth
pointing out that in water alone, PD was found to be non-
fluorescent.”® Consistent with this assumption, we observed a
linear correlation between the viscosity of [C,-mim|NO; with
various amounts of water and the conformation of PD (Fig. 5).
However, the slope was found to be drastically different, ie.,
7.7892 as compared to 5.1156, from that found for the
temperature effect of the PD emission in [C,-mim]NO; (Fig. 4B),
for example.

Conclusions

Overall, the structure of ILs appeared to have an effect on the
conformation of PD. ILs promoted the opposite conformation as
molecular solvents with similar viscosities, i.e., planar vs. twisted,
respectively, and an order of magnitude larger viscosity of ILs was
required to promote a similar amount of twisted PD. Specifically,
the viscosity range at which twisted conformation becomes
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dominant is shifted from ca. 40 (in molecular solvents) to 400 (in
ILs) mPa s range. There appeared to be linear correlations between
PD’s conformation and the viscosity in ILs, molecular solvent
mixtures and single component molecular solvents.

However, the cation effect (in all ILs with a common cation a
similar conformation of PD was present, regardless of viscosity)
seemed to indicate that the structure of IL could control the
conformation of PD. In this light, it is important to distinguish
between properties of ILs that correlate with a given process and
those that actually control the process. Hence, in ILs with short
alkyl chain lengths ie. [C;-mim] and [C,-mim], the solvent-solute
interactions promoted the planar conformation, regardless of
viscosity. Similarly, ILs with longer alkyl chains, i.e., [Co-mim] and
[Ci,-mim], seemed to promote the twisted conformation, which
happened to correlate with the increased viscosity of the solvent.
However, it was apparent that the structure of ILs plays a more
important role in the control of the PD conformation and the
correlation between the ILs’ viscosity and PD conformation might
be coincidental. It should be noted that a microheterogenous
nature of the ILs could be playing a role as well.*"*>

While the exact nature of the observed phenomena remains to
be elucidated, this report highlighted the designer solvent ability
of ILs in that ILs of different structures gave rise to different PD
conformations. Notably, an order of magnitude higher viscosity
was required in ILs to induce a similar conformation of PD,
potentially emphasising specific interactions between the ILs and
PD.
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