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he microscale/nanoscale structure of
Tliquids is an important topic and has
attracted much attention due to their
relevance in solvent properties, reaction
dynamics, crystal engineering, material syn-
thesis, and chemical processes. Liquid clus-
ter models have been proposed more than
a century ago and provided fundamental
ideas for understanding the bulk liquid.
Clusters/aggregates in water,' * organic
solvents,>® inert gases,” and liquid metals®
have been confirmed by various spectro-
scopic analyses as well as theoretical calcu-
lations. Most of the experimental evidence,
which supports this kind of spatial-hetero-
geneity property, has been obtained indir-
ectly by capturing the structures in the gas
phase or solid state,"® entrapping liquids
inside inorganic/organic matrices,*’ and
bombing liquids by high-energy particles.’
However, direct microscopic evidence of
this territory remains unexplored.
High-resolution transmission electron
microscopy (HRTEM) is a powerful technique
for probing the structure of materials on the
nanometer and sub-nanometer scale. Unfor-
tunately, normal molecular liquid samples
preclude any direct HRTEM observations due
to their volatilities. Furthermore, to increase
the spatial resolution, an ultrathin film sam-
ple is required for HRTEM observations.
Direct observation of a freestanding ultra-
thin film of liquid is an important chal-
lenge in HRTEM studies because it is
free from the interface of the support
material (substrate) or container of the
liquid sample.'®™" This surely can provide
real views of the liquid structure at nano-
meter scale.
lonic liquids are considered as promising
solvents and functional materials because
of their unique properties such as ex-
tremely low volatility, nonflammability, high
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ABSTRACT Direct imaging of liquids by electron microscopy has been extremely difficult due to
their high volatility. lonic liquids are a unique liquid material with almost zero vapor pressure, which
allows us to characterize them under high-vacuum conditions. Here we report the first direct
observation of the microstructure and phase behavior of an imidazolium-based room-temperature
ionic liquid by high-resolution transmission electron microscopy with the aid of a special carbon
nanotube network, which is able to support a freestanding ultrathin ionic liquid film on its nanosized
holes. It was found that the existence of cluster structures is one of the intrinsic properties of the
ionic liquid in its whole liquid phase range. Furthermore, the size and mobility of the clusters play an
important role during phase transition of the ionic liquid. We show that the direct HRTEM imaging
on freestanding liquid film is a powerful technique to obtain insight into the structure of ionic liquids
and their phase behavior. The present study can provide an important starting point for more
sophisticated structural studies on the microstructure of liquidus materials.

KEYWORDS: ionic liquid - cluster - electron microscopy - freestanding liquid film -
phase transition

stability, and electroconductivity.'>” "> The
extremely low vapor pressure and high
stability, in particular, nicely match the re-
quirements of HRTEM observation.'® A
molecular-based understanding of struc-
ture and properties of ionic liquids has so
far been a great challenge because of the
unusual complexity of their intermolecular
interactions. Some well-established rules
and correlations for assessing the properties
of molecular liquids are not easily trans-
ferred to ionic liquids.” One may attribute
ionic liquids to a microheterogeneous struc-
ture based on the results of scattering ex-
periments and simulations.'®2° However,
there is still no direct evidence to support

this speculation. Many of these important *Address correspondence to

issues and controversies could be solved or
reconsidered by directly observing micro-
structures of ionic liquids by HRTEM.

To observe a freestanding liquid film
by HRTEM, we need a special supporting
film that is highly conductive, robust, and
mostimportantly nanoholey. The idea was
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Figure 1. Schematic diagram for the HRTEM observation of a freestanding ionic liquid film on a carbon nanotube grid.

enlightened by the fact that a fishing net can support
water films on its millimeter-sized holes. If we use the
nanosized hole to support a liquid film, the thickness of
the freestanding liquid could be reduced to nanometer
scale (Supporting Figure S1). In this study, a special
HRTEM grid made by cross-stacking ultrathin super-
aligned carbon nanotube films onto the surface of
copper grids was employed for TEM observations.?'
The carbon nanotube grid has a large number of
nanosized holes (Supporting Figure S2). We have
incorporated this special carbon nanotube network
to support the thin film of ionic liquids and realized
the direct observation of a freestanding ionic liquid
film by HRTEM under nanoscale resolution (Figure 1).

RESULTS AND DISCUSSION

A prototype ionic liquid, 1-butyl-3-methylimidazo-
liumiodide (bmiml), was chosen as a sample to achieve
a high resolution and contrast for HRTEM imaging. As
shown in Figure 2a, the EDX analysis shows that the
thin film is composed of bmiml ionic liquid (Figure 2c).
At room temperature, the fluctuation of image con-
trasts and drift of the film were observed, suggesting
that the bmimlisin liquid state. Even so, HRTEM images
clearly show crystalline clusters in the liquid film
(Figure 2b). The HRTEM micrographs reveal that the
clusters exhibit various crystalline orientations with a
typical size of 2 to 5 nm across (Figure 2d). The clusters
exist randomly in the holes of the carbon nanotube
network, which preclude the possibility of a carbon
nanotube surface induced ordering mechanism.??

To the best of our knowledge, the “knock-on
damage” threshold for ionic liquids has not been stud-
ied so far. In this study, we used two different micro-
scopes to observe the bmiml thin film: (1) a JEOL JEM-
2010F/UHR equipped with a Cs corrector operating at
120 kV; (2) a JEOL JEM 2100F/HR microscope operating
at 80 kV. We could easily observe the cluster structures
in the bmiml films on each microscope, implying a
higher radiation stability of the bmiml ionic liquid as
compared with the normal organic compounds. More
importantly, the electron beam radiation effects on the
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Figure 2. HRTEM images of the freestanding bmiml ionic
liquid thin films. (a) TEM image of the bmiml ionic liquid thin
film supported by the nanosized holes on a carbon nano-
tube network. The blue circles mark the location of the
freestanding bmiml thin film on the grid. (b) High-resolu-
tion TEM image showing the existence of well-ordered
clusters in the bmiml thin film. (c) Energy dispersive X-ray
spectra from the bmiml thin film (black) and carbon nano-
tube based TEM grid (red). The observed Si and Cu signals
are from the carbon nanotube network and sample holder.
(d) Histogram of the cluster size distribution at 25 °C,
obtained from measurements of 80 clusters.

films during TEM imaging were carefully studied. As
shown in Figure 3, by exposing the bmiml thin film to
continuous electron beam irradiation with an acceler-
ating voltage of 120 kV, the percentage of cluster area
in the film was plotted as a function of electron dose. It
was found that the radiation effect results in an
increasing of the ratio of cluster area (the reason is
presented in the Supporting Information, section 3).
More importantly, when the graph is extrapolated to
zero radiation dose, all three line plots suggested the
existence of a considerably large cluster area, which is
completely not dependent on the electron beam
radiation, which suggested the inherent existence of
the clusters in pristine ionic liquid. It should be men-
tioned that the bmiml clusters show a high radiation
stability; they can be observed until the thin film is
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Figure 3. Percentage of cluster-occupied area in the HRTEM
images of bmiml thin film as a function of radiation dose.
Three different areas (900 nm? for each) were investigated
and 6 data points were calculated from the time-dependent
TEM observations for each area. The irradiation times are 1,
2,4, 6, 8, and 10 min, corresponding to the absorbed
electron dose of 0.486, 0.972, 1.944, 2.916, 3.888, and 4.860
kC-cm~2. Error bars are the standard deviations. The TEM
experiments were conducted under a constant 80 kV ac-
celerating voltage at 25 °C.

broken under prolonged electron beam radiation
(Figure S5 and Movie S2).

We also studied the thermal stability of bmiml
clusters by using the in situ heating system in our
TEM. A series of TEM images were taken of a specific
area under different temperatures (Supporting Infor-
mation, Figure S6). With increasing temperature (we
focused on a specific area of the bmiml film at 25, 160,
210, 260, 300, and 340 °C, respectively), the area ratio of
clusters:phase decreased. However, there were still
many clusters when the temperature reached 340 °C
(further increase of the temperature will lead to the dis-
sociation of the bmiml film by thermal decomposition).
This implies that the existence of cluster structures (or
aggregates) is one of the intrinsic properties of the
bmiml ionic liquid in its whole liquid phase range.
Furthermore, when we examined the radiation stability
of the bmiml cluster at 300 °C, with the aid of con-
tinuous electron beam radiation, we finally observed a
step-by-step dissociation of two isolated bmiml clus-
ters upon irradiation (arrows in Figure 4; a motion
picture is shown in Movie S3).

We noticed that the ordered clusters are more
frequently observed in the relatively thin bmiml film
(Supporting Figure S12), indicating that the ultrathin
film is a key factor for the detection of clusters due to
the extremely small size of the clusters. Although we
do not know exactly the thickness of the bmiml film,
we have found that the typical freestanding bmiml thin
film (prepared from bmiml solution at 1.0 wt %) is often
seen to be mounted inside the holes of the carbon
nanotube network, resulting in a protrusion of the
surrounding carbon nanotubes (Figure 2a). The thick-
ness of the bmiml film should, therefore, be of the same
scale or less than that of the height of its supporting
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tubes. Since the diameter of the carbon nanotubes
used is within 10—20 nm, the typical thickness of the
freestanding bmiml film should be tens of nanometers.

In order to estimate the thickness of a typical bmiml
thin film and check the TEM contrast of the clusters in
liquid films, we carried out a TEM image simulation by
the standard TEM simulation algorithm.?® For the
structural models, a bmiml cluster (derived from the
crystal structure of bmiml®*) containing 108 ion pairs
was put in the center of a bmiml thin film with a
thickness of 5, 10, 20, 30, and 40 nm, respectively. In
a typical thin film construction process, first, the bmiml
cluster was centered ina 5 nm x 5 nm x 5 nm cubic
box (the thickness is 5 nm in this case), with the ions
positioned on lattice positions. Second, the initial
cluster was solvated in 287 bmiml molecules to mimic
the surrounding liquid state of bmiml. This solvation
process was performed by molecular dynamics pro-
gram Gromacs 3.3. The final density of the liquid film is
near the bulk bmiml density, 1.4 g/cm®,

The structural models and corresponding simulated
images are shown in Figure 5. Compared with the
experimental TEM images, the simulated images of
clusters show similar contrast when the thickness of
the liquid film is 20 or 30 nm. However, the clusters
cannot be detected when the thickness is equal to
40 nm, indicating the film thickness plays a key role in
the imaging of the clusters by TEM. This is also sup-
ported by our in situ TEM observation on the thickness
transformations of a bmiml thin film upon continuous
electron beam radiation (Supporting Information,
Figure S4 and Movie S1). We understand that the
proposed structures are just one example out of many
candidates. The cluster structure also may not be similar
to its crystal structure. However, we changed many
simulation parameters to check the results; we conclude
that a thickness of 40 nm is too thick for observing the
clusters. Further studies and more involved calculations
are necessary to comprehend the real structure of the
clusters in this freestanding ultrathin film state.

To further confirm the effectiveness of the ultrathin
freestanding film in observing the nanoscale structure
of the ionic liquid and to verify the existence of well-
ordered clusters in an ionic liquid as a general phe-
nomenon, four other ionic liquids, 1, bmimBF, (1-butyl-
3-methylimidazolium tetrafluoroborate), 2, omimBF,
(1-methyl-3-octylimidazolium tetrafluoroborate), 3,
[emim][MDEGSO,] (1-ethyl-3-methylimidazolium 2-(2-
methoxyethoxy)ethylsulfate), and 4, [AAIm]TFSI (1,3-
diallylimidazolium bis(trifluoromethanesulfonyl) imide),
with melting points of —71, —80, —65, and —91.6 °C,
respectively, were tested and viewed under HRTEM.
Using the same experimental procedure, ionic liquids
1—4 were first diluted with acetonitrile to 0.10 wt %.
Then the solutions were deposited onto the carbon
nanotube grid to obtain the respective freestanding
thin films. Well-ordered clusters could be observed in
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Figure 4. HRTEM images (observed at E = 120 kV, T = 300 °C) showing the dissociation of the clusters at high temperature
under continuous electron beam radiation. The images were obtained over ca. 18 min (from top left to bottom right). The
numbers shown at the top right corner of each image represent the time history of the observation in seconds. The red and
blue arrows point to two isolated clusters, which degraded gradually.

Figure 5. Five constructed models for bmiml clusters in the thin liquid films with a thickness of (a) 5 nm, (b) 10 nm, (c) 20 nm,
(d) 30 nm, and (e) 40 nm. The yellow color highlights the location of the clusters. The corresponding simulated TEM images are

present at the bottom of each model.

all four samples at room temperature (Figure S12),
suggesting that this kind of spatial heterogeneity is
common in the liquid phase of imidazolium-based
ionic liquids. In addition, it is found that the cluster
size is on the order of a few nanometers and might be
proportional to the size of the composed ions of the
ionic liquid, which is consistent with the former studies
on the relationship between cluster size and alkyl chain
length of some imidazolium-based ionic liquids.?> %’

CHEN ET AL.

Figure 6a shows a series of representative HRTEM
images of a bmiml thin film during in situ cooling in TEM.
Isolated clusters are observed even at 0 and —40 °C.
The cluster size distribution is shown in Figure 6b.
The size distribution at 0 °C is almost the same as that
at 25 °C (compare Figure 2d with Figure 6b). At —40 °C,
we observed a bimodal distribution of clusters, which
may be due to an interplay of the growth and coales-
cence of the clusters. At —60 °C, however, the
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Figure 6. HRTEM images of the bmiml thin film upon temperature decrease. (a) HRTEM images of bmiml under different
temperatures via an in situ cooling procedure (from 25 to —180 °C at a rate of —1 °C/min). (b) Histograms of cluster size
distribution at 0, —40, and —60 °C; for each plot, we measured 80 to 110 clusters within the same area of 300 nm by 300 nm. (c)
Corresponding fast Fourier transform (FFT) images of (a) showing the development of crystallinity during the temperature
decrease (from top left to bottom right; the temperature for each FFT image is 0, —40, —60, —80, —120, and —180 °C,
respectively). The indexing of FFT images obtained under —180 °C indicates the same features stemming from the crystal
structure of bulk bmiml (Supporting Figure S13). Selected area electron diffraction patterns recorded under each temperature

are presented in Supporting Figure S14.

distribution has a single peak centered around 10.2 nm,
which is larger than those at 0 and —40 °C. Both the size
and the number of clusters increase remarkably at this
temperature, indicating the onset of the phase transition.
The well-ordered clusters can always be observed down
to —120 °C. From the viewpoint of the microstructure of
bmiml, the crucial difference before and after the phase
transition can solely be attributed to the size and density
of the clusters, and the clusters act as seeds for bulk
crystal formation. The corresponding fast Fourier trans-
form (FFT) images (Figure 6¢) and electron diffraction
patterns at different temperatures (Supporting Figure
S14) show clear evidence that ordered structures gradu-
ally form as the temperature decreases.

On the basis of the above observations, the size and
mobility of the clusters determine the macroscopic
properties of the ionic liquid. Due to the Coulombic
interactions among the net charges of the ions as well
as interactions among complex chemical groups,'”22
the clusters in ionic liquids should be much more
stable than those in water and other molecular liquids.

CHEN ET AL.

From the HRTEM observations, the lifetime of the bmiml
cluster is longer than several minutes, which could be
due to an interfacial effect in the freestanding film. It is
known that ionic liquids self-assemble at the liquid—
vacuum interface 3" Furthermore, recent studies on
ionic liquid-based interfaces by photoelectron spectro-
scopy,>*** sum-frequency generation spectroscopy,**
and in situ STM/AFM measurements> also suggested
that a multilayer architecture or surface ordering and
enrichment effects could occur at ionic liquid surfaces.
These kinds of specific surface effects may play a key role
in inducing and stabilizing the well-ordered clusters
observed here. However, in the present system, the
freestanding ionic liquid is free from a solid—liquid inter-
face, and the gas—liquid interfacial layer also accounts for
a very small proportion of the ultrathin film (see Support-
ing Information section 7). We believe that the free-
standing thin film can be regarded as a part of the bulk
liquid. At the same time we noted that the surface effect
is important for the stabilization of the cluster, and enable
us to capture the structures by HRTEM.
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Temperature-dependent HRTEM studies have shown
that the clusters can be observed in the whole range of
liquid bmiml, indicating that the characteristic fluidity
of ionic liquids is related to the diffusion of the clusters
rather than the conventional molecular motions. This is
consistent with a reported nonexponential dynamics
and an unusually broad spectrum of dynamic pro-
cesses of the ionic liquids,'”*%3” which has never been
observed in molecular liquids of comparable viscosity.
During the phase transition process, as the size of the
clusters increases to a critical extent, they tend to
associate with each other to form larger clusters with
less mobility, leading to a solid-like state.

CONCLUSIONS

In summary, we have observed the microstructure of
ionic liquids by using HRTEM with the aid of a specially

METHODS

High-purity grade bmiml ionic liquids were purchased from
Merck KGaA (Darmstadt, Germany). The purity was checked by
NMR spectroscopy and HPLC, and Karl Fischer titration confirmed
the water content below 80 ppm. The influence of possible impu-
rities (if any) in the bmiml sample has been safely ruled out by
using thoroughly purified bmiml in our laboratory (Supporting
Information, section 4). In a typical experiment, bmiml was first
dissolved in acetonitrile (HPLC grade) at a concentrations of
0.10 wt %, and a drop of bmiml solution was spin-coated on the
carbon nanotube grid. Then the grid was kept at 80 °C for 72 h
under high vacuum (1 x 107° Pa) to remove acetonitrile. The
typical area sizes of the holes on the carbon nanotube grid are
larger than 500 nm?, and we always focus on the center area of
the liquid film to exclude the unfavorable interaction between
the ionic liquid and the outer surface of the carbon nanotubes.

TEM observations, selected area electron diffraction (SAED),
and energy dispersive X-ray (EDX) measurements were per-
formed using a JEOL JEM-2010F/UHR microscope (equipped
with a CEOS Cs corrector operating at 120 kV) and a JEM-2100F/
HR (equipped with a superatmospheric thin-window X-ray
detector operating at 80 kV). Temperature-dependent HRTEM
experiments were performed by equipping the microscope
with a heating holder (JEOL, model EM-21130) or cryo-holder
(Gatan, model 626DH Cryo transfer system).
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