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ABSTRACT We propose a new approach to nanoscience and technology for ionic liquids (ILs): molecular

beam deposition of IL in ultrahigh vacuum by using a continuous wave infrared (CW-IR) laser deposition technique.

This approach has made it possible to prepare a variety of “nano-IL” with the given composition on the substrate:

a nanodroplet, on one hand, the volume of which goes down to 1 aL and, on the other hand, an ultrathin film

with a thickness to several 100 nm or less. The result of fractional distillation of a binary mixture of ILs,

investigated by nuclear magnetic resonance as well as electrospray ionization time-of-flight mass spectrometry,

indicates that this deposition process is based on the thermal evaporation of ILs, and thus this process also can be

used as a new purification method of ILs in vacuum. Furthermore, the fabrication of binary mixture droplets of

two ILs on the substrate by alternating deposition of two ILs was demonstrated; the homogeneity of the

composition was confirmed even for one single droplet by high-spatial-resolution Raman spectroscopy.
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onic liquids (ILs) are attracting many

researchers as a new nonvolatile lig-

uid solvent for organic synthesis,'?
catalytic media,® electrochemistry,* solar
cells,>® fuel cells,”® and so on. Their ulti-
mate low vapor pressure has allowed us
to open a new research field of ILs to ma-
terials characterization and processing in
vacuum. However, most of the studies of
ILs in vacuum are concerned with “bulk”
ILs, which may become an obstacle in the
way of their further applications to nano-
science and technology. Thus a sophisti-
cated nanopreparation technique in
vacuum would be highly required for pre-
cisely controlled thin films and droplets
of ILs on a substrate, as an analogy of
solid-state physics and semiconductor
technology, associated with using power-
ful vacuum deposition techniques, such
as molecular beam epitaxy. Here, we have
established an excellent method of mo-
lecular beam deposition for nanoscale ILs
in forms, such as droplets and thin films,
by using a continuous wave infrared
(CW-IR) laser deposition technique.’
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Such nanoscale liquid droplets and thin
films are getting a growing importance in
basic science and engineering. As an ex-
ample, physics of the liquids droplet at the
nanoscale is an attractive subject in terms of
a size effect of their physical properties,
such as surface tension,® while the thin
film of liquid, as another example, still has
some important applications, such as a lu-
bricant."” Negligible vapor pressure of ILs
is a favorable feature as a model system
because high-vacuum analytical
techniques, such as scanning electron micro-
scope (SEM)'>'3 and photoelectron
spectroscopy,'*” ' become available for
their surface characterizations. On the other
hand, Earle et al."” reported some ILs could
be distilled without decomposition in
vacuum. This result encourages us to pre-
pare in vacuum IL samples whose composi-
tion and amount are precisely controlled.
As for the related previous works, there are
some reports on the volatility of IL'® %2 and
gas-phase studies.?> 2% However, informa-
tion about the resultant condensed ILs on
the substrate after the vaporization is
scarce. Cremer et al.*® reported the physi-
cal vapor deposition of ILs on a glass sub-
strate by heating an IL in a gold reservoir in
vacuum. They, from the X-ray photoelec-
tron spectroscopy (XPS) measurement,
claimed that two-dimensional growth of
an IL molecular layer was found in the be-
ginning of deposition. Recently, Sobota et
al*° applied infrared reflection absorption
spectroscopy (IRAS), together with density
functional theory (DFT) calculation, to inves-
tigate the orientation of IL molecule on a
well-ordered alumina surface deposited by
an ultrahigh vacuum (UHV) compatible
evaporator. There are some other ap-
proaches to prepare nanoscale droplets or
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thin films of IL, such as evaporation of methanol
from an IL-methanol solution®'32 or a nanoinkjet
printing method.?* With these backgrounds, we
have established a new molecular beam deposition
method to serve nanoscale ILs using a CW-IR laser
deposition technique. The CW-IR laser deposition is
similar to that originally developed in our group for
precise-controlled deposition of m-conjugated
compounds.®

RESULT AND DISCUSSION

Figure 1a shows an experimental setup. Vacuum
deposition was carried out at room temperature using
a standard UHV chamber with a base pressure of ~3 X
1072 torr. An 808 nm CW-IR laser beam was intro-
duced into the chamber through a quartz window and
irradiated to the IL. A Si powder was added to the IL in
the container, for efficient absorption of the IR laser, be-
cause most ILs are transparent to this wavelength. The
CW-IR laser was modulated into 10—30 ms pulses with
a repetition frequency of 2 or 4 Hz. Controllability of the
deposition amount was checked by a quartz crystal
microbalance (QCM) during deposition.

Laser power density in this experiment ranged from
260 to 390 W/cm?. The kind of ILs can be selected by ro-
tating a target holder. In this deposition system, an in
situ UHV laser microscope (LM) is available to observe
the morphology, and thermal behavior of ILs is depos-
ited on the substrate without air exposure. Figure 1b
shows a typical UHV-LM image of 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide
([lomim][NTf,]) droplets deposited on a sapphire sub-
strate. These microdroplets were stable for more than
several hours in vacuum and vaporized at temperatures
above 450 K at 5 X 1077 torr (See Supporting Informa-
tion, video and Figure S1).

Precise control of the deposition amount is impor-
tant for making nanoscale droplets or thin films by al-
ternate deposition, as described below. We examined
the effects of Si powder and pulse modulation of the
CW-IR laser on the controllability in the deposition. Fig-
ure 2 shows a data set of the mass change with time,
monitored by QCM, during the deposition under differ-
ent conditions. In the case of (a), i.e., when the continu-
ous laser is irradiated to the pure IL target, the initial
deposition rate is very low, and it suddenly increases
as a function of heating time. This is because the IL con-
tainer has a relatively large heat capacity to absorb the
IR laser so that it takes a long time for the container it-
self to heat up, and consequently undesired deposition
continues even after turning off the laser. On the other
hand, in the case of (b) when the pulsed laser is used in-
stead, it does not work at all; almost no deposition oc-
curs because the net heating power is quite low. If we
put the Si powder into the IL target and irradiate it with
the continuous laser, as in the case of (c), the IR absorp-
tion becomes more effective so that the deposition
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Figure 1. Experimental setup. (a) A schematic of the CW-IR laser deposi-

tion of ionic liquids with a UHV-LM. (b) An in situ LM image of the depos-
ited [bmim][NTf,] droplets on a sapphire substrate at 445 Kin 4 x 1077

torr.

starts upon IR irradiation and stops quickly by turning

off the laser, although the deposition rate gradually in-
creases in the meanwhile. In the last case of (d), that the
pulsed laser is used instead with the Si powder, the con-
stant deposition rate as well as a clear response to la-

ser switching is attained. In the present study, we opti-
mized the weight ratio of Si powder in the IL target to
be about 60% so as to precisely control the amount of
the deposited IL on nanoscale (Supporting Information,
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Figure 2. Comparison of controllability in the CW-IR laser deposi-
tion of [bmim][NTf,] by using QCM. (a) Without Si powder, con-
tinuous irradiation (80 W/cm? power density). (b) Without Si pow-
der, pulsed irradiation (10 ms pulse width, 2 Hz repetition
frequency, and 260 W/cm? power density). (c) With Si powder,
continuous irradiation (26 W/cm? power density). (d)With Si pow-
der, pulsed irradiation (10 ms pulse width, 2 Hz repetition fre-

quency, and 260 W/cm? power density).
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Figure 3. Precise control of deposition amount by using CW-IR laser
deposition technique. (a) Digital control of deposition amount of
[bmim][NTf,] monitored by QCM (laser pulse width = 10 ms, repeti-
tion frequency = 2 Hz, and power density = 260 W/cm?). (b) Mass of
[bmim][NTf,] on a sapphire substrate estimated by laser microscope
images, and there is a good linear relationship between the deposi-
tion amount and the pulse number.

Figure S2). Based on these preliminary experiments,
we demonstrated digital control of stable IL deposition
with a clear response of the deposition to on—off
switching of the pulsed CW-IR laser, when used the Si
powder as an absorbent of the laser as shown in Fig-
ure 3a. The deposition rate could be controlled to be as
low as 0.03 pg/cm?/s (= 0.02 pL/cm?/s), and it was
stable for a long-term deposition, up to the deposition
amount of 40 pg/cm? (= 28 plL/cm?) as is measured by
the ex situ LM (Figure 3b).

Stability of ILs during the deposition was examined
using the deposited IL on a glass, which was character-
ized by 'H, "F, and 3'P nuclear magnetic resonance
(NMR) spectroscopy and electrospray ionization time-
of-flight mass spectrometry (ESI-TOF-MS) (Supporting
Information Figures S3—S517). The 'H NMR data (Table
1) revealed that [PCge614][NTf,] could be successfully de-
posited without significant decomposition in UHV and
[hmim][OTf] also even in 1 torr O,, although these ILs
are ready to decompose when distilled with continu-
ous heating at 300 °C in low vacuum conditions by us-
ing a Kugelrohr oven.'” At present, there are two pos-
sible reasons why the CW-IR laser deposition did not
cause significant decomposition for these ILs. The first
one is that the instantaneous laser pulse heats only a re-
gion near the surface of IL, and thus the heat damage
to ILs would be minimized. The second one is that the
vaporization of ILs in this process may occur at temper-

atures much lower than that of the decomposition tem-
peratures of ILs because of the ultrahigh vacuum condi-
tion. In fact, in order to directly measure the actual
temperature of IL target samples during the CW-IR la-
ser irradiation, we employed a pyrometer (Japan Sen-
sor, FTZ2-R) that can measure the temperature in a
smaller spot diameter (~2 mm) than the CW-IR laser
beam spot on the IL sample with a shorter acquisition
time (1 ms) than the CW IR laser pulse width (10 ms).
The temperature on the target sample of [bmim][NTf,]
with Si powder irradiated by CW-IR laser (pulse width =
10 ms, pulse period = 250 ms, and power = 260W/
cm?) was around 350 °C. This temperature is much
lower than the reported thermal decomposition tem-
perature of [omim][NTf,], 427 °C estimated by a thermo-
gravimetric analysis in N, atmosphere.®* In the process
of IL deposition, the Si powder works just as an absor-
bent of IR laser without evaporation, because Si evapo-
rates at much higher temperatures than the tempera-
ture of IL decomposition. It was confirmed from our
X-ray photoemission spectroscopy study within the de-
tection limit that no sign of Si was included in the
[bmim][NTf,] deposited on a conductive Nb-doped
SrTiOs substrate (not shown).

The present CW-IR deposition method is basi-
cally based on the thermal evaporation of ILs, conse-
quently fractional distillation and purification of
thermally unstable ILs, which easily decompose in
the conventional distillation, are expected to be-
come possible by using the present method. In fact,
when an approximately equimolar mixture target of
[omim][NTf,] and [bmim][PFs] was used to deposit,
the [bmim][PF¢] mole fraction in the deposited IL be-
came smaller than 6%, as determined by '°F NMR
spectroscopy (Figure 4 a and b). We also confirmed
this result by using ESI-TOF-MS: the mixture target
and the deposit sample were extracted by acetoni-
trile, and ESI-TOF-MS spectra of the extracts were
measured under negative mode conditions (inset of
Figure 4). The anionic peaks at m/z = 145 and 280
correspond to [PFs]~ and [NTf,]7, respectively. The
peak intensity of [PF¢]™ in the spectrum of the as-
deposited sample (the inset of Figure 4b) was very
weak to that of [NTf,] ™, indicating that [bmim][NTf,]

TABLE 1. Deposition Condition and Fraction of Decomposition in the Deposited IL Estimated by '"H NMR

fraction of

ambient frequency pulse width laser power deposition decomposition in

ionic liquid (torr) (Hz) (ms) (W/em?) time (h) deposited IL(%)
[emim][NTf,] 4x10°8 4 14 340 1.5 <1
[bmim][NTF,] 3x 1078 4 10 260 39.5 <1
[bmim][PFg] 2%1078 4 14 340 30 <1
[bmim][BF,] 1x10°¢ 4 10 260 72 <1
[PCee614][NTF,] 8x 1077 4 14 260 6.5 <1
[hmim][0Tf] 1Xx10°8 4 22 340 12 <1
[hmim][OTf] 1(0y) 4 28 340 74 <1
[emim][EtSO,] 6Xx107° 4 28 390 6 <10

5948 A&ﬁ%\\&) VOL. 4 = NO.10 = MARUYAMA ET AL.

www.acsnano.org



[NTf,]

280

l1 45
T
100 200 300 400

m/z
(@)

280

145
U T T T T

100 200 300 400 *
(b) miz
-50 -60 -70 -80 -90

Chemical shift (ppm)

Figure 4. 'F NMR (470.40 MHz, acetone-ds, external stan-
dard CF;COOH = —78.5 ppm marked with asterisk) spectra
of mixture target of [bomim][NTf,] and [bmim][PF¢] and as-
deposited sample in vacuum. Mixture target was irradiated
by CW-IR laser at 15 ms pulse width, 4 Hz repetition rate, and
260 W/cm? power density. From the value of integral of the
peaks, the molar fratio of [bmim][NTf,] and [bmim][PF¢] in a
mixture target was approximately equal (a) and the
[bmim][PFs] mole fraction in the deposited IL was smaller
than 6% (b). Inset shows anionic mass spectra of the corre-
sponding mixture target and deposited sample. The anionic
peaks at m/z = 145 and 280 were assigned to [PFs]~ and
[NTf,]~, respectively. The intensity ratio of [PFs]~ to [NTf,]~
was clearly found to decrease after the deposition.

was essentially deposited, and it is well consistent
with the result of '°F NMR. These results are, on one
hand, well consistent with the reported results,?* but
on the other hand, suggest that preparation of a bi-
nary system of these ILs is difficult by this technique
from the corresponding mixed ILs target. However,
the present CW-IR deposition method makes it pos-
sible to prepare such a binary system of [bomim][NTf,]
and [bmim][PF¢] ILs with the given composition, by
taking advantage of using the nanoscale deposition:
an alternating deposition of two ILs by switching
the target. The mass of one cycle deposition is about
0.24 pg/cm? (= 0.17 pL/cm?) with a deposition rate
of 0.03 pwg/cm?/s (= 0.02 pL/cm?/s). After 23 times
reputation, we get about 5.6 pg/cm? (= 3.9 pL/cm?)
ILs on a substrate. Within one cycle the deposited
amount seems to be small enough to ensure the
complete mixing. A set of Raman spectra for the de-
posited [bmim][NTf,] and [bmim][PF¢] on a sapphire
substrate is first shown in Figure 5a, together with
that of the sapphire substrate itself as a reference.
The peaks observed at 1026, 1245, and 472 cm ™" are
assigned to [bmim]*, [NTf,]~, and [PF¢]~ ions, respec-
tively, from previous reports.>>3® As shown in Fig-
ure 5b, for an isolated droplet along the cross-
sectional line indicated in the corresponding opti-
cal image, the peak intensities at 1245 ([NTf,]7) and
472 cm™' ([PFg]7), in line scanned Raman spectra
were traced. Figure 5c displays the variation of the
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Figure 5. A set of Raman spectra for the deposited
[bmim][NTf,] and [bmim][PFs] on a sapphire substrate.
The peaks at 1026, 1245, and 472 cm™~! which are as-
signed to [bmim]*, [NTf,]~ and [PF¢]~ ions, respectively.
(b) The peak intensities at 1245 ([NTf,]") and 472 cm™'
([PFe]™) in line scanned Raman spectra were mapped out
along the cross-sectional line indicated in the corre-
sponding optical image of an isolated IL droplet. (c) The
variation of the intensity ratio of [PFs]™ (472) to [NTf,]~
(1245 cm™") along the scanned line.

intensity ratio of [PFs]™ (472) to [NTf,] (1245 cm™)
along the scanned line shown in Figure 5b. The in-
tensity ratio was almost constant over the droplet,
indicating that both ILs were homogeneously mixed
within the resolution limit of line scanned Raman
spectra. The present preparation method of ILs mix-
ture would be of great benefit to us in search of bet-
ter combination or composition of ILs for various
applications.

Finally, a set of SEM and tapping mode atomic
force microscopy (AFM) topographic images of
[bmim][PF¢l/sapphire(0001) and [omim][NTf,]/
Si(100), respectively, is shown in Figure 6. Micro-
and submicrometer IL droplets with a contact angle
of about 20° are clearly seen (Figure 6a and b) in the
case of [bomim][PF¢] deposited on the sapphire(0001)
substrate. The volume of one droplet reaches as
small as 1 aL. The size of these small droplets of IL
is well controlled by changing deposition time, as
discussed above. For example, for the three IL
samples of [emim][NTf,] on a sapphire(0001) sub-
strate prepared under almost the same deposition
conditions, the diameter distribution of IL droplets
seems reproducible: the average size is 1.8 wm with
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Figure 6. A set of SEM and tapping-mode AFM topographic images, to-
gether with their line profiles of [bmim][PFs] on a sapphire(0001) sub-
strate (a and b) and [omim][NTf,] with Ce seed layer on a Si(100) sub-
strate (c and d).

a standard deviation of 0.7 um (Supporting Informa-
tion, Figure S18 and Table S1), though the size of IL
droplets on the substrate crucially depends on the
surface condition of the substrate. In contrast, with
a 5 nm Cg seed layer, the wettability of [omim][NTf,]
on the substrate is much improved compared to

METHODS

Chemicals. 1-Butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)amide ([bmim][NTf,]) and 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF¢]) were purchased from Kanto
Kagaku. 1-Ethyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)amide ([emim][NTf]), 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF,]), and 1-ethyl-3-methylimidazolium
ethylsulfate ([emim][EtSO,4]) were purchased from Tokyo Kasei. Tri-
hexyltetradecylphosphonium bis(trifluoromethylsulfonyl)amide
([PCs614][NTS,]) and 1-hexyl-3-methylimidazolium trifluo-
romethanesulfonate ((hmim][OTf]) were purchased from Sigma-
Aldrich. All ionic liquids were used without further purification.

Instruments. The monitoring the deposition rate of ILs with
QCM (Figures 2 and 3) and their evaporation behavior ob-
served by UHV-LM (Figure 1b and Supporting Information,
Figure S2) are in situ, others such as NMR, Raman, conven-
tional LM, AFM, SEM, and ESI-TOF-MS are ex situ. A fiber-
coupled diode laser from LIMO (model LDD50, 808 nm) was
used for CW-IR laser deposition. Originally developed UHV-
LM>3° (Lasertech) was used to observe the evaporation pro-
cess of IL droplets in vacuum. Keyence VK-8510 was used to
estimate the volume of IL deposited on a substrate. NMR
spectra were measured on JEOL NMR400. ESI-TOF-MS spec-
tra were obtained by Bruker Daltonics micrOTOF II. Before
ESI-TOF-MS measurement, samples are dissolved in acetoni-
trile. AFM images were measured on Seiko Instruments SPA-
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the case without the seed layer (Supporting Informa-
tion, Figure S19), and an almost completely wetting
ultrathin film of [omim][NTf,] is obtained (Figure 6¢
and d). Generally, an increase of the surface area
having a good affinity to a certain liquid leads to im-
provement in its wettability.?” In the present case,

a sizable amount of Cg, can dissolve into
[omim][NTf,], suggestive of its better chemical affin-
ity to [omim][NTf,], as compared to other imidazo-
lium ILs.?® Thus, the C4 seed layer has a good affin-
ity to the [omim][NTf,], and the increase of the
surface area of Cgo by being rough might improve
the wettability of [omim][NTf,]. These droplets and
thin film are very stable for several weeks in air, suit-
able to further material processes with them and
their characterizations.

SUMMARY

By using a continuous wave infrared (CW-IR) laser
deposition system compatible to the conventional
ultrahigh vacuum (UHV) processes, successful deposi-
tion of nanoscale ionic liquids (ILs), such as droplets and
thin films, was demonstrated. Nuclear magnetic reso-
nance (NMR) and electrospray ionization time-of-flight
mass spectrometry (ESI-TOF-MS) results revealed that
no significant decomposition occurs through deposi-
tion and that fractional distillation of ILs binary mixture
is also possible. Furthermore, nanoscale alternating
deposition of two ILs enables to prepare homoge-
neously mixed IL droplets on a substrate with designed
composition. This new technique allows us not only to
accelerate the existing various studies on ILs in vacuum
but also opens a door to a great many possibilities for
new nanoscience and technology of ILs.

400. SEM images were measured on Hitachi S-4000 at accel-
eration voltage of 20 kV. For the Raman spectroscopy
measurements, an incident laser of 532 nm was focused
onto the sample with an objective lens (N.A. = 0.7), where
the irradiated power was around 15mW on sample. A scat-
tered light was collected by the same objective lens with a
back scattering geometry and analyzed by a Jobin Yvon HR-
320 single monochromator after filtering by a confocal slit.
Raman spectra were finally acquired by a liquid N, cooled
charge coupled device (CCD) camera. A frequency resolu-
tion of the present setup attains about 1.5 cm™'. A line scan-
ning observation was performed by a high-resolution step-
ping motor stage (SIGMA TECH FX-1100XY) with an interval
of 100 nm for one step, where the spatial position was pre-
cisely controlled by a closed-loop control. The lateral spatial
resolution used for this measurement is as high as 500 nm.

Fabrication of the IL Thin Film. A Cq, thin film, as a seed layer to im-
prove wettability of IL, was deposited by the CW-IR laser deposi-
tion technique on a Si substrate with 250 ms pulse width, 2 Hz
repetition frequency, and ~1W/cm? laser power in ~3 X 1078
torr. After the deposition of Cg, [omim][NTf,] was then depos-
ited with 10 ms pulse width, 4 Hz repetition frequency, and ~260
W/cm? laser power in ~5 X 107° torr.
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Note Added after ASAP Publication: This article was pub-
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tion in the caption for Figure 2c. The correct version was
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Supporting Information Available: 'H, 'F, 'P NMR and ESI-

TOF-MS spectra of deposited ILs which are not included in the
main text. SEM and AFM image of [omim][NTf,] droplets on the
Si substrate without Cg, seed layer. Evaporation behavior of de-
posited [bmim][NTf,] on a sapphire substrate in 5 X 1077 torr ob-
served by UHV-LM. This material is available free of charge via
the Internet at http://pubs.acs.org.
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