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ABSTRACT: The structural dynamics of planar ∼100 nm thin ﬁlms of three
ionic liquids (ILs) were investigated using ultrafast two-dimensional infrared
(2D-IR) spectroscopy. The ILs share the same anion, bis(triﬂuoromethylsulfonyl)imide (NTf2−), but have diﬀerent chain length
cations: 1-butyl-3-methylimidazolium (Bmim+), 1-hexyl-3-methylimidazolium (Hmim+), and 1-decyl-3-methylimidazolium (Dmim+). The CN
stretching mode of SeCN− dissolved in the ILs served as the vibrational
probe. For each IL thin-ﬁlm sample, the vibrational probe cation was the
same as the cation in the corresponding liquid. The ﬁlms were made by spin
coating the IL on CaF2 substrates with a 100 nm silica layer on top, which
was functionalized with an ionic monolayer that mimics the structure of the
corresponding IL. The thicknesses of the IL ﬁlms ranged from ∼50 to ∼250 nm and were controlled by the concentration of the IL
in the spin-coating solution. The structural dynamics in the ﬁlms are slower than those in the corresponding bulk IL, and the
dynamics are slower for thinner ﬁlms. Relative to the dynamics in the corresponding bulk IL, the slowing of the dynamics decreases
as the cation ion alkyl chain length increases, that is, the DmimNTf2 ﬁlm dynamics slow down signiﬁcantly less relative to bulk
DmimNTf2 than BmimNTf2 thin ﬁlms compared to bulk BmimNTf2.
∼2 nm from interfaces, they behave like bulk water.33,34 A
similar distance scale has also been observed for benzene.35,36
However, recent studies indicate that ILs can behave
diﬀerently. In ILs, the ions that are more than 100 nm away
from an interface can still be aﬀected. Anaredy and Shaw
studied vibrational spectra of nearly 1 μm thick IL ﬁlms
supported by a silver plate and observed diﬀerent spectra than
the bulk IL.37−39 Using a confocal microscope, Ma et al.
measured the relation between ﬂuorescence anisotropy decay
of ﬂuorescent probes dissolved in ILs and distance of the
probes to silica substrates.40 Recent SFA and AFM experiments also show that ILs exhibit nonbulk behavior under
nanoconﬁnement up to 60 nm,41 and an IL may undergo
capillary freezing under conﬁnement larger than 100 nm.42
The threshold size of conﬁnement for this transition is
dependent on the substrates.42 Using ultrafast two-dimensional
infrared (2D-IR) spectroscopy, it was found that the structural
dynamics of ILs in the pores of polyethersulfone membranes
are diﬀerent from that of bulk ILs even though the average
pore size was ∼350 nm.43,44 Time-dependent ﬂuorescent
Stokes shift measurements, which report on solvation
dynamics, of a coumarin probe dissolved in ILs in the ∼350

I. INTRODUCTION
Room temperature ionic liquids (ILs) are molten salts at
ambient conditions. In many applications, such as catalysis,
lubrication, or in electrical double-layer capacitors, the
properties of an IL in close proximity to an interface play an
important role. ILs have complex and varied interfacial
structures.1,2 At an IL−vacuum interface, the nonpolar alkyl
chain of the cation will usually point toward the vacuum,
leading to organized structures parallel to the interface.3−13
IL−solid interfaces are more complicated because the IL
structure can depend on the IL type as well as the solid
substrate material and charge. There have been many studies
of the structures at IL−solid interfaces using atomic force
microscopy (AFM),14−16 surface force apparatus (SFA),17−19
X-ray and neutron reﬂection,20−22 simulations,23−27 and a
variety of other methods.28,29 These studies indicate layered
structures like those reported by simulations at the IL−vacuum
interface, but there is also signiﬁcant inhomogeneity moving
parallel to the planar interface.
The structure and dynamics of liquid molecules at interfaces
are generally diﬀerent from those in the bulk liquid. Liquids at
interfaces, for example, water, usually display slower dynamics
than those in the bulk.30−32 The slowing at an interface will
also change the dynamics of molecules close to the interface. In
conventional solvents, this interfacial eﬀect falls oﬀ over a very
short distance scale. Studies of water dynamics in reverse
micelles show that when water molecules are more than
© 2020 American Chemical Society
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Figure 1. (a) Preparation of the IL thin ﬁlms. SiO2-coated CaF2 windows were ﬁrst functionalized with an ionic monolayer and then spin-coated
with a methanol solution of the IL; (b) picture of a 293 nm DmimNTf2 ﬁlm; (c) Raman spectra taken on the center green spot in (b); (d)
integrated intensity of N−S stretch (in NTf2) on the green dots in (b).

and the time evolution of the vibrational frequencies of the
vibrational probe molecules within the inhomogeneously
broadened absorption line. Three input pulses with time
separations τ between pulses 1 and 2, and Tw between pulses 2
and 3, give rise to a fourth pulse, the vibrational echo, which is
the heterodyne-detected signal. Qualitatively, the experiment
works as follows. Pulse 1 labels the frequencies of the probes
across the inhomogeneously broadened absorption spectrum.
Pulse 2, a short time later, stores the information. The system,
in this case a thin IL ﬁlm, is allowed to structurally evolve for
the “waiting” time, Tw. Then, pulse 3 initiates a readout, and
the echo pulse reports on the probe frequencies after the
evolution time Tw. During Tw, the liquid structure evolves,
causing the local environments of the vibrational probes to
change, which in turn changes the probe frequencies. 2D
spectra are recorded as a function of Tw. As Tw increases, the
shape of the 2D spectra changes because the ﬁnal frequencies
diﬀer more and more from the initial frequencies. The
frequencies change because the structure changes. Therefore,
measuring the Tw-dependent changes in frequencies reports on
the structure evolution of the IL.
The Tw-dependent 2D-IR data are analyzed to obtain the
frequency−frequency correlation function (FFCF), which is
the connection between the experimental observables and the
molecular level dynamics. An analytical theoretical model is
presented that enables a reasonable determination of the
correlation length of the inﬂuence of the interface on the IL
dynamics. The correlation length is the decay constant in the
exponential fall of the inﬂuence of the surface on the IL
dynamics in a model discussed in detail below. The
exponential falloﬀ is built into the FFCF and used to ﬁt the
data. It is found that the correlation lengths for the diﬀerent
liquids are in the range of tens of nanometers and that the
inﬂuence of the interface falls oﬀ faster (shorter correlation
length) for longer cation alkyl chains.

nm pores of polyethersulfone membranes were also slower
than in the bulk liquids, with the diﬀerence from bulk
dynamics increasing for cations with shorter alkyl chains.45
Some molecular dynamics simulations have also shown the
structural changes of ILs for distances up to tens of nanometers
from an interface in ILs and IL mixtures.12,13,46
To quantitatively investigate the inﬂuence of thin-ﬁlm
thickness in the ∼100 nm range, a method for making planar
IL thin ﬁlms was developed, and the dynamics were
investigated using ultrafast 2D-IR spectroscopy.47 The CN
stretch of SeCN− dissolved in the ﬁlm was used as the
vibrational probe. The ﬁlms were prepared by spin coating the
IL 1-butyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide (BmimNTf2) on an SiO2 layer on a CaF2 window. The
SiO2 was functionalized with an ionic monolayer that mimics
the structure of the Bmim+ cation.48 The thickness of the ﬁlms
was controlled quantitatively by changing the concentration of
the IL in the methanol solution used for spin coating. Dramatic
changes in dynamics were observed as a function of ﬁlm
thickness.
In this paper, we present a study of the inﬂuence of the alkyl
chain length on the IL dynamics in thin ﬁlms as a function of
thickness. The ILs are 1-alkyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide and the alkyl chains are butyl
(BmimNTf2), hexyl (HmimNTf2), and decyl (DmimNTf2). As
mentioned above, the chain length dependence of the timedependent Stokes shift of a coumarin probe dissolved in ILs in
the ∼350 nm pores of polyethersulfone membranes was
studied.45 The results showed that the eﬀect of conﬁnement in
the pores decreased relative to the same measurements on the
bulk liquids as the length of the alkyl chain was increased.
However, the broad polydispersity (∼100−500 nm) and the
irregularity of the pore structure did not permit quantitative
examination of the inﬂuence interface on IL dynamics. Here,
by using planar thin ﬁlms with various thicknesses, the
inﬂuence of chain length on dynamics can be quantiﬁed.
The 2D-IR method49,50 has been widely used to study the
properties of ILs.51−56 The 2D-IR measures spectral diﬀusion,
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For the 2D-IR experiments, SeCN− is added to the ILs as
the vibrational probe by dissolving 10% (molar ratio) Bmim/
Hmim/Dmim SeCN in the corresponding IL, before making
the precursor methanol solution. It is important to note that
with the addition of the vibrational probe, the cation is the
same as the IL; only the anion is diﬀerent. Previously, a
detailed concentration study of the dynamics of the bulk IL
was performed, and it was determined that a 10% molar ratio
did not change the spectral diﬀusion dynamics.47 To conﬁrm
that a 10% concentration does not inﬂuence the dynamics in
ﬁlms, a study was performed on a ﬁlm using 4% probe
concentration. The measured dynamics were identical. Details
and data are presented in the Supporting Information. The lack
of concentration dependence also demonstrates that there is
no signiﬁcant diﬀerence in the probe concentration at the
surface that contributes to the surface eﬀect on ﬁlm dynamics.
The thin ﬁlms are sealed in a sample cell under a N2
atmosphere by stacking a 1 in. O-ring and another CaF2
window on top of the spin-coated window.
The Fourier transform infrared (FT-IR) spectra of the
samples were measured using a Thermo Scientiﬁc Nicolet
6700 FT-IR spectrometer. FT-IR spectra are used to determine
the thickness of the ﬁlms, by comparing aromatic C−H stretch
absorptions between 3070 and 3210 cm−1 (C−H stretching
modes of the imidazolium ring) in the ﬁlms with a bulk sample
that has known thickness.
A Horiba XploRA Confocal Raman microscope was used to
characterize the ﬂatness of ﬁlms. Pictures of the ﬁlms were
taken under a visible microscope using a 10× objective. Then,
a 532 nm green laser is used to excite the sample, and the
Raman signal emitted from the laser spot focused on the
sample was collected by the confocal microscope with a 100×
objective. The sample was scanned laterally with a step size of
20 μm for a total length of 200 μm. The N−S stretch signal
from NTf2 at 740 cm−1 was measured at each spot to evaluate
the variation in the sample thickness. Figure 1b shows a picture
of a 293 nm DmimNTf2 ﬁlm viewed with the visible
microscope. No lateral structure can be seen in the image,
indicating that a ﬂat and homogeneous thin ﬁlm is obtained.
Figure 1c shows the local Raman spectrum on the central
green dot in Figure 1b obtained using the confocal microscope.
The peaks below 700 cm−1 arise from the substrate, and the
small peaks above 700 cm−1 are IL peaks. The strongest IL
peak at 740 cm−1, which is assigned to N−S stretch in NTf2−,
was integrated for each green dot in the picture and plotted in
Figure 1d. The small variation in the N−S signal intensity for
diﬀerent spots conﬁrms the uniformity of the ﬁlm. When a dust
particle falls on the ﬁlm, the IL will aggregate around it. In the
IR experiments, we were unlikely to encounter a dust spot
because the ﬁlms were made in a glovebox and dust particles
are rare. Bad spots on a sample were further avoided by
checking the signal variation from on spot to another on a
sample, as well as picking spots that exhibited very little
scattered light. The pictures and Raman spectra of other
HmimNTf2 and DmimNTf2 ﬁlms with diﬀerent thicknesses are
available in the Supporting Information. Thinner ﬁlms have
larger percentage thickness variation, which is mainly due to
surface variations of the substrates and some measurement
variation due to the larger random noise in Raman spectra
when the signal is small. As we have shown previously and
discussed below in the theoretical model, the thickness
variation does not signiﬁcantly aﬀect the measured dynamics.47

II. EXPERIMENTAL PROCEDURES
A. Sample Preparation. In previous reports, IL ultrathin
ﬁlms of a few IL monolayers were prepared using ultra-highvacuum physical vapor deposition methods on metal
surfaces.11,57−62 Thick IL ﬁlms, up to several thousand
nanometers, were made on silver substrates by spin coating63
or dynamics wetting methods.37−39 In some studies, IL ﬁlms,
up to a few monolayers thick, were made on mica,64−66 but
when the ﬁlm was thicker than a few monolayers, it turned into
droplets.67 There are also reports that IL ﬁlms were made on
alumina using vapor deposition68 and on Si(111) using spin
coating methods.69 Attempts to form IL ﬁlms on sapphire,
mica, amorphous silica, and oxidized Si(110) were also made,
but IL droplets were observed instead of ﬂat ﬁlms.70−72
Here, spin coating on surface-functionalized SiO2 was
employed to make ﬁlms of controlled thickness.47 The
following materials were used. One inch diameter CaF2
windows coated with a 100 nm layer of SiO2 on one surface
were purchased from New Wave Optics. Triethoxy-3-(2imidazolin-1-yl)propylsilane (97%), 1-iodobutane (99%), 1iodohexane (98%), and 1-iododecane (98%) were purchased
from Sigma-Aldrich. ILs BmimNTf2, (99%), HmimNTf2
(99%), and DmimNTf2 (99%) were purchased from IoLiTec.
1-Butyl/hexyl/decyl-3-methylimidazolium selenocyanate
(Bmim/Hmim/Dmim SeCN) was synthesized according to a
previously described method,73 and the contents of residual
potassium ions (8.9 ppm in Bmim SeCN, 21 ppm in Hmim
SeCN, and 15 ppm in Dmim SeCN) in the ILs were measured
using ICP−MS. Ethanol (200-Proof, 99.5%), toluene (99.9%),
and methanol (extra dry, 99.8%) were from Fisher Chemicals.
The ILs were dried under 100 mTorr vacuum for 48 h and
kept inside a nitrogen-purged glovebox before use.
The procedure for making IL thin ﬁlms is shown in Figure 1.
Figure 1a illustrates the chemical steps. A CaF2 window with a
100 nm layer of SiO2 on one side undergoes a surface
functionalization, turning the surface-terminal OH groups into
an ionic monolayer to enhance the aﬃnity between the solid
surface and IL. Then, an IL thin ﬁlm is spin-coated on the
window. The functionalization contains two steps, each of
which involves immersing the window into a 0.03 M toluene
solution and then heating at 75 °C for 24 h. The chemical used
in step 1 is triethoxy-3-(2-imidazolin-1-yl)propylsilane and that
in step 2 is iodobutane, iodohexane, or iododecane, depending
on which the IL ﬁlm is made. After each step, the solution is
removed, the window is rinsed with toluene three times,
sonicated in toluene for 5 min, followed by rinsing with
ethanol three times, sonicating in ethanol for 5 min, and dried
using a clean nitrogen gas ﬂow. The result shows that the SiO2
surface is functionalized with alkyl-imidazolinium cation with
I− as the anion, where the alkyl chain is butyl, hexyl, or decyl,
depending on whether a BmimNTf 2 , HminNTf 2 , or
DmimNTf2 ﬁlm is being made.
To make an IL thin ﬁlm on the window, 150 μL of methanol
solution of the desired IL is dropped on the center of the
window and then the window is spun at 3000 rpm for 30 s.
The ﬁlm thickness depends on the concentration of the
precursor methanol solution. Figure S4 in the Supporting
Information shows the correlation between ﬁlm thickness and
precursor solution concentration. The samples were prepared
in a nitrogen-purged glovebox, where the water and oxygen
levels are below 0.5 and 5 ppm, respectively.
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Figure 2. 2D-IR spectra of bulk (top) and ﬁlms (bottom) of Bmim (left), Hmim (middle), and Dmim (right).

B. 2D-IR Spectroscopy. The 2D-IR spectra were
measured using the same instrumentations as has been
described previously.47 IR laser pulses were generated at 3
kHz repetition rate by a Ti-sapphire regenerative ampliﬁer
(Spectra Physics Spitﬁre Ace) pumped by an oscillator
(Spectra Physics Mai Tai SP). The emitted laser pulses were
directed into a home-built multistage optical parametric
ampliﬁer to obtain mid-IR; the wavelength is centered at
2063 cm−1. The duration and the bandwidth of the pulses were
165 fs and 90 cm−1 full widths at half-maximum. A 2D-IR
spectrometer based on a germanium acousto-optic modulator
pulse shaping system was used to perform the experiments.74
The delay time, τ, between the phases of the ﬁrst two pulses
was controlled using the pulse shaper, and the delay time
between pulse 2 and pulse 3 (the probe pulse) was controlled
with a long mechanical delay line. The ﬁrst two pulses, which
are collinear, are set to vertical polarization (s-polarization),
while pulse 3 is horizontally polarized (p-polarization). The
2D-IR vibrational echo signal is collinear with excitation pulse
3, and pulse 3 also acts as the self-heterodyned local oscillator
(LO). The combined signal/LO is steered into a monochromator acting as a spectrograph, and a 32-pixel MCT array
detector was used to observe the heterodyne-detected signal as
a function of frequency.
The 2D-IR spectra of the thin ﬁlms were measured with the
near-Brewster angle reﬂection geometry method,47,75 in which
pulse 3 (the probe pulse) had an incident angle of 52° on
sample and the reﬂected combined signal/LO is sent into the
monochromator array detector. Compared to the transmission
geometry, the echo signal modulation of the LO, which is the
observable, was enhanced by at least a factor of 30 with the
reﬂection geometry. Such enhancement is necessary to acquire
the weak signals from the very thin ﬁlms.
Both the FT-IR and 2D-IR spectrometers were purged with
water and CO2-free air. Every thin-ﬁlm sample was checked
with a microscope to conﬁrm its uniformity after the 2D-IR
measurements were performed.
As discussed brieﬂy in the Introduction section, the 2D-IR
vibrational echo experiment measures spectral diﬀusion, which
is caused by the time-dependent frequency ﬂuctuations of the
vibrational mode of the probe molecule, the CN stretch of
SeCN−, because of the structural evolution of its surrounding

environment. To quantify the Tw dependence of the 2D-IR
spectra to yield the spectral diﬀusion dynamics, the center line
slope (CLS) method was used.76,77 It has been shown that the
CLS(Tw) decay is the normalized FFCF, which is the
probability that the vibrational probe with a frequency at
time t = 0 has the same frequency at a later time, averaged over
all the frequencies in the inhomogeneously broadened
absorption line shape.76,77 The complete FFCF is typically
modeled with the Kubo ansatz49,78
f (t ) = ⟨δω(0)δω(t )⟩ =

∑ Δi 2exp(−t /τi)
i

(1)

where δω(t) is the instantaneous frequency at time, t, while Δi
and τi are the amplitude of the frequency ﬂuctuation
(contribution to the inhomogeneous line width) and time
constant of the ith decay pathway, respectively. From the
CLS(Tw) and the IR absorption spectrum, f(t) can be
determined. The extension of eq 1 to a model that includes
the dependence on distance from the interface of the observed
dynamics is presented below.

III. RESULTS AND DISCUSSION
Figure 2 shows 2D-IR spectra of the CN stretch of SeCN−
taken at Tw = 100 ps for bulk samples (top row) and thin ﬁlms
of ∼100 nm thickness (bottom row) for the ILs BmimNTf2,
HmimNTf2, and DmimNTf2. In these experiments, the bulk
samples’ 2D-IR spectra were measured in the transmission
geometry where the IR incident angles were nearly normal to
the sample, while the ﬁlm samples were measured in the nearBrewster angle reﬂection geometry with a probe (pulse 3)
incident angle of 52°, which is slightly smaller than the
Brewster angle.75 In the reﬂection geometry for angles less than
Brewster’s angle, the sign of the signal (negative) is opposite to
that of the transmission geometry data (positive).75
The time evolution of the band shape is characterized by the
CLS method, which is the normalized FFCF.76,77 The
CLS(Tw) is not aﬀected by whether the measurement is
made in the transmission or reﬂection geometries.75 The
center lines are shown as the white dashed lines on each
spectrum. The CLS method works as follows.76,77 Cuts are
made through the 2D spectrum parallel to the ω3 axis near the
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center of the spectrum for various values of ω1. Each cut is a
1D spectrum. The frequency of the peak of each spectrum on
the ω3 axis is plotted versus ω1. The points form a line. The
slopes of the center lines for 2D spectra taken over the range of
Tws studied are plotted as a function of Tw. The slopes can
range from 1 if the initial frequencies (ω1) and the ﬁnal
frequencies (ω3) are perfectly correlated to 0, when the initial
and ﬁnal frequencies are uncorrelated. The diﬀerence between
1 and the CLS value at Tw = 0 is a measure of the
homogeneous line width.76,77 A larger diﬀerence corresponds
to a wider homogeneous line width.
When Tw is short, there is little time for structural relaxation
to occur. Therefore, the ﬁnal frequency is close to the initial
frequency, leading to a 2D band shape elongated along the
diagonal, and the CLS is close to 1. As Tw increases, the probe
molecules will have experienced more diﬀerent microenvironments, so the correlation between the initial and ﬁnal
frequencies is gradually lost and the slope approaches 0. In
the top row of Figure 2 (bulk samples), the slopes at 100 ps
show that the dynamics are slower (larger slope) as the alkyl
chain length is increased. In the bottom row (ﬁlms), for each
liquid, the slopes are larger than for the corresponding bulk
liquids, showing that the dynamics in the ﬁlms are slower than
in the bulk liquids. However, the diﬀerence between the slope
in the ﬁlm and in the bulk liquid is greater for shorter alkyl
chain lengths.
Figure 3 displays CLS(Tw) data (points) for thin ﬁlms of the
three ILs for various thicknesses as well as the data for the bulk
liquids. Each curve in Figure 3 is the average of three to eight

Article

samples. For the bulk liquids, as the alkyl chain becomes
longer, the dynamics slow down, as shown by the slower
decays. The chain length dependence of the dynamics of bulk
methylalkylimidazoliumNTf2 ILs has been studied in detail
previously.54,79 The dynamics in the ﬁlms are slower than those
in the bulk, and the thinner the ﬁlm is, the slower its dynamics
are. It is clear from inspection of Figure 3 that relative to the
bulk dynamics, the slowing of the dynamics as the ﬁlm
becomes thinner is more pronounced as the alkyl chain length
is made shorter. This trend was previously observed
qualitatively using time-dependent ﬂuorescence Stokes shift
measurements on the same set of ILs conﬁned in ∼350 nm
polyether sulfone membrane pores.45
Time-dependent CLS(Tw) decays shown in Figure 3 were ﬁt
with multiexponential functions (solid curves) in accordance
with the functional form of the FFCF (eq 1). The correlation
time τc is the integral of a decay curve and is independent of
the functional form. For curves that ﬁt with multiexponential
functions, it is the sum of the amplitude weighted time
constants, τc = ∑iaiτi. The correlation time for each ﬁlm
thickness was computed for each IL and divided by τc for the
corresponding bulk liquid, τc‑bulk. Looking at τc/τc‑bulk divides
out the slowing of the dynamics of the bulk liquids as the alkyl
chain lengths is made longer.79 Figure 4 displays τc/τc‑bulk

Figure 4. Correlation time in ﬁlms divided by the correlation time in
bulk for all three types of ILs.

versus ﬁlm thickness for the three sets of diﬀerent IL ﬁlms. The
clearest comparison is for the ﬁlms that are about 45 nm thick.
As can be seen in the ﬁgure, as the chain length increases, the
ratio decreases. The deviation from bulk properties decreases
as the chain length becomes longer. By ∼250 nm, the
DmimNTf2 ﬁlm behaves bulk like, and HmimNTf2 is very
close to bulk behavior. This is consistent with the measurement made on ILs in the ∼350 nm pores in polyethersulfone
membranes, which showed that DmimNTf2 behavior had
dynamics similar to the bulk liquid, while HmimNTf2
displayed dynamics that were essentially within the experimental error of bulk behavior.
The results in Figure 4 show that all of the ILs have
dynamics that are slow compared to bulk dynamics for thin
ﬁlms. The 2D-IR measurements are averages over the
dynamics throughout the thickness of the ﬁlm. As the ﬁlm
becomes thicker, a larger fraction of the IL is farther from the
interfaces. The dynamics near an interface are slower, but the
results indicate that the inﬂuence of the interfaces falls oﬀ
faster when the alkyl chain length of the IL cation is longer.
Therefore, the long alkyl chain ILs do not have to be thick
before the bulk liquid far from the interface contributes such a
large fraction to the 2D-IR signal, such that the measurements

Figure 3. Averaged CLS decays in BmimNTf2, HmimNTf2, and
DmimNTf2 ﬁlms, as well as the multiexponential ﬁts.
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Figure 5. The theoretical model ﬁts of the CLS decays.

eventually giving bulk dynamics for a thick enough sample, the
time constants and the amplitudes are written as

report bulk dynamics. The implication is that the correlation
length, the rate of falloﬀ of the eﬀect of the interface, is longer
for short alkyl chains. In the next section, a model of the FFCF
is presented, which enables the correlation length to be
addressed from the experimental data.

Δi 2 (r ) = (Δi ,int 2 − Δi ,bulk 2 )exp( −r /l) + Δi ,bulk 2
τi(r ) = (τi ,int − τi ,bulk )exp( −r /l) + τi ,bulk

where
and τi,int are the values of the ith amplitude and
time constant, respectively, at the interface, Δi,bulk2 and τi,bulk
are the values of the ith amplitude and time constant,
respectively, suﬃciently far from the interface to have bulk
properties, and l is the correlation length. We assume that l is
the same for all of the components. The experimental
observable, CLS(Tw) (the normalized FFCF) as a function
of Tw, is the CLS(Tw) for each slice averaged over the sample
thickness, that is, averaged over all r, at time Tw. The observed
CLS(Tw) for a ﬁlm is the integral with respect to r over the ﬁlm
thickness.

IV. THEORETICAL MODEL AND CORRELATION
LENGTH
The top left portion of Figure 5 illustrates the model for
analyzing the thickness dependence of the dynamics of the IL
thin ﬁlms. The sample is divided into thin slices with increasing
distance r from an interface. The slice right at an interface is
taken to have the slowest dynamics. A slice suﬃciently far from
an interface has bulk dynamics. As the distance from the
interface increases, the dynamics becomes faster relative to
those at the interface, eventually having bulk dynamics for
suﬃciently large r.
In the model, the FFCF of eq 1, which is for a homogeneous
liquid, is modiﬁed so that the dynamics are dependent on the
distance r from the interfaces. It is assumed that the inﬂuence
of an interface falls oﬀ exponentially with the distance from an
interface. We have tested several functional forms for the
distance dependence, including a linear decay, having a plateau
where the dynamics do not change for some distance from the
interface before an exponential decay, and a Gaussian decay.
The linear and the Gaussian functions did not work as well. In
ﬁtting with a plateau, the width of the plateau converged to
zero. The exponential distance dependence has the form
f (r , t ) =

t yzz
zz
z
k τi(r ) {

CLSfilm (d , Tw ) =
=

i=1

2
d

∫0

d /2

2
∑
d i

CLS(r , Tw )dr

∫0

d /2

ij T yz
Δi 2 (r )expjjj− w zzzdr
j τi(r ) z
k
{

(4)

where d is the total sample thickness. Note that the integral is
performed from r = 0 to r = d/2 because there are two
interfaces. d/2 is the middle of the sample. We take the eﬀects
of the two interfaces to be the same, although one interface is
the functionalized SiO2 surface and the other interface is N2
gas. The solid surface is functionalized with alkyl-imidazolinium cations. Simulations have shown that at the IL−vacuum
interface, methylalkylimidazolium cations are at the interface.12
Therefore, the two interfacial layers in the samples studied here
are likely to have a similar inﬂuence on the IL in contact with
the interfaces.
The experimental CLS data from ﬁlms of diﬀerent
thicknesses for a particular IL were ﬁt simultaneously with
eq 4. The correlation length l and the components of interfacial
CLS (Δi,int2 and τi,int) were ﬂoated for each IL, but they were

i

∑ Δi 2(r)expjjjjj−

(3)

Δi,int2

(2)

The falloﬀ decay constant is the correlation length, l. Both the
amplitudes, Δi2(r), and the time constants, τi(r), change with
the same correlation length.
Because the dynamics are slowest at the interface and
become faster with increasing distance from the interface,
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hydrogen bond interactions or benzene molecules that have
van der Waals interactions, both of which are short range.
The reduction in the correlation length with increased chain
length can be caused by the formation of extended alkyl region
in ILs with long alkyl chains.82,83 Calculations have shown that
Emim+ has the positive charge delocalized over the entire
cation, including the two carbons of the ethyl group.84 Bmim+
has the two carbons at the end of the butyl chain without
charge. However, ILs such as BmimNTf2 do not have extended
alkyl regions that percolate throughout the entire liquid.85
Imidazolium cations with hexyl and longer chains form
extended alkyl domains. For these longer-chain cations, there
is a driving force for the formation of IL structures that gives
rise to the extended alkyl regions. This driving force will tend
to induce the IL to form its bulk structure in competition with
the interface-induced layered charge ordering, which gives rise
to nonbulk structure and slower dynamics near the interface. In
addition, long alkyl chains must be accommodated in the
interface-induced structure, making charge layers more
disordered. Such an increased disorder and the tendency to
form extended alkyl regions will cause the inﬂuences of the
interfaces to fall oﬀ faster with distance. It is worth noting that
the time-dependent ﬂuorescence Stokes shift measurements on
the methylalkylimidazoliumNTf2 ILs showed that conﬁnement
in ∼350 nm pores had substantially more dynamical slowing
for Emim+ than for Bmim+ and little or no eﬀect on Hmim+
and Dmim+.
The model for the eﬀect of ﬁlm thickness on the dynamics
given in eqs 3 and 4 works quite well, but clearly, the ﬁts could
be better. We are working on improving two experimental
aspects of the measurements. First, the observed spectral
diﬀusion reported by the CLS(Tw) can have two contributions,
structurally induced spectral diﬀusion (SSD) and rotationally
induced spectral diﬀusion (RISD).86 SSD is caused by the
structural evolution of the liquid in the vicinities of the probe
molecules. It reports on the dynamics of the liquid. RISD is
caused by the orientational relaxation of the probe molecules
experiencing vector interactions with their environments, for
example, a ﬁrst-order Stark eﬀect. As a probe molecule
undergoes orientational relaxation, the Stark coupling changes
causing the frequency to change. It has been shown that these
two sources of spectral diﬀusion can be separated, so that the
SSD is obtained.86,87 To do this, it is necessary to have highquality orientational relaxation data.86 We have begun to
develop methods to measure the orientational relaxation.
Measuring orientational relaxation is done by performing
polarization-selective pump−probe experiments. These measurements are actually more diﬃcult than performing the 2D-IR
experiments reported here because it is necessary to obtain the
absolute amplitudes of two probe polarization conﬁgurations,
parallel and perpendicular to the pump polarization. For the
near-Brewster angle reﬂection mode necessary to obtain highquality data, obtaining the correct polarization amplitudes is
challenging.
Because we are not yet able to separate SSD and RISD, the
data presented here are the combination of both.86 Therefore,
it is assumed that the correlation length for the spectral
diﬀusion and the correlation length for the orientational
relaxation are the same. This may not be true. Accurate
measurements of the orientational relaxation will permit the
probe orientational relaxation correlation length to be
determined and the SSD to be separated from the RISD.

shared among the diﬀerent thicknesses. The parameters
deﬁning the bulk CLS(Tw) (Δi,bulk2 and τi,bulk) were ﬁxed to
the values obtained from ﬁtting the bulk data to a
multiexponential (i.e., eq 1). The results of ﬁtting the data
with this model are shown in Figure 5, where the dots are the
experimental data, and the ﬁts are the solid curves. The pink
curves in each panel are the interfacial CLS curves plotted
using the parameters obtained from the ﬁts. Given the
complexity of the systems and the simplicity of the model,
the model ﬁts the data reasonably well for each IL, although
the ﬁt curves have some deviations from the data. The quality
of the ﬁts appears to improve as the alkyl chain length
increases. The model provides a useful description of the data
that yields the correlation length for each IL. Below, two
experimental developments, which can remove systematic
eﬀects on the data, and therefore possibly improve the ﬁts, are
discussed.
The model described by eq 4 assumes that each ﬁlm has a
uniform thickness, that is, within the laser spot size, there is no
variation in the thickness. However, in reality, the ﬁlm
thickness does vary above and below the average thickness,
as determined by confocal Raman microscopy (see Figure 1d).
The thickness variation was included in the model. The full
derivation is presented in the Supporting Information. Even
relatively large variations in the thickness about the average
have negligible eﬀect on the ﬁtting results (see Fig. S1 in the
Supporting Information). Therefore, for simplicity, we have
not included the thickness variation in eq 4, and eq 4 was used
for ﬁtting the data.
The correlation length from the model ﬁts are 21.6 nm for
BmimNTf2, 15.3 nm for HmimNTf2, and14.8 nm for
DmimNTf2. In addition, the ﬁts yield the dynamics of the
interfacial layer (pink curves in Figure 5), which speeds up for
longer alkyl chains. The combination of slower dynamics at the
interface and a longer correlation length results in BmimNTf2
having signiﬁcantly slower dynamics relative to its bulk
dynamics for a particular ﬁlm thickness compared to the
longer-chain ILs, HmimNTf2 and DmimNTf2. These results
are consistent with the qualitative results from the ILs studied
in the ∼350 nm pores of polyethersulfone porous membranes
using the time-resolved ﬂuorescent Stokes shift measurements
discussed brieﬂy above.45 In those experiments, the BmimNTf2
dynamics were signiﬁcantly slower than the bulk dynamics in
the large pores, while the DminNTf2 dynamics were identical
to its bulk dynamics, and HmimNTf2 dynamics were
exceedingly close to its bulk dynamics.
It is important to note that the correlation lengths for all
three liquids are exceedingly long compared to more
conventional liquids. Here, the correlation lengths are ∼20
nm. For comparison, the correlation lengths of water33,34 and
benzene35,36 are <1 nm. For example, water in AOT reverse
micelles with a radius of 2 nm has dynamics in the center
region (core) of the water pool that are very close to the bulk,
and larger AOT reverse micelles have bulk dynamics in their
cores.33 The long correlation length in the ILs is likely caused
by charge ordering.80 In these systems, the solid SiO2/IL
interface is lined with cations because of the surface
functionalization, and simulations indicate that the gas/IL
interface is also lined with cations.5,13,46,81 The surfaces rich in
cations will cause the next “layer” to be rich in anions. Given
the long-range nature of the Coulomb potential, such charge
ordering can extend a signiﬁcant distance into the IL from each
interface. This is in contrast to water molecules that have
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the dynamics in the ﬁlms are slower than the dynamics in the
corresponding bulk liquid. In all cases, the thinner the ﬁlm is,
the slower the dynamics are. As shown in the plots of the
correlation times for the various ILs and thicknesses (see
Figures 3 and 4), longer cation ion alkyl chains yield smaller
diﬀerences between the ﬁlm dynamics and the bulk dynamics,
that is, the slowing of the dynamics in the ﬁlms relative to the
bulk dynamics is in the order BmimNTf2 > HmimNTf2 >
DmimNTf2.
A theoretical model was developed to analyze the ﬁlm
thickness dependence quantitatively. The model assumes that
the dynamics at an interface are the slowest, and as the
distance from the interface increases, the inﬂuence of the
interface falls oﬀ exponentially. The exponential constant that
characterizes the falloﬀ is the correlation length, l. Far from the
interface, the dynamics are the same as those in the bulk IL.
Fitting the data for the three ILs showed that the dynamics at
the interface are slower for a shorter cation alkyl chain length.
From the ﬁts, the correlation lengths are 21.6 nm for
BmimNTf2, 15.3 nm for HmimNTf2, and 14.8 nm for
DmimNTf2 (see Figure 5).
Future experiments will measure the orientational relaxation
of the probe as a function of ﬁlm thickness and IL type. The
correlation lengths for the orientational relaxation will be
compared to the correlation lengths for the IL structural
dynamics. In addition, the interface will be functionalized with
a vibrational probe as the head group on the surface-attached
alkyl chain so that the probe is only at the interface.98,99 The
dynamics reported by 2D-IR will be measured as a function of
the layer thickness and for diﬀerent ILs. The experiments
presented here and the future experiments will generate a
detailed understanding of the nature of IL thin ﬁlms.

The second experimental issue is nonreproducibility of the
surface functionalization with alkylimidazolinium. The method
of determining the ﬁlm thickness is very accurate.47 For the
same ﬁlm thickness prepared on diﬀerent functionalized
substrates, the CLS(Tw) varies to some extent. If measurements are made on a ﬁlm of a given thickness, and then the IL
ﬁlm is removed and a new ﬁlm of the same thickness is spincoated on the functionalized substrate, the measured dynamics
are the same. These observations demonstrate that the spin
coating procedure and the thickness measurements are not
responsible for the variation in dynamics measured for ﬁlms
prepared on diﬀerent substrates. These results indicate that
variations in the surface charge density caused by variations in
the functionalization produce diﬀerent dynamics. We are
developing a method to reproducibly form fully functionalized
surfaces. These should yield reproducible dynamics, which may
eliminate some error in the thickness dependence of the data.
Reproducible highly functionalized surfaces will also allow the
surface charge density to be controlled by mixing chains
terminated with alkylimidazolinium with just alkyl chains. Our
current observations indicate that changing the surface charge
density will modify the ﬁlm dynamics.

V. CONCLUDING REMARKS
RTILs are being used or investigated for a wide variety of
applications.88 In many of these applications, such as
electrolytes in batteries,89,90 solvents for CO2 capture in
supported IL membranes,91−93 media for biological studies,94,95 and electrospray thrusters96 and electrochemically
reversible mirrors for space craft,97 an important aspect is that
the RTILs will be in contact with the interfaces.
Molecules in a liquid in contact with an interface will have
distinct properties from those in the bulk liquid. The structure
and dynamics of liquid molecules at an interface and for some
distance beyond the layer in direct contact with an interface are
distinct from those of the bulk liquid. The molecules at the
interface, which will not have bulk properties that is, structural
organization and dynamics, will aﬀect the next layer of
molecules further from the interface, which in turn will aﬀect
the next layer. Generally, the inﬂuence of an interface dies oﬀ
rapidly. After several liquid layers, typically on a distance scale
of one to several nanometers, the inﬂuence of the interface is
no longer present. Molecules at interfaces typically exhibit
slower structural dynamics than those in bulk liquids.30−32
Thus, the measurement of the dynamical time scales provides a
useful approach for quantifying the inﬂuence of an interface
and the length scale over which the interfacial perturbation
propagates. The dynamics of water molecules located within
∼1 nm from the interfaces are signiﬁcantly altered, slowing
substantially; however, water molecules further away from the
interface, >∼3 nm, behave like those in bulk water.33 Similar
length scales have been reported in other liquid/interface
systems.35,36
Here, using near-Brewster’s angle reﬂection 2D-IR spectroscopy,75 we compared the structural dynamics in the thin ﬁlms
of three ILs with diﬀerent cation alkyl chain lengths:
BmimNTf2, HmimNTf2, and DmimNTf2. The ﬁlms’ thicknesses ranged from ∼14 to ∼250 nm. The surface of the SiO2
substrate was functionalized with a cation that mimicked the
particular IL that was spin-coated on the substrate to produce
the thin ﬁlm. The 2D-IR spectral diﬀusion measurements were
made on the CN stretch of the vibrational probe SeCN−. The
results of the 2D-IR experiments showed that for all three ILs,
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