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ABSTRACT: Interface effects in the room temperature ionic
liquids (RTILs) 1-butyl-3-methylimidazolium tetrafluoroborate
(BmimBF4) and 1-butyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide (BmimNTf2) were investigated using ultra-
fast infrared polarization selective pump−probe (PSPP) spectros-
copy. The CN stretch mode of SCN− dissolved in the RTILs was
used as the vibrational probe. The vibrational lifetime of the SCN−

was the experimental observable. Quite similar single SCN−

lifetimes were observed: 59.5 ± 0.4 ps in bulk BmimBF4 and
56.4 ± 0.4 ps in bulk BmimNTf2. Thin films of both RTILs with
thicknesses in the range of 15−300 nm were prepared by spin
coating on functionalized substrates. PSPP experiments were
performed in a small-incidence reflection geometry. In the thin
films, a second, shorter lifetime was observed in addition to the bulk lifetime, with the amplitude of the shorter lifetime increasing
with decreasing film thickness. By modeling the thickness dependence of the lifetime amplitudes, the correlation length of the
interface effect (constant for exponential falloff of the influence of the interface) was determined to be 44.6 ± 0.6 nm for BmimBF4
and 48.3 ± 2.2 nm for BmimNTf2. The values for the shorter film lifetimes were 12.6 ± 0.1 ps for BmimBF4 and 20.2 ± 0.6 ps for
BmimNTf2; the substantial differences from the bulk lifetimes showed that some of the SCN− anions near the interface experience
an environment distinct from that of the bulk. It was also found that for the BmimNTf2 sample only, some of the SCN− anions
reside in the surface functionalized layer with two distinct environments having distinct lifetimes.

1. INTRODUCTION
Room temperature ionic liquids (RTILs) are salts that are
liquids at ambient temperatures. They often consist of bulky
and asymmetric ions with delocalized charges.1,2 RTILs have
many applications as electrolytes in batteries3,4 and capaci-
tors,5,6 media in CO2 capture,7,8 solvents in chemical
synthesis,9,10 lubricants,11,12 and propellants.13,14 The proper-
ties of RTILs near interfaces are relevant to many of these
applications. The interfacial behavior of RTILs has been
studied using a variety of techniques, including surface force
apparatus,15−18 atomic force microscopy,18−20 X-ray reflectiv-
ity,21,22 neutron reflectometry,23,24 sum frequency generation
spectroscopy,25,26 confocal fluorescence microscopy,27 and
molecular dynamics simulations.28,29 Some studies have
shown that the effect of a solid interface can propagate for
tens or hundreds of nanometers in RTILs.17,18,27,30 The
dynamics of RTILs in poly(ether sulfone) membranes were
studied by ultrafast infrared spectroscopy31 and time-depend-
ent Stokes shift measurements,32 which showed that the
dynamics of confined RTILs can be significantly slower than
those in the bulk, even in pores with diameters of ∼300 nm.
A method for preparing thin films of the RTIL 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide
(BmimNTf2) with controllable thickness in the range of 15−

300 nm was reported previously.33 The BmimNTf2 dynamics
as a function of film thickness were studied with two-
dimensional infrared (2D IR) spectroscopy in the near-
Brewster reflection geometry.34 The results showed that the
dynamics are extraordinarily slow at the interface, and the
effect of the interface propagates into the liquid for tens of
nanometers.33 An additional 2D IR study of films as a function
of the cation chain length revealed that longer chains result in
the interface effect falling off more quickly with distance from
the surface.35 The dependence of the dynamics on the
substrate functionalized layer thickness was also investigated
by 2D IR. The functionalized surface layer contains bound
cations. Increased layer thickness (1−2 nm) containing more
bound cations results in slower spectral diffusion (slower
structural fluctuations) of the RTIL comprising the thin
films.36
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In this paper, we extend these previous studies by applying
another ultrafast infrared technique, polarization selective
pump−probe (PSPP) spectroscopy, to RTIL thin films.
These experiments used SCN−, introduced into the RTIL as
BmimSCN, as the vibrational probe. A small-incidence
reflection geometry was used to avoid theoretical complica-
tions that arise when performing the PSPP experiment in the
near-Brewster reflection geometry.37 Two quantities can be
extracted from the PSPP experiment; the first is the population
decay of the vibrationally excited state (i.e., the vibrational
lifetime), and the second is the orientational correlation
function, which describes the reorientation of the molecules. In
this work, we discuss only the lifetime results; the orientational
relaxation will be described in a forthcoming publication, in
which experimental and theoretical considerations necessary to
obtain useful data are presented. In addition, this study
investigated the effect of different RTIL anions by performing
PSPP experiments on the tetrafluoroborate RTIL BmimBF4 as
well as on BmimNTf2.
Changes in vibrational lifetimes upon confinement have

been observed previously in chemical systems including water
in reverse micelles,38,39 Nafion fuel cell membranes,40 and clay
minerals;41 1-methylimidazole in mesoporous silica;42 and
metal carbonyls in Pd6L4 nanocages.

43 Because the vibrational
lifetime is sensitive to the local chemical and structural
environment,44 the thickness dependence of the lifetime data
gives information about the length scale of the interface effect
as well as the differences between the interfacial and bulk
structures. Therefore, the vibrational lifetime data are
complementary to the previously measured 2D IR data. One
advantage of the lifetime as an observable is that the
population decay can be measured with a high signal-to-
noise ratio over the entire relevant time range. In contrast, in
2D IR experiments with slow dynamics, it may not be possible
to measure the entire decay, which adds additional uncertainty
to the results for the thinnest films that display the slowest
dynamics.33

2. EXPERIMENTAL METHODS
Triethoxy-3-(2-imidazolin-1-yl)propylsilane (97%) and 1-
iodobutane (99%) were purchased from Sigma-Aldrich.
Toluene (99.5%), ethanol (200 proof, 99.5%), and methanol
(extra dry, 99.8%) were obtained from Fisher Chemical. The
RTILs 1-butyl-3-methylimidazolium tetrafluoroborate
(BmimBF4, 99%), 1-butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide (BmimNTf2, 99.5%), and 1-
butyl-3-methylimidazolium thiocyanate (BmimSCN, 98%)
were purchased from Iolitec. BmimBF4, BmimSCN, and
BmimNTf2 were dried under vacuum at 80 °C for 7, 5, and
3 days, respectively. After drying, the RTILs were transferred
into a nitrogen-filled glovebox with a typical trace moisture
content of 0.5 ppm, where all subsequent handling took place.
The water contents of the dried BmimBF4, BmimNTf2, and
BmimSCN were measured with Karl Fischer titration to be 56,
18, and 14 ppm, respectively. These low concentrations of
trace water have a negligible effect on RTIL dynamics.45

2.1. Substrate Functionalization. The substrates for the
samples in this study must satisfy two requirements: (1) they
must transmit the infrared wavelengths used in the experi-
ments, and (2) the top layer of the substrate must be of a type
such that the RTIL will wet it effectively, spreading out to form
a film instead of droplets. Therefore, CaF2 windows with a 100
nm layer of SiO2 deposited on the upper surface were

purchased from New Wave Optics, and then the SiO2 surface
was chemically functionalized with a positively charged
network of molecules which mimic the structure of the
Bmim+ cation, as described previously.33 This functionalization
step was necessary because RTIL thin films cannot be made
directly on CaF2 or SiO2 surfaces.

33

The functionalization procedure, which has been described
in detail in previous publications,33,36 is a two-step reaction. In
the first step, neutral imidazoline molecules are attached to the
surface using the terminal OH groups of the SiO2. In the
second step, the imidazoline molecules are converted to
imidazolinium cations by a reaction with 1-iodobutane. The
total number of imidazolinium cations bound to the substrate
surface is proportional to the duration of the first step of the
reaction. The surface layer thickness can be controlled by
adjusting the length of time that the first step of the reaction is
allowed to run.36 In the present study, the step 1 reaction was
run for 12 h for all of the substrates.
In the second step of the surface functionalization reaction, a

butyl group from the 1-iodobutane is attached to imidazoli-
nium, and I− is formed. Prior to the spin coating of the RTIL
on the functionalized surface, iodides are the counterions for
the imidazolium cations. When BF4− is the RTIL anion, it is
small enough to enter the surface layer. It displaces the iodides
because of the vastly larger number of BF4−’s compared to the
number of I−’s or SCN− probe molecules. When the films are
washed off the surface layer, the iodides that are in the RTIL
film are removed. Spin coating the same thickness film on the
washed surface layer functionalized substrate produces a film
that gives identical experimental results to those from the first
sample. Therefore, the small amount of I− in the initial RTIL
film does not change the film’s properties. When NTf2− is the
anion, it is too large to fit into the surface layer matrix. As
discussed in detail below, because the RTIL anions cannot
replace the iodides in the surface layer, the SCN− probe does
so because they also far outnumber the I−’s. In all cases, the
imidazolium cations will be charge compensated by anions,
either iodides when the surface layer is initially formed or
anions from the RTIL that is spin coated onto the surface
functionalized substrate.
2.2. Sample Preparation. The RTIL thin films were

prepared by spin coating, as described in previous
publications.33,35,36 All of the sample preparation was
performed in a nitrogen-filled glovebox. First, the vibrational
probe BmimSCN was added to BmimBF4 and to the
BmimNTf2. This choice of vibrational probe avoids introduc-
ing small cations (e.g., K+), which are known to perturb the
dynamics of RTILs.46 In addition, the SCN− anion has a
relatively large transition dipole and a reasonably long
vibrational lifetime,47−49 which are important for achieving
sufficient signal-to-noise ratios in the PSPP experiments.
BmimBF4 and BmimSCN were mixed in a 50:1 molar ratio,
and BmimNTf2 and BmimSCN were mixed in a 20:1 molar
ratio. These ratios were determined by performing PSPP
experiments on the bulk RTILs as a function of the vibrational
probe concentration to find the highest vibrational probe
concentration that does not perturb the dynamics (Figure S1).
Next, a spin-coating precursor solution was prepared by

dissolving a small portion of the 50:1 BmimBF4:BmimSCN or
20:1 BmimNTf2:BmimSCN mixture in methanol. The ratio of
RTIL to methanol was chosen based on the desired thickness
of the film. For BmimBF4:BmimSCN, the ratios of mg of RTIL
per g of methanol were 100, 38.5, 13.2, and 4.20 for film
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thicknesses of 301, 127, 49, and 15 nm, respectively. For
BmimNTf2:BmimSCN, the ratios of mg of RTIL per g of
methanol were 128, 47.3, 16.0, and 5.15 for film thicknesses of
312, 128, 48, and 14 nm, respectively. The solutions were
passed through 0.22 μm syringe filters, and then 150 μL of the
solution was loaded onto a functionalized substrate. The
substrate was spun for 30 s at 3000 rpm to form the RTIL film.
The RTIL film/substrate was then assembled into a sealed cell
by stacking an O-ring and another CaF2 window on top of the
RTIL film and tightening the cell with a threaded retention
ring. This sealed cell allowed the RTIL film to continue to be
shielded from atmospheric moisture after removal from the
glovebox.
Methanol, unlike water, evaporates readily from the spin-

coated films. To test for residual methanol in the films, we
added methanol to the bulk RTILs, and we took FT-IR
spectra. A new peak was observed at 3574 cm−1. FT-IR spectra
are taken of all thin film samples. We can observe peaks that
are a fraction of an mOD. Even in the thickest films, we do not
observe the 3574 cm−1 peak. Therefore, there is very little or
no residual methanol in the RTIL films.
“Post film” samples were prepared by making an RTIL film,

as discussed above, then removing the film by sonicating the
substrate in ethanol for 10 min, and then drying the substrate
using a flow of nitrogen gas. This resulted in a sample with no
film but with a remaining functionalized surface layer, which
could be investigated using the linear and nonlinear infrared
experiments.
2.3. Linear Infrared Spectra. Each sample’s linear

absorbance spectrum was measured using a Thermo-Fisher
Nicolet 6700 FT-IR instrument. These measurements were
made in transmission with an incident angle of 15°. Because of
the weak absorbance of the RTIL thin films, the linear spectra
required substantial averaging to obtain reasonable signal-to-
noise, especially for the thinner films. The number of scans
acquired ranged from 256 for the thickest films to 2048 scans
for the thinnest films.
The thickness of each thin film sample was determined from

the linear spectrum using the absorbance in the aromatic C−H
region. For BmimBF4, there are three peaks at 3107, 3126, and
3163 cm−1; for BmimNTf2, the three peaks are located at 3105,
3125, and 3160 cm−1 (Figure S2). The three overlapping peaks
were fit simultaneously with three Gaussian functions, and the
resulting area of the highest frequency peak was compared with
that of bulk samples with known thickness. The highest
frequency peak was used because it has the largest separation
from the other peaks, and it is the peak with the largest
absorption; therefore, it will give the most accurate results. The
linear spectrum of the functionalized substrate with no film was
subtracted before the fitting procedure.
For analysis of the SCN− region of the FT-IR spectra, an

additional subtraction was performed in which the spectrum of
a pure BmimBF4 or a pure BmimNTf2 sample was scale-
subtracted. The scaling factor was adjusted to minimize the
remaining aliphatic C−H peaks (2800−3000 cm−1) in the
subtraction result.
2.4. Infrared Polarization Selective Pump−Probe

Spectroscopy. The ultrafast infrared laser system used for
these experiments has been described in detail in previous
publications.33,34 A Ti:sapphire oscillator/regenerative ampli-
fier system produces pulses with a center wavelength of 800
nm, a pulse energy of 2 mJ, and a repetition rate of 3 kHz. The
800 nm pulses pump a home-built optical parametric amplifier

(OPA), which generates two colors of near-infrared light at
wavelengths of ∼1.4 and 1.9 μm, which are then used to
generate mid-infrared (MIR) via difference frequency gen-
eration (DFG). For the experiments in this work, the OPA and
DFG setup was adjusted such that the MIR spectrum was
centered at 2054 cm−1, which is the peak of the SCN−

absorbance for the RTIL samples studied (Figure 1). The
pulse energy and pulse duration of the MIR were ∼25 μJ and
∼180 fs.
The MIR is split into a strong (90%) pump beam and a

weak (10%) probe beam. The pump beam passes through a
germanium acousto-optic modulator (AOM) pulse shaping
system,50,51 which for the pump−probe experiments operates
on a four-shot cycle where the first and third shots are “on” but
with opposite phase, and the second and fourth shots are “off”.
This allows for collection of the pump−probe signal and
removal of scattered light from the sample.51 The probe beam
travels down a mechanical delay line, which is scanned during
the experiment to acquire data with various pump−probe
delays.
As the pump−probe delay is increased, the pump−probe

signal amplitude will change for two reasons: (1) population
relaxation from the vibrationally excited state to the ground
state and (2) reorientation of the probe molecules. To separate
these two effects, a polarization selective pump−probe (PSPP)
experiment is used, which measures two polarizations, parallel
and perpendicular, with respect to the incident pump
polarization.52,53 Then the parallel and perpendicular signals
are given by

S t P t C t( ) ( )(1 0.8 ( ))2= +|| (1)

S t P t C t( ) ( )(1 0.4 ( ))2= (2)

where P(t) is the population decay and C2(t) is the second
Legendre polynomial orientational correlation function. In this
study, we are only interested in P(t), which is given by

P t S t S t( )
1
3

( ( ) 2 ( ))= +|| (3)

In the pump−probe experiment, a single pump pulse
interacts twice with the sample, and a probe pulse interacts
once, inducing a third-order polarization in the sample, which
emits a nonlinear signal collinear with the probe pulse. The
probe pulse serves as the local oscillator (LO), and the
experimental observable is the heterodyne signal, i.e., the
modulation of the LO field by the signal field. The combined
signal and LO are sent to a monochromator configured as a
spectrograph, which disperses the beams onto a mercury
cadmium telluride (MCT) array detector with 32 pixels,
allowing for simultaneous detection of the pump−probe signal
at 32 separate frequencies over a total range of ∼40 cm−1.
For thin samples like the RTIL films in this study, it is

desirable to perform the experiments in reflection, which can
significantly enhance the heterodyne signal.34 This phenom-
enon results from the fact that in reflection the LO (the
reflected probe pulse) is attenuated, but the signal field is
essentially unaffected, increasing the amplitude of the
heterodyne signal. The largest enhancement comes from
using a p-polarized probe beam and setting the incident angle
of the probe beam close to Brewster’s angle, and this near-
Brewster reflection geometry has been successfully imple-
mented for various 2D IR experiments.33−37 However, for
PSPP experiments, it is not straightforward to perform the
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experiment with such large incident angles because then the
out-of-plane projections of the pump and probe beams onto
the sample introduce significant theoretical complications.37

Briefly, the observed “parallel” and “perpendicular” signals will
be mixtures of the pure parallel and perpendicular signals, and
therefore eq 3 will not give the correct P(t). In addition, for the
orientational relaxation, which can also be measured with
PSPP experiments, the usual formula (eq S1 in the Supporting
Information) will not give the correct results.
Consequently, the experiments in this study were performed

in a small-incidence reflection geometry, where the incident
angles were kept small (probe incident angle = 18°, pump
incident angle = 2°) to minimize the out-of-plane projections
of the beams onto the sample.37 Calculations show that for
these angles the distortion of the P(t) measurement is
negligible.37 The polarization of the probe beam was +90°
(vertical, corresponding to s-polarized light, which eliminates
the out-of-plane projection of the probe beam); the polar-
ization of the pump beam was +45°, and then the reflection
signal and LO passed through a resolving polarizer set at ±45°
to acquire the parallel and perpendicular signals. The resolved
signal and LO then passed through an additional polarizer at
0° so that the beam entering the monochromator always has
the same polarization, regardless of the angle of the resolving
polarizer.53 The near normal reflection geometry produces a
signal enhancement of ∼5 compared to that of a transmission
experiment. In a subsequent publication experimental methods
and theory will be presented for obtaining accurate P(t) data
and orientational relaxation data in the near-Brewster
geometry, which can increase the signal >30 over a
transmission experiment.
For samples with thicknesses that are a significant fraction of

the MIR wavelength, there is an additional complication of
performing the experiment in reflection. The signals emitted by
molecules at different depths in the sample are phase-shifted
relative to each other. Consequently, a dispersive component is
introduced into the signal.34 This causes the pump−probe
signal to shift in frequency, altering the apparent frequency
dependence of the data (Figure S3). Therefore, the experi-
ments on the relatively thick ∼300 nm films were performed in
transmission to avoid the dispersive feature; in transmission,
the signals from different depths in the sample are in phase,
regardless of the total sample thickness.34 Experiments on all
thinner films, for which the dispersive component was
negligible, were performed in reflection.
The pump pulses produced by the laser in this study are

relatively strong. At the sample, the maximum pulse energy is
∼6 μJ and the spot size is ∼160 μm. Therefore, it is important
to ensure that the pump energy is not so high that it causes
undesired effects, such as saturation of the vibrational
transition or higher-order interactions. The dependence on
the pump power of the bulk RTIL PSPP results was measured
by using the AOM pulse shaping system to decrease the
amount of light diffracted. The results at early time differ when
low pump power vs high pump power is used, likely due to a
transition saturation effect. Therefore, the pump beam was
attenuated until the results became independent of any
additional lowering of the pump power, and all experiments
were performed with this reduced pump power (∼1.5 μJ).

3. RESULTS AND DISCUSSION
3.1. Infrared Linear Spectra. For both BmimBF4 and

BmimNTf2, the SCN− peak in the bulk RTIL is asymmetric

with a wing on the red side of the band (Figure 1). This can be
clearly seen by fitting the blue half of the peak with a Voigt line

shape and then extending the fit curve to lower frequency. As
seen in Figure 1, the fit underestimates the experimental data
on the red side of the peak. Similar asymmetric thiocyanate
spectra have been observed in other chemical systems and have
been attributed to the non-Condon effect, i.e., a frequency-
dependent transition dipole, which is larger on the red side of
the line.54,55 The asymmetry observed in this study is believed
to arise from this same phenomenon; further evidence for this
is provided in Section 3.2.
A comparison of the SCN− peaks in the two bulk RTILs

shows that they have essentially identical center frequencies,
but in BmimNTf2 the peak is somewhat wider. Voigt fits of the
entire peaks give center frequencies of 2053.91 ± 0.01 and
2053.87 ± 0.01 cm−1 and full width at half-maximum
(FWHM) values of 20.0 ± 0.1 and 22.5 ± 0.1 cm−1 for
BmimBF4 and BmimNTf2, respectively. The vibrational
frequency of the SCN− anion depends on its interaction
with the surrounding liquid. Hydrogen bonding will affect the
vibrational frequency, with stronger interactions resulting in
higher frequencies.56 In imidazolium RTILs, the SCN− anion
mainly interacts with the cation; hydrogen bonding between
the SCN− nitrogen and the C2 hydrogen of the imidazolium
ring plays a major role.57 SCN− can also make very weak H-
bonds with C4 and C5.58 The changed RTIL anion affects the
extent of RTIL anion−cation hydrogen bonding.59,60 This in
turn may change the distribution of interactions between
SCN− and the cation, leading to different widths of the SCN−

peak in BmimBF4 and BmimNTf2.
Figure 2 shows the FT-IR spectra of SCN− in the thin films.

The absorbance in these samples ranges from a few mOD to
<1 mOD, resulting in noisy spectra. In thin films of both
BmimBF4 and BmimNTf2, the SCN− peak appears to become
wider with decreasing thickness, while the center frequencies
are not significantly affected (Figure 2a,b). This suggests that
the SCN− anions close to the interface experience a broader
distribution of environments than those in the bulk liquid.
However, quantitative analysis of the thin film spectra is
hindered by poor signal-to-noise in the spectra of the thinnest
films.

Figure 1. Normalized FT-IR spectra of SCN− anions in bulk
BmimBF4 (solid red curve) and BmimNTf2 (solid blue curve). The
center positions of the peaks are the same, but in BmimNTf2 the peak
is somewhat wider. Voigt fits (dashed curves) to the high-frequency
halves of the peaks and extended to lower frequency are narrower
than the experimental spectra on the low-frequency side, indicating
that the peaks are asymmetric. This asymmetry arises from the non-
Condon effect (the transition dipole increases at lower frequency).
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In post film samples prepared from BmimNTf2 films, a
significant SCN− peak was observed (Figure 2c). This suggests
that when a BmimNTf2 film is prepared, a large number of
SCN− anions go into the functionalized surface layer of the
substrate and that they remain there when the BmimNTf2 film
is removed. The successful removal of the BmimNTf2 film was
confirmed by the disappearance of the C−H and S−O
absorbance bands from the Bmim+ and NTf2− ions in the FT-
IR spectra (Figure S4). By comparing the SCN− absorbance of
BmimNTf2 films, which is the sum of the absorbance from the
film and the absorbance from the surface layer, to the
absorbance of the post film samples, the number of SCN− in
the surface layer was estimated to be the equivalent of the
number of SCN− in a ∼43 nm film. The true thickness of the
surface layer is likely to be only ∼2 nm, based on ellipsometry
measurements reported for a similar system.61 Therefore, the
large amount of SCN− absorbance from the surface layer
suggests that the SCN− concentration is much higher in the
surface layer than in the thin film. A possible explanation for
this relates to the large size of the NTf2− anion.62,63 The bulky
NTf2− anions likely do not fit into the surface layer network,
and therefore the only anions able to enter the network are the
SCN− anions.
When post film samples were made from BmimBF4 films,

negligible SCN− absorbance was observed (Figure 2c). This

suggests that the concentration of the SCN− anions in the
surface layer is quite low in this case. This result demonstrates
that the BF4− can fit into the surface layer network due to its
small size,62,63 which dilutes the concentration of SCN−.
Because of the low concentration of SCN− in the solution, it is
virtually eliminated from the surface layer.
3.2. Infrared Lifetime Data. 3.2.1. Bulk Lifetimes. In bulk

BmimBF4 and bulk BmimNTf2, the population decay near the
center of the SCN− peak is a single exponential (Figure 3,

green curves with fits). The lifetime values from the single-
exponential fits are 59.5 ± 0.4 and 56.4 ± 0.4 ps for BmimBF4
and BmimNTf2, respectively. The vibrational lifetime depends
on the coupling of the CN stretch mode to intra- and
intermolecular modes because vibrational relaxation occurs by
creating and annihilating other modes, as required to conserve
energy.44 Given the large differences in the structures of the
anion, the small difference between the SCN− lifetimes in
BmimBF4 and BmimNTf2 indicates that the RTIL anions play
only a minor role in the relaxation of vibrationally excited
SCN− anions. In the relaxation process, most of the excited
CN stretch energy is transferred to intramolecular modes.37 As
the intramolecular modes, S−CN stretch and two degenerate
bends, do not exactly match the CN stretch energy, energy is
conserved by creating or annihilating one or more modes of

Figure 2. FT-IR spectra of SCN− anions in RTIL samples of various
thicknesses. (a) Normalized spectra for BmimBF4 films as well as the
bulk liquid. (b) Normalized spectra for BmimNTf2 films as well as the
bulk liquid. In the thin film samples, the SCN− peak becomes wider
with decreasing thickness. (c) Spectra for the functionalized surface
layer only (post film samples) made by removing BmimBF4 and
BmimNTf2 films via sonication. In the post film samples, for
BmimNTf2 a significant amount of SCN− absorbance is observed,
indicating the presence of residual SCN− anions in the substrate
surface layer. In the BmimBF4 surface layer there is negligible SCN−

absorbance.

Figure 3. Normalized pump−probe population decays for bulk RTILs
(a) BmimBF4 and (b) BmimNTf2. Decays are shown for three
frequencies: one on the low-frequency side of the peak (2045.9
cm−1), one near the peak center (2050.9 cm−1), and one on the high-
frequency side (2061.0 cm−1). The decays have been normalized such
that their values match at t = 100 ps. In both RTILs, a single-
exponential fit (dashed magenta line) to the decay at 2050.9 cm−1

after t = 100 ps, and then extended to t = 0 ps, fits the center
frequency (2050.9 cm−1) decay well, even at early time, but
overestimates the 2061.0 cm−1 decay and underestimates the 2045.9
cm−1 decay at early time. The data and fit indicate the presence of a
rise on the high-frequency side, and an additional decay on the low-
frequency side, which is consistent with population flowing from low
frequency to high frequency, which arises from uneven pumping due
to the non-Condon effect.
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the liquid continuum. The relaxation will depend on the
coupling and the density of states of the continuum at the
frequency required to conserve energy. Because of the large
difference in the two anions, it is unlikely that the coupling and
density of states will be the same. The fact that the two
lifetimes are so similar suggests that coupling of CN to
intermolecular degrees of freedom may principally involve the
cation.
Away from the SCN− peak center, the population decay is

not a single exponential. For both BmimBF4 and BmimNTf2, a
single-exponential fit to long time (t > 100 ps) misses the early
time data; the fit overestimates the data for high frequencies
and underestimates the data for low frequencies (Figure 3).
Therefore, there is a rise at early time in the high-frequency
data and an additional decay at early time in the low-frequency
data. This type of behavior has been observed previously.54,64

It is caused by spectral diffusion in which there is a net flow of
population from the low-frequency side of the band to the
high-frequency side. The population flow can occur if the
initial excited state population distribution is not an
equilibrium distribution. This phenomenon is attributed to
the non-Condon effect, in which the frequency-dependent
transition dipole of the SCN− anion leads to uneven pumping
of the band, generating a nonequilibrium excited-state
population distribution.54,64 These observations of the non-
Condon effect in population decay are consistent with the
asymmetric FT-IR spectra discussed in Section 3.1.
3.2.2. BmimBF4 Thin Film Lifetimes. In a film of BmimBF4

with a thickness of 127 nm, the population decay at the center
frequency does not fit to a single exponential. Instead, a
biexponential fit is required, and the two time constants are
∼13 and 59 ps. This multiexponential behavior will not arise
from a non-Condon effect because the magnitude of the non-
Condon effect is generally small near the center frequency as
observed for the bulk samples.64,65 Instead, the biexponential
lifetime decay suggests that there are two ensembles of SCN−

anions that have distinct vibrational lifetimes. As discussed
above, the vibrational lifetime is sensitive to the local
environment because the rate of vibrational relaxation depends
on which modes are present in the surrounding solvent and the
coupling to those modes.44 Therefore, the observation of two
lifetimes indicates that there are two distinct environments in
the BmimBF4 films. The longer film lifetime is the same as the
bulk lifetime, while the shorter film lifetime is substantially
shorter than the bulk, suggesting that in the film some of the
SCN− anions experience a bulklike environment, while other
anions are in a very different environment.
As the BmimBF4 film thickness decreases, the overall

population decay becomes faster (Figure 4a). Each thickness
can be fit with a biexponential with time constants of 13 and
59 ps, but the amplitudes of the two components vary with film
thickness. This thickness dependence demonstrates that the
same two environments are present in the films, but their
relative probabilities change with distance from the interface.
As the film becomes thinner, the relative amplitude of the short
lifetime increases. Therefore, the probability of finding the
nonbulk environment increases with proximity to the interface.
A possible explanation for this is that the interfacial structure of
the RTIL stabilizes a nonbulk configuration, lowering its
energy relative to that of the bulk configuration, so that the
nonbulk configuration dominates near the interface. As the
interfacial effect falls off with increasing distance from the
surface, the stabilizing effect on the nonbulk configuration

decreases, making it increasingly unfavorable for the nonbulk
configuration to occur. The result is that the amplitude of the
nonbulk component decreases as the film thickness increases.
This observation that the lifetime amplitudes, but not the

lifetimes themselves, depend on the film thickness suggests a
model consisting of a depth-dependent population decay with
amplitudes Anb(x) and Ab(x) that depend on x, the distance
from the functionalized solid interface:

P t x A x t A x t y( , ) ( ) exp( / ) ( ) exp( / )film nb nb b b 0= + +
(4)

τnb (nonbulk) is the shorter lifetime, τb is the longer lifetime
(bulk), and y0 is an offset (which may be nonzero due to a
heating signal in the pump−probe experiment). For a
discussion of an alternative model with a depth-dependent
lifetime, which results in a lower quality fit to the data, see the
Supporting Information. Statistical analysis discussed in the
Supporting Information shows that the depth-dependent
lifetime model is not plausible.
In order to match the experimental trend, as x increases,

Anb(x) must decrease, and Ab(x) must increase. In addition, for
large values of x, the population decay should converge to bulk
behavior, which implies that Anb(x) → 0 as x → ∞. We adopt
exponential functional forms for Anb(x) and Ab(x) because
these satisfy the criteria described above and result in a good fit
to the experimental data. Other functional forms with more
abrupt spatial changes, such as step functions, for Anb(x) and
Ab(x) could not fit the data well. For data that have been
normalized to a maximum amplitude of one, the formulas for
the amplitudes are

A x x L( ) exp( / )nb = (5)

A x x L( ) 1 exp( / )b = (6)

Figure 4. Normalized pump−probe population decays (points) at
2053.4 cm−1 for the bulk liquids, thin film samples, and post film
samples, along with fits (solid curves) from the models described in
the text, for (a) BmimBF4 samples and (b) BmimNTf2 samples.
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where L is the correlation length which describes the distance
over which the interface effect falls off. A plot of the amplitude
functions is shown in Figure S5. This model is similar to the
modified two-state model previously used to describe the
spatial dependence of orientational relaxation in water and 1-
methylimidazole confined in mesoporous silica.42,66

The experimentally observed population decay is the average
over all of the SCN− anions throughout all depths of the film:

P t
d

P t x x( )
1

( , ) d
d

avg
film 0

film
film

=
(7)

where dfilm is the film thickness.
Equation 7 was used to simultaneously fit the population

decay data for the four thicknesses of BmimBF4 films at the
center frequency. The analysis was restricted to the center
frequency to avoid possible contributions to the population
decay from the non-Condon effect (see the Supporting
Information). τnb and L were shared among the thicknesses,
and τb was fixed to the bulk lifetime of 59.5 ps. As shown in
Figure 4a, the model fit all four thicknesses very well. The
model fit gave output values of τnb = 12.6 ± 0.1 ps and L =
44.6 ± 0.6 nm.
The thin film samples have two interfaces: One is the

functionalized substrate, which contains bound cations with
presumably compensating BF4− anions, which will result in
large dipoles. The other is a neutral interface consisting of
nitrogen gas. The model used here assumes that only the
functionalized solid interface has an effect on the lifetime of the
nearby ions. An alternative approach is to assume that the two
interfaces have identical effects, which would lead to a decrease
in the correlation length by a factor of 2. The decision not to
include an effect for the neutral interface is based on previous
experiments which showed that if the surface is functionalized
with neutral species, there is a much smaller effect on the RTIL
thin film correlation length associated with spectral diffusion
measured with 2D IR than when the solid surface is
functionalized with bound cations.36 In addition, recent
simulations of RTIL/vacuum interfaces show that the effect
of such an interface has decayed within a few nanometers of
the interface.67

The correlation length of 44.6 nm reported here for
BmimBF4 thin films is comparable to the value found in our
previous study of BmimNTf2 thin films using 2D IR
spectroscopy.35 The previous study used a model that assumed
two identical interfaces and determined the correlation length
to be 21.6 nm; if the effect of the neutral interface had been
neglected, then the correlation length would have been 43.2
nm. The assumption that the N2 interface had a large influence
was based on early simulations, which indicated that the
RTIL/vacuum interface had a large long-range influence on the
RTIL structure.68 As mentioned above, recent simulations
show that the effect of an RTIL/vacuum interface propagates
into the RTIL for only a few nanometers.67

The present results are consistent with previous ultrafast
infrared results showing long-range interface effects in RTIL
thin films; in the previous 2D IR studies, spectral diffusion
(structural dynamics) slowed dramatically as the film becomes
thinner.33,35,36 For thin films, the time scale of the spectral
diffusion was much slower than the vibrational lifetime, which
made determination of the correlation length less certain.
Here, we look at the population decay, for which the time scale
of the decay is the vibrational lifetime, and therefore the entire

decay can be measured within the experimentally accessible
time window, which simplifies the analysis. The current study
provides additional evidence that the propagation distance of
RTIL interface effects is very long compared to the <2 nm
interface effect length scales observed in conventional liquids
such as water,38,39,66 benzene,69,70 and acetonitrile.71

3.2.3. BmimNTf2 Thin Film Lifetimes. The analysis of the
lifetime data for the BmimNTf2 thin film samples is
complicated by a significant contribution to the pump−
probe signal from SCN− anions in the substrate functionalized
surface layer. As discussed in Section 3.1, FT-IR spectra of post
film samples prepared from BmimNTf2 films showed that such
samples have SCN− absorbances corresponding to the
equivalent of the absorbance of ∼43 nm of film. Therefore,
we assume that this amount of surface layer signal is present in
the BmimNTf2 film data.
PSPP experiments were performed on these post film

samples (purple data in Figure 4b), and the population
relaxation at the center frequency was found to decay as a
biexponential:

P t A t A

t y

( ) exp( / ) (1 )

exp( / )

surface 1,surface 1,surface 1,surface

2,surface 0,surface

= +

× + (8)

The time constants were τ1,surface = 8.4 ± 1.0 ps and τ2,surface =
27 ± 4 ps with the relative amplitude A1,surface = 0.48 ± 0.09.
The presence of two lifetimes indicates that the SCN− anions
in the surface layer are in two distinct environments, and both
environments are different from those experienced in the bulk
RTILs because both surface layer lifetimes are substantially
shorter than the bulk lifetimes.
We assume that the population decay in the BmimNTf2 thin

films has the same functional form as that in the BmimBF4 thin
films. Therefore, eqs 4−6 apply to the film portion of the
BmimNTf2 data. Then, to incorporate the surface layer signal,
eq 7 was modified to become

i
k
jjjj

y
{
zzzzP t

d d
P t d P t x x( )

1
( ) ( , ) d

d

avg
film surface

surface surface
0

film
film

=
+

+

(9)

Assuming that the behavior of the SCN− anions in the surface
layer, as well as their signal amplitude, was unaffected by the
presence of a BmimNTf2 thin film, dsurface was set to 43 nm and
Psurface(t) was given by eq 8. dsurface is an empirical value used to
produce the proper weighting in the data of the surface and
film contributions.
The four thicknesses of BmimNTf2 thin films were fit

simultaneously with eq 9. τnb and L were shared among the
thicknesses, and τb was fixed to the bulk BmimNTf2 lifetime of
56.4 ps. The model fit all four thicknesses quite well (Figure
4b), and the output values were τnb = 20.2 ± 0.6 ps and L =
48.3 ± 2.2 nm.
The BmimNTf2 correlation length is very similar to that for

BmimBF4 (Section 3.2.2). Therefore, for these two liquids, the
identity of the anion does not have a large effect on the
propagation distance of the interface effect. Also, the
BmimNTf2 correlation length determined in the present
study from the lifetime data is comparable to the BmimNTf2
value previously measured using 2D IR spectroscopy,35 which
is 43.2 nm after accounting for a difference in the models (see
Section 3.2.2). One difference between the BmimNTf2 data
and the BmimBF4 data is the value of the shorter lifetime τnb
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(20.2 ps in BmimNTf2, 12.6 ps in BmimBF4); this suggests
that the environment around the short-lifetime SCN− anions is
different in the two RTILs. However, caution should be used
when interpreting the BmimNTf2 results due to the additional
uncertainties associated with the procedure of accounting for
the surface layer signal.

4. CONCLUDING REMARKS
We have studied the vibrational lifetimes of SCN− anions in
BmimBF4 and BmimNTf2, both in bulk liquids and in thin
films, using infrared polarization selective pump−probe
spectroscopy. In each bulk liquid, the population decay near
the center frequency was a single exponential, indicating that
there is a single environment surrounding the ensemble of
SCN− anions. A more complicated behavior away from the line
center was attributed to the non-Condon effect.54,55,64,65 The
SCN− lifetimes in bulk BmimBF4 and BmimNTf2 were 59.5 ±
0.4 and 56.4 ± 0.4 ps, respectively. The small difference
between these two values indicates that the RTIL anions do
not play a large role in the vibrational relaxation of the SCN−

anions.
In thin films of BmimBF4, two lifetimes were observed. One

lifetime was bulklike, while the other was about 5 times
shorter. Experiments on thin films with thicknesses in the
range of 15−300 nm revealed that the relative amplitude of the
faster lifetime increased as the films became thinner. This
observation of two lifetimes implied the existence of two
distinct environments within the films, and the varying
amplitude indicated that the relative probability of finding
the short-lifetime environment decreased with the distance
from the interface. The amplitude decrease with distance was
modeled as an exponential decay. Fitting the data yielded a
correlation length (exponential decay constant) of L = 44.6 ±
0.6 nm. The short lifetime value was determined to be τnb =
12.6 ± 0.1 ps.
In BmimNTf2 thin films, additional considerations were

necessary to account for the effect of a significant number of
SCN− anions on the functionalized surface layer. The
functionalized surface makes it possible to form high quality
thin films with controlled thicknesses by spin coating. The
surface layer contains covalently bound cations, propylbutyl-
imidazolinium, and the SCN− entered the layer for charge
compensation, which indicates that the NTf2− anions are too
large to enter the 1−2 nm surface layer network created by
functionalization. When the anion was BF4−, no SCN− was
observed in the surface layer because the much smaller BF4−

anion could enter the surface network, virtually eliminating the
presence of SCN−.
For the BmimNTf2 samples, population decay of the surface

layer signal was measured by performing a polarization
selective pump−probe experiment on samples created by
removing BmimNTf2 films by sonication. A biexponential
decay was observed for the surface layer population decay,
showing that there are two well-defined environments for the
SCN−. The population decay contribution from the surface
layer was included in modeling the BmimNTf2 film data. The
model fitting resulted in a correlation length of L = 48.3 ± 2.2
nm and a short lifetime of τnb = 20.2 ± 0.6 ps. The similar
correlation lengths for the BmimBF4 and BmimNTf2 indicate
that the choice of BF4− vs NTf2− does not significantly affect
the length scale of the interface effect on the thin film
structure.

The correlation lengths are similar to the value previously
determined for BmimNTf2 using another ultrafast infrared
technique, 2D IR spectroscopy,35 and are substantially longer
than those observed for conventional liquids like water,38,39,66

benzene,69,70 and acetonitrile.71 These results agree with
previous studies in showing that interface effects in RTILs
can propagate over long distances. A previous 2D IR study,
which reports on structural fluctuation in the thin films, shows
that the nature of the surface functionalization can have a large
impact on the effect of the surface.36 The long-range influence
of an interface has implications for RTIL applications in which
behavior at interfaces is important, such as at battery
electrodes3,4 or in membranes for CO2 capture.

7,8 Even tens
of nanometers away from the interface, RTIL behavior can be
significantly different from that of the bulk liquid. Therefore,
bulk properties may not be good guides for the behavior of
RTILs in the vicinity of interfaces.
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