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ABSTRACT: Enhancement of processes ranging from gas
sorption to ion conduction in a liquid can be substantial upon
nanoconfinement. Here, the dynamics of a polar aprotic solvent, 1-
methylimidazole (MeIm), in mesoporous silica (2.8, 5.4, and 8.3
nm pore diameters) were examined using femtosecond infrared
vibrational spectroscopy and molecular dynamics simulations of a
dilute probe, the selenocyanate (SeCN−) anion. The long
vibrational lifetime and sensitivity of the CN stretch enabled a
comprehensive investigation of the relatively slow time scales and
subnanometer distance dependences of the confined dynamics.
Because MeIm does not readily donate hydrogen bonds, its
interactions in the hydrophilic silanol pores differ more from the
bulk than those of water confined in the same mesopores, resulting
in greater structural order and more dramatic slowing of dynamics. The extent of surface effects was quantified by modified two-state
models used to fit three spatially averaged experimental observables: vibrational lifetime, orientational relaxation, and spectral
diffusion. The length scales and the models (smoothed step, exponential decay, and simple step) describing the transitions between
the distinctive shell behavior at the surface and the bulk-like behavior at the pore interior were compared to those of water. The
highly nonuniform distributions of the SeCN− probe and antiparallel layering of MeIm revealed by the simulations guided the
interpretation of the results and development of the analytical models. The results illustrate the importance of electrostatic effects
and H-bonding interactions in the behavior of confined liquids.

1. INTRODUCTION
Nanoconfined liquid dynamics are important in a wide range
of naturally occurring and technologically important systems.
In particular, liquids in mesoporous silicas (pore diameter 2−
50 nm) have broad importance, e.g., hybrid electrolytes,1,2

heterogeneous catalysis,3,4 and carbon capture.5 Due to the
ubiquity and importance of aqueous systems, the structure and
dynamics of confined water have been studied extensively.6−22

Simulation23−29 and experimental30−33 (neutron scattering,
optical Kerr effect, and NMR) confinement studies have been
conducted for a few simple organic liquids like acetonitrile and
benzene. In general, dynamics slow with increasing confine-
ment, but the rate of formation of an imidazolium-based ionic
liquid (IL) by chemical reaction from 1-methylimidazole
increased upon confinement in mesoporous silica.4 The ionic
conductivity of another imidazolium-based IL increased by
nearly 1000-fold when polymerized in situ in mesoporous
silica.1 A molecular understanding of how nanoconfinement
results in distinct properties for different types of liquids can
shed light on disparate effects resulting from confinement and
inform the rational design of novel processes and materials.
The highly uniform but size-tunable, cylindrical pores of

MCM41 and SBA15 type silicas34−36 enable quantitative
studies of ultrafast dynamics and underlying intermolecular

interactions under well-defined levels of nanoscale confine-
ment. Their large surface areas yield high active site densities,
which are often responsible for the desired confinement effects,
from stabilizing transition states in reactions4 to inducing
favorable orientational preferences.1 Predicting optimal
dimensions of confinement thus necessitates an understanding
of the dependences of different, and potentially counteracting,
liquid properties on the distance from the silica surface.
The dynamics of a polar aprotic solvent, 1-methylimidazole

(MeIm, Figure 1), confined in a series of mesoporous silica
pore sizes were measured by infrared (IR) polarization
selective pump-probe (PSPP) and two-dimensional IR (2D
IR) experiments on the nitrile (CN) stretching mode of a
selenocyanate (SeCN−) vibrational probe. The long vibrational
lifetime of the small SeCN− probe (>100 ps in MeIm) and its
sensitivity to local solvent interactions and structure37−39
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enable the measurement of the long time scales and
investigation of associated subnanometer length scales
involved in confined dynamics.40 In a previous publication,
the significance of hydrogen bonds (H-bonds) to the slowing
of dynamics was explicated for the structurally similar and also
mildly basic imidazole, which can form H-bond chains as a
result of having a hydrogen atom instead of a methyl group at
the N1 position (see numbering scheme in Figure 1).38

Although MeIm cannot readily H-bond with itself, it has a
large dipole moment of 3.8 D41 (3.6 D for imidazole) that is
comparable to acetonitrile (3.92 D). For context, the dipole
moments for water and pore surface silanols are 1.85 and 1.7
D,42 respectively. The strong dipole−dipole interactions in
MeIm43,44 are demonstrated by its high boiling point (196 °C)
compared to nonheterocycles of similar molecular weights
(e.g., 80 °C for benzene).41 In biology, these electrostatic
interactions help optimize spatial arrangements of complex
molecules, and MeIm-like nitrogen heterocycles are common
in nucleic acids.41,45 MeIm is also a common precursor for
imidazolium-based ILs.46−48 In fact, the first major industrial
application of ILs involved using MeIm to scavenge HCl and
form an IL that can be easily separated from the desired
alkoxyphenylphosphine product (precursor used in UV curable
coatings), improving synthetic productivity by a factor of
80,000.49

Distance-dependent structural properties, i.e., probability
distributions, density, and orientational preferences, of MeIm
and SeCN− were calculated from molecular dynamics (MD)
simulations to guide the interpretation of the experimental
results and develop analytical models. Because the measured
dynamics are spatial averages over the pore interiors, multiple
pore sizes were studied to establish the scaling of dynamics
with increasing confinement. Obtaining the intrinsic distance
dependence of the solvent properties also entails consideration
of the spatial distribution of the reporting probe.
In general, the properties of confined liquids are distinctly

different from the bulk at distances a few molecular diameters
long from the surface of the confining framework. This
interfacial layer is the ″shell″ state in the two-state model
interpretation of confined behavior, which describes confined
liquids as a sum of a ″core″ population that resembles the bulk
and a distinctive ″shell″ population near the surface.40 The
width of the interfacial layer and the qualitative changes upon
confinement depend on the geometry and surface functional-
ization, as well as the nature of the confined liquid. In MD
simulations of acetonitrile23,24,28 and water,17,20,22 when both
were confined in silica pores with hydroxylated surfaces, a
greater structural order was observed for acetonitrile, which
was found to be arranged in antiparallel bilayers. Since MeIm

and acetonitrile are both polar and aprotic, similar structural
features may induce a similar propagation of effects arising
from surface interactions. However, differences are expected
due to additional π interactions from the MeIm rings and
differences in molecular size and geometry.
Confined dynamics can be described by the two-state model

when the shell and core dynamics are independent of the pore
size and cleanly separated at a certain distance from the pore
surface. Variations of the two-state model have been invoked in
both theoretical and experimental studies of liquid dynamics in
porous glass and silica materials,18,22,24,25,27,32 as well as in
reverse micelles7,11 and polymer electrolyte fuel cell mem-
branes.8 Furthermore, orientational relaxation and spectral
diffusion of SeCN− in water confined in mesoporous silicas
have been successfully described with modified two-state
models.22 The spectral diffusion was described by a smoothed
step model, deviating from a strict two-state description only
slightly, with the shell dynamics transitioning to the core
dynamics continuously and not by means of a step
discontinuity at the boundary of the interfacial layer. The
confined rotational dynamics of the SeCN− probe deviated
more from a conventional two-state model, as the weighting of
the shell and core contributions does not abruptly switch at a
certain distance from the pore surface; instead, they exhibit an
exponential dependence on distance, with continuous accel-
eration of the dynamics. For both observables, the interfacial
layer was determined to be approximately one water molecule
thick. Testing whether MeIm provides similar qualitative and
quantitative results will provide important insights on the
propagation of surface effects for an organic liquid in a
hydrophilic pore in which H-bonding to the surface occurs but
the MeIm−MeIm interactions are dominated by strong dipolar
coupling.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. Sample Preparation and Characterization. Four

types of samples were studied: 1:200 molar ratio BmimSeCN/
MeIm bulk solution and the same solution confined in roughly
cylindrical silica mesopores of diameters 2.8 ± 0.1, 5.4 ± 0.5,
and 8.3 ± 0.1 nm. 1-Methylimidazole (MeIm, ≥99%, purified
by redistillation, ∼25 ppm H2O) was purchased from Sigma-
Aldrich and used as received. The vibrational probe, 1-butyl-3-
methylimidazolium selenocyanate (BmimSeCN), was synthe-
sized according to a published procedure50 from 1-butyl-3-
methylimidazolium chloride (IoLiTec, 99% purity) and
potassium selenocyanate (Acros Organics, 99% purity),
vacuum dried (∼100 mTorr) overnight under gentle heating
(∼35 °C), and stored in a nitrogen glovebox. The residual K+

concentration in the BmimSeCN product was determined to
be ∼40 ppm via ICP-MS, giving a negligible 1 K+ ion per
770,000 MeIm molecules for the concentration of BmimSeCN
used. The K+ concentration dependence of the dynamics is
discussed in the Supporting Information (SI). All silica
powders were vacuum dried (∼100 mTorr) at ∼190 °C and
stored in a nitrogen glovebox. The 2.8 nm (MCM41) and 8.3
nm (SBA15) powders purchased from ACS Material have
particle sizes <1 μm and required no additional treatment
before drying. The 5.4 nm (SBA15) silica from Sigma Aldrich
contained a wide range of particle sizes (up to ∼150 μm) and
generated a prohibitive amount of scattered light at the
wavelengths used (λ ∼4.8 μm).39 Smaller particles (<43 μm)
were isolated by collecting the top fraction of silica powder
suspended in a long column of water after a brief period of

Figure 1. Molecular structure of 1-methylimidazole (MeIm) with
numbering scheme.
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sedimentation, as detailed in a previous publication.39 The
pore size distributions, BET surface areas, and pore volumes
determined from nitrogen sorption measurements were
published previously.4,22,39

The 1:200 BmimSeCN/MeIm solution was confined in the
pores by a method similar to those described in our previous
confinement studies.4,39 The gravimetrically prepared Bmim-
SeCN/MeIm solution was stirred with the silica powder (∼15
min) in a nitrogen glovebox and then vacuum filtered in a
nitrogen atmosphere to remove the excess bulk liquid. As the
liquid content of the pores varied even with controlled
filtration time, the collected powder was equilibrated overnight
with a constant flow of MeIm vapor produced by bubbling
nitrogen gas through bulk MeIm. Dynamical measurements of
the resulting samples were highly reproducible. Percent mass
losses observed in thermogravimetric analysis of equilibrated
silica powders filled with MeIm solutions had also shown good
agreement with theoretical losses for fully filled pores, as
calculated from the silica pore volumes and liquid MeIm
density.4

Once equilibrated, the powder samples were promptly
transferred into a nitrogen glovebox and sealed in sample cells.
The sample cell assembly consisted of two 3 mm thick, 25.4
mm diameter CaF2 windows separated by two concentric, 25
μm thick annular Teflon spacers, which simultaneously fixed
the sample path length and protected the sample from
evaporation and atmospheric moisture. For bulk MeIm,
which is hygroscopic, a single Teflon spacer was sufficient to
keep the sample well sealed; linear IR spectra of the samples
before and after the ultrafast IR experiments showed no
discernable differences. For powder samples, an index-
matching fluid (paraffin oil) was added to the powder, which
was confined within the smaller spacer (inner diameter ∼8
mm), and also added to the annular region between the
concentric spacers to further ensure sample integrity. Fourier
transform infrared (FT-IR) spectra of the samples were
collected with a spectrometer purged with air free of CO2
and H2O. The absorption spectra of corresponding samples
prepared without BmimSeCN were measured and subtracted
from the sample spectra.
2.2. Nonlinear Infrared Spectroscopy. Detailed descrip-

tions of the nonlinear spectroscopic techniques used were
provided in previous studies on bulk and confined water
dynamics;22,39,51 an overview is presented here. The two-
dimensional infrared (2D IR) vibrational echo experiments
and polarization selective pump-probe (PSPP) experiments
were performed in a pump-probe geometry52−54 with the 2D
IR spectrometer described in previous publications.51,54 A
Ti:Sapphire oscillator/regenerative amplifier, 800 nm with a 1
kHz repetition rate, pumps an OPA to produce ∼7 μJ mid-IR
pulses centered at 2065 cm−1 with ∼170 fs full width at half-
maximum (FWHM) duration. This resulting mid-IR pulse is
split into a strong pump that is directed into an acousto-optic
mid-IR pulse shaper52,54,55 and a weak probe that is sent into a
mechanical delay line.
In 2D IR experiments, three time-ordered mid-IR pulses,

centered at the resonant frequency of the 0−1 transition (here,
for the CN stretch of SeCN−), are crossed in the sample to
generate a third-order macroscopic polarization. The first two
incident pulses are pump pulses whose amplitudes, phases, and
relative time delay, τ, are precisely controlled using a pulse
shaper. Pulses 1 and 2, respectively, label and store the initial
frequencies, ω1, of an ensemble of CN stretches. As the MeIm

solvent structure evolves over a variable waiting time Tw, the
resulting changes in intermolecular interactions between
individual MeIm and SeCN− alter the vibrational frequencies
(spectral diffusion) of the CNs within the range of the
inhomogeneously broadened absorption line. Pulse 3 (the
probe) terminates the structural evolution period, Tw, and
stimulates the emission of a fourth pulse, the vibrational echo,
which reports the final frequencies, ω3, of the ensemble. The
echo signal is collinear with and heterodyned by the probe
pulse, which also serves as the local oscillator (LO). Both are
directed into a monochromator, which frequency disperses the
beams onto pixels of an IR array detector, effectively
performing an experimental Fourier transform to yield the
final frequency axis of the 2D spectra, ω3. Interferograms
produced by scanning τ are recorded at each ω3, and the
numerical Fourier transform of these interferograms yields the
initial frequency axis of the 2D spectra, ω1. From the resulting
series of 2D spectra (ω3 vs ω1) over a range of Tw’s, the time
dependence of the spectral diffusion of the ensemble of CN
stretches and thus the time dependence of solvent structural
fluctuations were determined. At early Tw, the 2D spectrum is
elongated along the diagonal (ω3 = ω1), indicating a strong
correlation between the initial (ω1) and final (ω3) frequencies.
For increasing Tw, as the CN probes sample more solvent
structures, the 2D spectrum becomes rounder, signifying loss
of correlation.
This loss of correlation was quantified using the center line

slope (CLS) method.56,57 The CLS(Tw) decay is the
normalized frequency−frequency correlation function
(FFCF), the probability that a vibrational probe with a given
initial frequency exhibits the same frequency at a later time Tw,
averaged over all frequencies in the absorption line.53,56,57 The
complete FFCF is usually described by the Kubo model, as
follows:53,58

∑
δω δω δω

δ
τ

= ⟨ ⟩ = ⟨ ⟩

= + Δ [− ]

ωC T T
T

T
T

FFCF ( ) (0) ( ) (0)
( )

exp /
i

i i

w
2

w

w

2

2
w

(1)

where Cω(Tw) is the normalized FFCF, δω(Tw) = ω(Tw) −
⟨ω⟩ is the frequency fluctuation (i.e., the difference between
the instantaneous frequency ω(Tw) and the average frequency
⟨ω⟩), δ(Tw) is the Dirac delta function, T2 is the total
homogeneous dephasing time, and Δi and τi are the amplitude
of the frequency fluctuation and time constant of the ith decay
pathway, respectively. The full FFCF, which has the same time
constants as the CLS(Tw), was determined from the CLS(Tw)
and the linear absorption spectrum using the recently
developed CAFE program. CAFE employs artificial neural
networks to quickly and accurately obtain the FFCF
parameters, producing results that are accurate for spectral
diffusion components in both the homogeneous and
inhomogeneous limits.59

In PSPP experiments, the time delay τ between pulses 1 and
2 is set to 0, i.e., a single pump pulse, and only Tw (referred to
as t) is varied. Using a pump pulse polarized at 45° relative to
the probe, the transient intensity differences in the probe, with
the pump turned on and off, are measured at both parallel and
perpendicular polarizations by resolving the signal at 45° and
−45°, respectively,53,60,61 resulting in parallel S∥(t) and
perpendicular S⊥(t) signals. The isotropic pump-probe decay,
P(t) (vibrational lifetime), and the orientational anisotropy,
r(t), were obtained using the following equations:60,61
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= [ + ]⊥P t S t S t( ) ( ) 2 ( ) /3 (2)
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0.4 ( )2
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The form of eq 3 is rigorously true only for an isotropic
system,62,63 and the reasons for its applicability for studying
these silica pores were previously presented.51 C2(t) is the
second Legendre polynomial orientational correlation function
of the transition dipole moment.60 Perfect orientational
correlation corresponds to C2(t) = 1 and anisotropy r(t) =
0.4. Deviations from the value of 0.4 at t = 0 are common and
are caused by ultrafast inertial orientational motions64 that are
beyond the temporal resolution of the measurements.
These measurements on the strongly light scattering silica

powders were made possible by polarization schemes and
phase cycling techniques previously described.39,52,65 The 2D
spectra were taken only in the perpendicular polarization such
that scattered light resulting from the pump was largely
mitigated. Heterodyne scatter in the PSPP data was also
reduced by employing a four-shot phase cycle.

3. RESULTS AND DISCUSSION
3.1. IR Experiments. 3.1.1. Linear IR Absorption Spectra.

The background-subtracted linear absorption spectra of
SeCN− in bulk and confined MeIm are presented in Figure
2. The center frequency (2065 cm−1) of the CN stretch is

essentially unchanged among bulk and confined systems
(Table 1). The FWHMs in all pore sizes studied were identical
(14.9 cm−1) and broader than in the bulk (13.8 cm−1). The
spectra have a very small red wing, which is slightly reduced

upon confinement. The red wing is attributed to the non-
Condon effect, or the frequency dependence of the transition
dipole strength.51,66 This effect and the solvatochromism of
SeCN− are discussed in detail in the SI.
MeIm, though not generally considered as an H-bond

donor, had been shown to form very weak H-bonds with
SeCN− via the C2 hydrogen (Figure 1) and occasionally the
C4 and C5 hydrogens.38 The pore surface has at least three
distinguishable types of silanols (isolated free, geminal free,
and vicinal).67,68 Interactions between MeIm and the surface
silanols can change the H-bonding capacity of MeIm (see the
SI for details), giving rise to a broader range of SeCN−

frequencies. Since the center frequency changed negligibly
upon confinement, the net H-bonding between SeCN− and
MeIm does not appear to change significantly. The lack of a
pronounced blueshift also suggests that the SeCN− does not
directly form the strong and hence blueshifted (see the SI) H-
bonds with surface silanols, which is consistent with
simulations revealing a tendency for the SeCN− to avoid the
surface (SeCN− probability distributions in Section 3.2.1).

3.1.2. Isotropic Pump-Probe Decays. The CN stretch
vibrational lifetime of SeCN− in MeIm was obtained from the
isotropic pump-probe decays P(t) (see eq 2). Fitting the
decays out to 800 ps for nine frequencies (2060.9 to 2070.3
cm−1) revealed two major features. First, dynamics occurring at
time scales much faster than the vibrational lifetime were
present, with the behavior most apparent in the bulk sample.
This is a result of fast spectral diffusion caused by the non-
Condon effect,51,69 as observed for SeCN− in D2O.

51 Second,
small longtime offsets were observed in the pore samples.
However, fitting the P(t) with small offsets produced the same
lifetimes as more involved treatments of the offsets as isotropic
heating signals.70−72 More details on the P(t) are in the SI.
With these considerations accounted for, a single, frequency-

independent lifetime was obtained for each sample (Table 1).
The lifetime is longest in the bulk sample (143 ± 1 ps) and
monotonically decreases with confinement to 102 ± 2 ps for
the smallest pore size (2.8 nm). A monotonic decrease in
SeCN− lifetime was also observed for D2O confined in the
same pores, but the decrease (∼3 ps between bulk and 2.8 nm)
was subtle and the pore lifetimes were within error of each
other.51 The dependence of SeCN− lifetimes on pore size is
discussed in Section 3.3.

3.1.3. Orientational Relaxation. The anisotropy decays,
r(t) (see eq 3), give the SeCN− orientational relaxation
dynamics in MeIm, providing information on the surrounding
MeIm molecules that constrain SeCN− rotation. In all samples
studied, r(t) is frequency independent in the vicinity of the line
center and was averaged across nine frequencies (same range
as P(t)) to improve the signal-to-noise ratio. The r(t) data
(points) in Figure 3 are well described by triexponential decays
(solid curves) with no offsets, and the fit parameters are given
in Table 2. The decays measured in the pores have the same
form as the decays in the bulk; i.e., all are triexponentials. The
triexponential form of the bulk r(t) can be interpreted in terms
of the wobbling-in-a-cone model of restricted orientational
diffusion,73−75 as discussed below. Since the pore measure-
ments are spatially averaged for SeCN− located at varying
distances from the surface, wobbling parameters are not
calculated for the pore r(t). While direct comparison of the
spatially averaged measurements underestimates the confine-
ment effects, slower dynamics are still evident: a monotonic
increase in all three time constants with increasing confine-

Figure 2. Linear IR spectra of the CN stretch of SeCN− in bulk MeIm
(green curve) and in MeIm confined in silica pores of sizes 8.3 nm
(blue curve), 5.4 nm (red curve), and 2.8 nm (black curve). The
spectra are more symmetric and slightly broader upon confinement;
however, the center frequencies are unchanged from the bulk.

Table 1. Line Shape Parameters and Vibrational Lifetimes

sample center (cm−1) FWHM (cm−1) lifetime (ps)

2.8 nm 2064.96 ± 0.03 14.9 ± 0.1 102 ± 2
5.4 nm 2064.94 ± 0.04 14.9 ± 0.2 110 ± 2
8.3 nm 2064.98 ± 0.05 14.9 ± 0.1 115 ± 1
bulk 2065.02 ± 0.01 13.8 ± 0.1 143 ± 1
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ment was observed. A detailed examination of distance
dependence of the orientational relaxation is provided in
Section 3.3, where r(t) for all pore sizes are fit with a single
model involving a weighted sum of core and shell r(t).
A useful parameter to assess confinement effects from the

spatially averaged data is the integrated correlation time τc,
which weights each time scale component by its normalized
amplitude,

∫τ =
∞

A
A t dt

1
(0)

( )c
0 (4)

with A(t)/A(0) representing the normalized correlation
function C2(t). The bulk τc (5.1 ± 0.2 ps) is clearly faster
than that for the largest pore size, 8.3 nm (9.6 ± 0.2 ps). For
the smaller 5.4 and 2.8 nm pores, τc = 20 ± 2 and 23.9 ± 0.7
ps, respectively, are substantially shorter and almost the same.
This is an initial indication that the influence of the surface
extends a significant distance into the pore. For comparison,
the SeCN− τc in bulk D2O and that in the same 5.4 nm pore
are just within error of each other.22 The ratios of τc for 2.8 nm
to bulk are ∼4.7 for MeIm and ∼1.4 for D2O, suggesting more
pronounced confinement effects on the orientational relaxation
of SeCN− in MeIm. From Table 2, t3, the slowest time
constants for complete orientational relaxation, in the bulk
MeIm liquid and in the 8.3, 5.4, and 2.8 nm pores are 8.4 ±
0.3, 24 ± 1, 70 ± 6, and 74 ± 2 ps, respectively. Again, the
similar 5.4 and 2.8 nm values suggest that the complete
reorientation in confined MeIm is dominated by surface
effects.

In the wobbling-in-a-cone model, the orientational correla-
tion function C2(t) is modeled with ultrafast inertial motions;
two diffusive time constants, τc1 and τc2, for two stages of
restricted angular diffusion (″wobbling″); and a final time
constant, τm, for complete orientational randomization:69

τ

τ τ
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The T2 factor is the square of the generalized order
parameter representing the inertial motions. Because this decay
is too fast to contribute to the observed dynamics, it does not
have an associated time constant.69 The form of the squared
generalized order parameters T2, S2, and R2 is
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where θc is the half angle for a cone of angular space that a CN
transition dipole explores. More restricted wobbling motion
was described by a smaller cone angle θc1 and shorter time
constant τc1. The corresponding part of C2(t) in eq 5 decays to
a plateau with value S2. As the solvent structure evolves over
time and structural constraints on angular displacement are
relaxed, the CN dipole explores a larger angular space
described by cone angle θc2 and time constant τc2. In the
absence of other orientational relaxations, C2(t) would decay
to a lower value R2, consistent with a greater loss in
orientational correlation. When all restrictions on angular
displacement dissipate, complete orientational randomization
occurs, and C2(t) decays to zero with time constant τm. This
final orientational relaxation is attributed to small-step free
diffusion, and τm can be related to the orientational diffusion
constant Dm using the Debye model:60,62,76

τ
=D

1
6m

m (7)

The time constants τc1, τc2, and τm obtained from fitting r(t)
with eq 5 are related to the time constants from the general
triexponential fit by τc1 = t1, τc2 = (1/t2 − 1/t3)

−1, and τm =
t3.

69 The inertial cone half angle θin and the two diffusive cone
half angles θc1 and θc2 were calculated correspondingly from
the generalized order parameters T, S, and R (eq 6). Cone
diffusion constants were obtained from the diffusive cone half
angles using the following equation:

θ τ≅D 7 /24c c
2

c (8)

which is an excellent approximation for cone half angles
≤30°77 and in good agreement with the full expression74 for
the values here. To describe the full range of angular space
sampled over all periods of restricted orientational diffusion,
the total cone half angle θtot was obtained from the total order

Figure 3. Measured rotational anisotropy decays r(t) of SeCN− in
bulk MeIm (green points) and MeIm confined in silica pores of sizes
8.3 nm (blue points), 5.4 nm (red points), and 2.8 nm (black points).
The solid curves are triexponential fits to the data.

Table 2. Orientational Relaxation Parametersa

sample A1 t1 (ps) A2 t2 (ps) A3 t3 (ps) τc (ps)

2.8 nm 0.112 ± 0.004 1.3 ± 0.1 0.165 ± 0.009 11.3 ± 0.4 0.091 ± 0.002 74 ± 2 23.9 ± 0.7
5.4 nm 0.106 ± 0.009 1.3 ± 0.2 0.184 ± 0.005 9.1 ± 0.7 0.079 ± 0.008 70 ± 6 20 ± 2
8.3 nm 0.090 ± 0.004 0.91 ± 0.05 0.180 ± 0.004 5.8 ± 0.2 0.105 ± 0.005 24 ± 1 9.6 ± 0.2
bulk 0.071 ± 0.005 0.42 ± 0.05 0.125 ± 0.006 2.4 ± 0.2 0.202 ± 0.007 8.4 ± 0.3 5.1 ± 0.2

aTriexponential fit parameters to the anisotropy for SeCN− in bulk MeIm and MeIm in silica pores of different sizes. The Ai and ti are the
amplitude and time constant of the ith component. τc is the integrated correlation time.
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parameter Qtot = TRS using eq 6. Cone half angles, time
constants, and diffusion constants are tabulated in Table 3.
For probes including SeCN−, CO2, methanol-d4, and

ethanol-d6 studied in an imidazolium-based IL, the first of
two wobbling motions was strongly influenced by the nature of
the interactions between the probe and the IL, while the
second wobbling motion reflected configurational changes in
these interactions as a result of local IL structural changes.69,78

For SeCN− in D2O, one wobbling time scale was observed
preceding free diffusion, whereas only free diffusion was
observed when using the water hydroxyl as a native probe.51 In
general, the wobbling motions appear to be associated with
probe−solvent interactions, whereas the free diffusion reflects
inherent solvent properties.
Although MeIm is not charged like an IL nor is it an H-bond

donor like water, its large dipole moment allows for H-bonding
with SeCN−38 and gives rise to strong dipole−dipole
interactions.41,43,44 The two cone angles for SeCN− in MeIm
are quite similar to those for SeCN− in the imidazolium-based
IL, suggesting that similar interactions constrain SeCN−

rotation in both liquids.78 The complete orientational
relaxation time, τm, is consistent with hydrodynamic
predictions using the slip boundary condition (details in the
SI).
3.1.4. Spectral Diffusion. In Figure 4, representative 2D

spectra at Tw = 0.5 and 15 ps are shown for the smallest pore

size (2.8 nm) and the bulk liquid. The shape of the 0−1
transition (red, positive going peak) becomes rounder at the
longer Tw, indicating a loss of correlation, which is quantified
with the CLS (the normalized FFCF).56,57 In practice, the
CLS(Tw) starts below 1 (with 1 being perfect correlation) at
Tw = 0 (Figure 5) due to Tw independent homogeneous

broadening. The lower the initial CLS value is, the greater the
contribution of homogeneous broadening to the spectral
linewidth is.

The spectral diffusion of SeCN− in MeIm slows significantly
upon confinement. The CLS(Tw) decays (points) shown in
Figure 5 were fit with triexponential decays (solid curves) with
no offsets, and the fit parameters are given in Table 4. The
decay for the largest pore size studied (8.3 nm) is noticeably
slower than that of the bulk. For perspective, the ratio of
correlation times τc for 2.8 nm to bulk CLS is ∼3.4 for MeIm,
which is greater than the corresponding ratio of ∼1.4 for D2O.
The τc increases with increasing confinement: 4.8 ± 0.2 ps for
bulk, 7.2 ± 0.4 ps for 8.3 nm, 15.8 ± 0.4 ps for 5.4 nm, and
16.3 ± 0.7 ps for 2.8 nm. However, unlike the anisotropy, the
time scales for the triexponential fits do not increase
monotonically with increasing confinement. The time scales
for the largest pore size and bulk are within experimental error,
and the time scales for the two smaller pore sizes are also
within error of each other. The increase of τc comes instead
from a shift of the amplitude from the short to long time scales
with increasing confinement. This may be a sign of a two-state
(core and shell) behavior, which is further discussed in Section
3.3. The very similar τc for 5.4 and 2.8 nm suggests that the
shell behavior extends >2 nm from the surface.
The FFCF can be calculated by simultaneously fitting the

CLS(Tw) and the linear absorption spectrum.53,58,59 While
FFCFs can be calculated from the spatially averaged measure-
ments on the pore samples (Table 5), it is not straightforward
to decompose the FFCF by distance because there are no
distinctive core and shell contributions to the observed linear
spectra; the spectra for all pore sizes were identical and barely

Table 3. Wobbling-in-a-Cone Analysis Parameters (Bulk MeIm)a

θin (°) θc1 (°) θc2 (°) θtot (°) τc1 (ps) τc2 (ps) τm (ps) Dc1 (ps
−1) Dc2 (ps

−1) Dm (ps−1)

4 ± 3 20.5 ± 0.6 31.8 ± 0.9 37.7 ± 0.8 0.48 ± 0.04 3.3 ± 0.2 8.4 ± 0.3 0.075 ± 0.005 0.025 ± 0.002 0.0199 ± 0.0007
aSee text for parameter descriptions.

Figure 4. 2D IR spectra of the CN stretch of SeCN− in bulk MeIm
and MeIm confined in 2.8 nm silica pores at time delays Tw = 0.5 and
15 ps. The time dependence of the MeIm structural fluctuations is
obtained from the changes in shape of the 2D spectra with Tw.

Figure 5. Measured CLS(Tw) decays (spectral diffusion) of the CN
stretch of SeCN− in bulk MeIm (green points) and MeIm confined in
silica pores of sizes 8.3 nm (blue points), 5.4 nm (red points), and 2.8
nm (black points). The solid curves are triexponential fits to the data.
The CLS decays are the normalized frequency−frequency correlation
functions.
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different from the bulk spectrum. The near identity of the bulk
and pore spectra was also observed for SeCN− in D2O.

22

The time constants τi of the FFCF (Table 5) represent
different decay pathways and are the same as those reported
for the triexponential fits to the CLS(Tw) (Table 4).
Compared to the normalized amplitudes in the CLS(Tw),
the frequency fluctuation amplitudes Δi in the FFCF are in
frequency units (cm−1). The CLS(Tw) and FFCF can be
determined from both parallel and perpendicular polarization
2D IR data. Under circumstances where reorientation-induced
spectral diffusion (RISD) occurs,79−81 the perpendicular and
parallel CLS(Tw) curves have different decays. For SeCN− in
bulk MeIm, the differences between parallel and perpendicular
CLS(Tw) decays are small (SI Figure S5).38 Thus, the RISD
contribution to the spectral diffusion is minor and will not be
considered for either the bulk or pore samples. All CLS(Tw)
and FFCF parameters presented were extracted from 2D
spectra acquired in the scatter-reducing, perpendicular polar-
ization. Further discussion of the FFCF is in the SI.
Previous experiments provide some insights into the nature

of the motions that give rise to the different time scale
dynamics observed. The spectral diffusion of SeCN− in bulk
MeIm had been compared to a structurally similar molecule,
imidazole, at the same temperature (both in liquid state at 95
°C).38 Unlike the primarily H-bond accepting MeIm,
imidazole is amphiprotic and can form extended H-bond
networks, mainly chains. The spectral diffusion time scales,
while longer for imidazole, were within error for the two
liquids. However, the overall dynamics in MeIm are faster than
in imidazole because the amplitudes of the faster time scale
components are larger for MeIm. This difference in amplitudes
suggests that spectral diffusion occurs through similar physical
processes but to different extents. A possible explanation is that
strong dipole−dipole interactions present in MeIm41,43,44 may
result in substantial intermolecular coupling somewhat
analogous to the H-bond interactions in the imidazole.
The intermediate time scale (6.2 ps) in MeIm may be

related to fast fluctuations involving the imidazole ring and is
comparable to the fast time scales observed for imidazolium
ILs with various alkyl chain lengths, which ranged from 5 to 12
ps depending on the vibrational probe used.82,83 The fastest
time scale observed (1.63 ps) is slower than the time scales
(0.3−0.6 ps) associated with very local H-bond length

fluctuations observed for SeCN− in ILs and water,51,69,84,85

but may reflect analogous local dynamics in MeIm.
3.2. Simulations: Liquid Structure. The observed

slowing of SeCN− dynamics in MeIm with decreasing pore
size reflects changes in the nature of the MeIm liquid structure
and the manner in which SeCN− interacts with the altered
liquid structure. The effects of the pore surface vary with
distance, and the measurements are a function of both the
MeIm dynamics at a given position and the probability that a
SeCN− probe molecule is at that position to report on those
dynamics. In general, confined liquid dynamics at silica pore
surfaces are slower than the bulk and dynamics at the center
are typically comparable to the bulk.22,24,27,29,40

As confined liquids tend to be organized in layers radiating
outward from the wall of a confining framework,23,24,40 it is
useful to quantify the extent of the liquid layering and the
thickness of a liquid layer when analyzing the dynamical
measurements. MD simulations were performed to compute
the probability distribution, density, and orientation of the
molecules confined in the silica pores. Details regarding
constructing and populating the silica pores are given in the SI.
The bulk and pore r(t) calculated using the model pore
systems gave reasonable agreement with experimentally
measured r(t) (SI Figure S6). The simulations of the liquid
structure as a function of distance from the pore surface helped
to guide the analysis and interpretation of the experimental
results.

3.2.1. Structural Layering. In Figure 6, the normalized
probability distributions f(d) of MeIm and SeCN− are given
for the three pore sizes studied. For a circular cross section of a
nominally infinitely long cylindrical pore, the f(d) distribution
is defined as the probability of finding a molecule in an annular
region a distance d from the pore surface. Such distributions
are usually given as a function of d instead of the radial
distance ρ from the pore center since the position of the
surface with respect to the pore center varies with surface
roughness, making distributions based on radial distances less
well defined. At any given position, the sum of the distances d
and ρ is the pore radius R (1.4, 2.7, or 4.15 nm). Accordingly,
f(d) goes to zero as d approaches R since the available volume
at the pore center (i.e., ρ = 0) is zero. Normalization ensures
that the total probability of finding a molecule in the circular
cross section is unity; i.e., the integral of f(d) is 1. For MeIm, d

Table 4. CLS Parametersa

sample A1 t1 (ps) A2 t2 (ps) A3 t3 (ps) τc (ps)

2.8 nm 0.22 ± 0.03 2.8 ± 0.3 0.35 ± 0.03 10.8 ± 0.4 0.091 ± 0.003 70 ± 6 16.3 ± 0.7
5.4 nm 0.26 ± 0.02 2.6 ± 0.1 0.31 ± 0.01 11 ± 1 0.07 ± 0.01 85 ± 14 15.8 ± 0.4
8.3 nm 0.24 ± 0.04 1.9 ± 0.3 0.30 ± 0.03 7.1 ± 0.7 0.051 ± 0.008 33 ± 6 7.2 ± 0.4
bulk 0.28 ± 0.01 1.63 ± 0.03 0.22 ± 0.01 6.2 ± 0.2 0.024 ± 0.004 29 ± 6 4.8 ± 0.2

aTriexponential fit parameters to the CLS for SeCN− in bulk MeIm and MeIm in silica pores of different sizes. The Ai and ti are the amplitude and
time constant of the ith component. τc is the integrated correlation time.

Table 5. FFCF Parametersa

sample T2 (ps) Γ (cm−1) Δ1 (cm
−1) t1 (ps) Δ2 (cm

−1) t2 (ps) Δ3 (cm
−1) t3 (ps)

2.8 nm 3.0 ± 0.1 3.6 ± 0.1 3.8 ± 0.2 2.8 ± 0.3 4.0 ± 0.2 10.8 ± 0.4 1.89 ± 0.03 70 ± 6
5.4 nm 3.0 ± 0.1 3.5 ± 0.2 4.3 ± 0.2 2.6 ± 0.1 3.7 ± 0.1 11 ± 1 1.7 ± 0.2 85 ± 14
8.3 nm 3.0 ± 0.3 3.5 ± 0.4 4.5 ± 0.1 1.9 ± 0.3 3.7 ± 0.2 7.1 ± 0.7 1.4 ± 0.1 33 ± 6
bulk 3.0 ± 0.3 3.6 ± 0.4 4.8 ± 0.1 1.63 ± 0.03 3.0 ± 0.1 6.2 ± 0.2 0.88 ± 0.07 29 ± 6

aT2: observed homogeneous dephasing time; Γ = 1/πT2: homogeneous line width; Δi and τi: frequency fluctuation amplitude and time constant for
the ith component, respectively.
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is defined as the minimum distance between the MeIm ring C2
atom (Figure 1) and the nearest pore O atom. For SeCN−, it is
the minimum distance between the nitrile C atom and the
nearest pore O atom. There is zero probability between d = 0
and 2.6 Å since that space is intrinsically occupied by the
atoms and bonds between the centers of the two reference
atoms that define d. This reference value d0 = 2.6 Å will be
used in Section 3.3 and is comparable to the ∼3 Å extracted
from the f(d) for SeCN− in D2O confined in mesoporous
silica.22 For all pore sizes, MeIm probability is peaked close to
the surface, consistent with the MeIm densities shown in
Figure 7, which also show a dense layer near the surface.
For a uniform (bulk-like behavior) distribution of molecules,

one would expect f(d) to decrease linearly with d, as the ratio
of the annular region to the total available space increases
linearly with ρ with the form =πρ

π
ρ

R R
2 2

2 2 . In Figure 6, the blue

dashed lines corresponding to uniform distributions are
overlaid on the calculated f(d). Comparing the decaying
MeIm probability oscillations (black traces) with the blue
dashed lines, four distinct MeIm layers can be identified in all
pore sizes followed by unstructured, bulk-like liquid in the pore
interior (except in the smallest pore size). The amplitude
decays of the oscillating densities (Figure 7) toward the bulk
density (horizontal green line) also show at least four MeIm
layers (only three can be observed for the smallest pore size)
followed by the bulk-like behavior. The dip in the density at
the pore center is an artifact of counting molecules in very
small volumes. A similar structural layering has been observed
at acetonitrile silica interfaces.23,86 Water has fewer distinct
layers.17,22 In simulations, acetonitrile layering was observed
even when the pore surface was rendered non-H-bonding or
not charged.23,24 Steric effects are then key to liquid layering,
which is likely why layering in water propagates shorter

distances compared to that of the larger acetonitrile and MeIm
molecules.40

The SeCN− f(d) (red traces in Figure 6) also exhibits
multiple layers before tending toward a bulk-like behavior at
the pore interior. However, the SeCN− probability peaks
farther from the surface, with the second local maximum
having a larger amplitude than the first. Since the measurement
of the MeIm dynamics is weighted by the SeCN− distribution,
these simulated distributions are important references for the
model fits in Section 3.3.
To quantify the surface effects in the measured dynamics, it

is useful to define the interfacial thickness Δ. A reasonable
reference value of Δ = 4.6 Å is obtained from the value of d at
the first minimum in the f(d) distribution and the peak-to-peak
distance for MeIm density. This value is similar to the
molecular diameter of 5.02 Å obtained for MeIm treated as a
perfect sphere with a volume of 66.2 Å3 (calculated using the
Connolly volume computation method with a probe radius of
zero).87

3.2.2. Orientational Structure. In Figure 8, the average
orientation of MeIm in the three pore sizes is shown. These
traces are overlaid on the normalized orientational density
distribution F(d, cos θ) of MeIm confined in the 8.3 nm pore.
We defined a vector between the two ring N atoms, going from
N1 to N3 (Figure 1). An angle θ can be measured between this
vector and the radial vector extending from the pore center
toward the surface. For this definition, cos θ = 1 corresponds
to the nitrogen lone pair on N3 pointing toward the surface.
No distinction is made for the cone of orientations at each θ.
For example, for cos θ = 0, depending on the orientation of the
imidazole ring, the ring may be lying flat (parallel to the
surface), or it may be perpendicular to the surface, with the
methyl group on N1 pointing either toward or away from the
surface. These ambiguities aside, it is still clear from Figure 8
that there is a preference for the N3 lone pair to point closer to
the surface (cos θ > 0) in the first layer of MeIm molecules and
for the next layer to be oriented antiparallel (cos θ < 0) to the
first. The bilayer feature persists for at least another pair of
layers, though the effects are not obvious in the contour plot

Figure 6. Normalized probability distributions f(d) for the MeIm C2
atom (black) and SeCN− carbon atom (red) as a function of the
distance d from the pore surface in (a) 8.3 nm, (b) 5.4 nm, and (c)
2.8 nm pores. The blue dashed lines represent uniform distributions.

Figure 7. Density profiles for MeIm as a function of the distance d
from the pore surface in 8.3 nm (blue), 5.4 nm (red), and 2.8 nm
(black) pores. The horizontal green line corresponds to bulk MeIm
density. The oscillations reflect the layering of MeIm induced by the
surface.
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due to the overwhelming probability of finding MeIm adjacent
to the surface (Figure 6).
The bilayers in MeIm are more clearly visualized by the

alternating sign of the average orientations (solid lines in
Figure 8). The dips near the pore center arise for the same
reason as the dips in the density plots. In simulations,
antiparallel ordering of acetonitrile occurred even in the
absence of explicit H-bonds but not when the surface was
methylated or set to zero charge, highlighting the significance
of surface dipoles on the orientational ordering of polar species
like acetonitrile.23,24,32 In contrast, water is only weakly
ordered near the surface, and ordering does not propagate
far from the surface.17,22 These differences may be a result of a
more unidirectional dipole pairing of acetonitrile, compared to
water, which forms approximately tetrahedral H-bond net-
works.23,24 It is reasonable then that MeIm, which, like
acetonitrile, also has a large dipole moment and is generally
only H-bond accepting, is also arranged in antiparallel bilayers
with the N3 lone pair in the first layer pointed toward the
surface. Calculations of MeIm orientation on a quartz surface
(with silanol surface groups) based on sum frequency
generation (SFG) measurements also suggest that the main
interaction between MeIm and the silanol surface is H-bonding
via the N3 lone pair.88 The nitrogen lone pair on 4-picoline, a
similar nitrogen heterocycle, also forms weak H-bonds with
silanol OH groups on silica surfaces.89 While the sp2 lone pair
on the N3 atom of MeIm should be more H-bond donating
than the N1 lone pair, which is delocalized into the aromatic
ring, weak H-bonding to the N1 atom is still possible,88

explaining the lack of an overwhelming preference for the N3
atom to be closer to the surface. The orientational preference
may be further reduced by π H-bonding interactions between
the ring electrons and the surface, which were shown in MD
simulations of benzene, a nonpolar aromatic species, to result
in the benzene rings lying flat on the silica surface.29

SeCN− (solid red line in SI Figure S7) is similarly arranged
in an antiparallel fashion, with the first layer showing a
preference for the N lone pairs to point toward the surface,
most likely due to H-bonding as well. However, the relative
probability of SeCN− to be in the first layer is much lower than

for MeIm (Figure 6). Furthermore, the first antiparallel layer of
SeCN− corresponds to a local minimum in the SeCN−

probability distribution (SI Figure S7). This f(d) minimum
for SeCN− overlaps with a maximum for its counteraction,
Bmim+ (SI Figure S8), which has a periodicity similar to
MeIm.
Given the low concentration of BmimSeCN used, it is

unlikely that either ion has a significant influence on the MeIm
structure, but their probability distributions are likely affected
by MeIm. If the interactions between SeCN− with the surface
were substantially preferred over the interactions between
MeIm with the surface, we would expect a substantial fraction
of the SeCN− to be located at and bonded to the surface.
Based on the SeCN− concentration and typical silanol density
on the surface (2 OH groups/nm2),90 the number of silanols
on the surface greatly outnumbers the number of SeCN− in a
pore, with a ratio of 26:1 for the largest pore size and 77:1 for
the smallest pore size. The exclusion of SeCN− from the
surface may be a result of the MeIm bilayer acting like a
phospholipid in a biological membrane, preventing ion passage
through its hydrophobic interior. Though also charged, Bmim+

has a hydrophobic alkyl chain, which may be the reason for its
higher probability near the surface.

3.3. Scaling of Dynamics with Size. 3.3.1. Modified
Two-State Models. Confined dynamics are often interpreted
using a two-state, or core−shell, model to relate the measured
properties to molecular behavior.7,8,11,18,22,24,25,27,32 The
underlying assumption is that the dynamical property of
interest, D, takes on one value at the surface (″shell″ state) and
another in the pore interior (″core″ state). The core behavior
is often taken to be the same as the bulk. A key assumption is
that the distance dependence of the dynamics is independent
of the size of the confining framework, meaning that the
dynamics in different pore sizes can be treated as a weighted
sum of the same constituents. For SeCN− dynamics in
confined D2O, simulated dynamics (orientational relaxation
and spectral diffusion) at varying distances from the silica pore
surface were indeed identical for different pore sizes.22 Without
similar simulations, it is unclear if the assumption applies for
MeIm. The success of our two-state model fits (Figure 9)
suggests that it is reasonable. Furthermore, computational
studies of other organic liquids such as acetonitrile and
benzene indicated that the distance dependences of the
confined reorientational dynamics were insensitive to the
pore diameter.24,29 The rate constant of a reaction involving
MeIm in silica pores was also well described by a two-state
model.4 Nonetheless, caution should be exercised when
interpreting and comparing the effects of confinement on
different properties of a liquid.
To establish a baseline for the more elaborate model fits, the

measured lifetime, anisotropy, and CLS data were first fit with
the simplest two-state model, independent of system details
gleaned from the simulated liquid structures. Assuming a
uniform SeCN− distribution, the pore data were fit as a
weighted sum of core and shell dynamics, with the former fixed
to the bulk parameters and the latter varied. The proportion of
the shell contribution scales with the area of the annular shell
region with variable thickness Δ relative to the circular cross
section. The best fits gave a shell thickness of Δ ∼10.4 Å or
roughly two MeIm layers. The fits clearly miss the
experimental data (SI Figure S9), which is unsurprising given
that the simulated SeCN− distributions are far from uniform.
Furthermore, the three different dynamical variables may not

Figure 8. Contour plot of the orientational density distribution F(d,
cos θ) of MeIm confined in an 8.3 nm pore. The overlaid lines are the
average orientation as a function of the distance d from the pore
surface in 8.3 nm (blue curve), 5.4 nm (red curve), and 2.8 nm (black
curve) pores.
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necessarily obey the strict two-state model with the same
spatial dependence.
The modified two-state model fits made use of information

from the simulations of the liquid structure. The distributions
f(ρ) representing the probability of finding SeCN− in an
annular region (with radius ρ in a cross section of a pore with
radius R) were modeled as a skewed sine squared distribution
over one period ρ = [0, R − d0]:

ρ ρ πρ θ ρ= [ − ] × [ − − ]f A R d R d( ) sin /( )a 2
0 0 (9)

These tunable distributions capture key characteristics of the
simulated SeCN− probability distribution but smooth out the
fine structure. At ρ = 0 (the pore center), the probability is
zero. As per the simulated results, the distributions are peaked
near the surface and have zero probability from ρ = R − d0 to ρ
= R. The value of d0 is fixed to the value of 2.6 Å obtained from
the simulations, but floating the parameter also resulted in
values that were within error. The only variable parameter a
captures the skew of the distribution. The minimum value a =
0 describes a distribution peaked halfway between ρ = 0 and ρ
= R − d0. Increasing values of a shift the peak closer toward the
surface. The coefficient A is a normalization constant to ensure
that ∫ 0

Rf(ρ)dρ = 1.
The spatially averaged, time-dependent dynamical variable

D(t; R) (the measured observable) is a function of the

position- and time-dependent dynamical variable D(t; ρ),
weighted by the probability distribution f(ρ) of SeCN− probes
sensing those dynamics:

∫ ρ ρ ρ=D t R D t f d( ; ) ( ; ) ( )
R

0 (10)

The integrand D(t; ρ) is a weighted sum of the core and
shell functions:

ρ ρ= + [ − ] ×D t D t D t D t m( ; ) ( ) ( ) ( ) ( )core shell core (11)

The weighting factor m(ρ) models the variation of the
specific dynamical variable with radial distance ρ, and different
functional forms of m(ρ) may be necessary for different
dynamical observables since they are sensitive to different
aspects of the system. The expanded form of eq 10 after taking
the distance-independent components (core and shell
functions) out of the integral is then

∫ ρ ρ ρ

= + [ − ]

×

D t R D t D t D t

m f d

( ; ) ( ) ( ) ( )

( ) ( )
R

core shell core

0 (12)

For SeCN− dynamics in confined D2O, m(ρ) for the r(t)
and CLS(Tw) was an exponential decay and a smoothed step
function, respectively.22 The lifetime was not modeled in the
D2O study since the differences were quite small. Below is the
D(t; ρ) for the lifetime, anisotropy, and CLS in the MeIm
systems, with the corresponding m(ρ) being a smoothed step,
an exponential, and a normal step:
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R d
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CLS ( )
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w core w shell w
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CLS 0 (15)

There are two variable parameters for the smoothed step
function in eq 13: the shell thickness ΔP, which defines the
position of the step at ρ = R − d0 − ΔP (or d = d0 + ΔP), and
the smoothness parameter α, which determines how abrupt the
transition is between shell and core behaviors. Larger values of
α correspond to a smoother transition, and small values
approaching zero yield a normal step function. For the
exponential decay model in eq 14, there is one variable
parameter, the characteristic length ξ. The normal step model
in eq 15 is a shifted Heaviside function with one variable
parameter, the shell thickness ΔCLS, which defines the position
of the step in the same manner as ΔP.
To determine the combination of models that would most

accurately describe the data, the data sets were fit individually
and simultaneously with all permutations of the three models.
Differences between visually similar fits were quantified by the
Akaike Information Criterion (AIC) values, which consider
both the residual sum of squares and the number of fitting
parameters.91 The number of exponentials used in the shell
correlation functions for r(t) and CLS(Tw) was kept to the
minimum necessary. Fitting the three types of data

Figure 9. Measured (a) isotropic pump-probe lifetime decays P(t),
(b) rotational anisotropies r(t), and (c) CLS(Tw) decays (spectral
diffusion) of SeCN− in bulk MeIm (green points) and MeIm confined
in silica pores of sizes 8.3 nm (blue points), 5.4 nm (red points), and
2.8 nm (black points). The solid curves of the same colors are
modified two-state model fits to the data. The orange dashed curves
are the model shell decays that yield the best fit to the experimental
data (distance averaged data) for the three pore sizes.
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simultaneously proved to be the most important constraint.
The fits of individual data sets to different models were often
of similar quality. However, while the models describing the
transition from shell to core dynamics may differ with the
observable, the system itself should be invariant, meaning that
the SeCN− f(ρ) for a given pore size should be identical
regardless of the dynamics being measured. The models that
we settled on (eqs 13−15) gave the best agreement among
different sets of f(ρ) obtained for individual fits and the set of
shared f(ρ) in a global fit of all three dynamical variables. This
shared set of f(ρ) (dashed lines in Figure 10) have means,

medians, and modes consistent with the simulated f(ρ) (solid
lines in Figure 10). The values of the skew parameter a are 1.0
± 0.5, 3.9 ± 0.8, and 3.0 ± 0.1 for the 2.8, 5.4, and 8.3 nm
pores, respectively. Directly applying the simulated f(ρ) gave
poorer fits but resulted in parameters and shell decay curves
that were within error bars of those produced by the sine
squared distribution fits, indicating that the nature of the
system derived from the experimental results is in good
agreement with simulations. Accounting for the lifetime
variation of SeCN− located at different distances resulted in
global fits that are very slightly better than those without the
lifetime corrections, and the resulting parameters and shell
dynamics (Table 6) are essentially identical to those obtained
without this correction. This was expected since the lifetimes
are long with respect to the dynamical time scales being
considered. For such long-lived probes, their spatial diffusion

may result in an exchange between core and shell populations,
but the displacements are negligible on the time scales of the
dynamics beings studied. Specifics of the lifetime correction
procedure and the negligible effects of exchange are given in
the SI.

3.3.2. Physical Insights and Comparisons to Confined
Water. In Figure 11, the three models m(ρ) describing the

transitions between shell and core lifetime P(t), anisotropy
r(t), and CLS (Tw) are plotted as functions of the distance d
from the pore surface. The plot extends to the radius of the 8.3
nm pore but applies to all pore sizes when truncated at the
corresponding distances marking the respective pore centers
(purple dashed lines). The smoothed step function (black
curve) that describes the transition between the shell and core
(bulk) lifetimes is defined by an interfacial thickness ΔP = 16 ±
2 Å and a smoothness parameter α = 12 ± 3 Å. For the
anisotropy (red curve), the transition is modeled by an
exponential decay with a characteristic length ξ = 9 ± 1 Å. The
transition for the CLS (blue curve) is a simple step function,
with ΔCLS = 10.7 ± 0.1 Å. These interfacial thicknesses and
characteristic lengths obtained from the model fits are on the
order of two to three MeIm layers, which was also the case for
the shell thickness Δ ∼10.4 Å obtained from the strict two-
state model (step function for all variables, uniform SeCN−

distributions).

Figure 10. Normalized probability distributions for SeCN− as a
function of the distance d from the pore surface as determined
through simulations (solid curves) and from the modified two-state
model fits to the measured dynamics (dashed lines) for 2.8 nm
(black), 5.4 nm (red), and 8.3 nm (blue) pores. The skew parameters,
a, describe the degree that the distributions lean toward the surface.

Table 6. Core and Shell Dynamics from Modified Two-State Model Fits

observable A1 t1 (ps) A2 t2 (ps) A3 t3 (ps) τc (ps)

Pcore(t)
a 143 ± 1

Pshell(t) 98 ± 3
rcore(t)

a 0.071 ± 0.005 0.42 ± 0.05 0.125 ± 0.006 2.4 ± 0.2 0.202 ± 0.007 8.4 ± 0.3 5.1 ± 0.2
rshell(t) 0.09 ± 0.01 0.9 ± 0.3 0.18 ± 0.02 18 ± 3 0.12 ± 0.01 92 ± 11 37 ± 2
CLScore(Tw)

a 0.28 ± 0.01 1.63 ± 0.03 0.22 ± 0.01 6.2 ± 0.2 0.024 ± 0.004 29 ± 6 4.8 ± 0.2
CLSshell(Ti) 0.24 ± 0.02 3.0 ± 0.1 0.35 ± 0.01 11.4 ± 0.7 0.086 ± 0.007 75 ± 4 16.5 ± 0.2

aThese values were fixed to the bulk parameters in the fits.

Figure 11. Plots of the smoothed step (black), exponential decay
(red), and simple step (blue) models, as a function of the distance d
from the pore surface, describing the transitions between shell and
core characteristics for the vibrational lifetime, anisotropy, and CLS,
respectively. The green dashed curve (right axis, reproduced from
Figure 6) is the simulated probability distribution of MeIm. The
dashed purple lines mark the centers of the 2.8, 5.4, and 8.3 nm pores.
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The values describing the shell layer, normalized by the
MeIm molecular diameter, are larger than the corresponding
ones for confined D2O.

22 In the confined D2O study, the r(t)
curves were also fit to an exponential model, with ξ = 2.0 Å,
and the CLS was fit to a smoothed step model with ΔCLS = 2.8
Å and αCLS = 0.75 Å.22 These ξ and ΔCLS values are on the
order of one D2O molecular diameter (∼2.5 Å). The effects of
the surface propagate farther for confined MeIm. The r(t) for
both liquids was fit with an exponential model, but the
characteristic length for MeIm is more than four times longer,
which is similar to the relationship between the ratios of the
2.8 nm and bulk r(t) correlation times τc (∼4.7 for MeIm and
∼1.4 for D2O). Although the CLS was modeled with a normal
step function for MeIm and a smoothed step for D2O, the
parameter Δ in both describes the location of the step, which is
again almost four times greater for MeIm. This is also
comparable to the ratios of the CLS τc (∼3.4 for MeIm and
∼1.4 for D2O). It should be noted that the CLS for MeIm can
also be fit with a steep (small αCLS) smoothed step function,
but there is no improvement in the fit.
Using Δ = 4.6 Å as the thickness of one MeIm layer and

pore diameters 2.8, 5.4, and 8.3 nm, a corresponding maximum
of 3, 6, and 9 MeIm layers can be accommodated in the pores.
In the smallest pore, which can only accommodate three layers,
the model fit parameters suggest that the measured dynamics
should reflect a mostly shell behavior. Indeed, the fitted shell
lifetime of 98 ± 3 ps is within error of the spatially averaged
102 ± 2 ps lifetime measured for the 2.8 nm pore. The shell
correlation function for the CLS is identical to the
triexponential fit to the 2.8 nm CLS, suggesting that, in the
smallest pore size, only the shell state spectral diffusion is
present. This is not true for r(t), where the r(t) shell
correlation function is a more slowly decaying triexponential
than the triexponential fit to the 2.8 nm r(t). The shell
properties are tabulated in Table 6 and also shown as orange
dashed lines in Figure 9. Given these fit parameters and
information on the solvent structure from the simulations,
some interesting relationships can be inferred between the
confined structure and dynamics.
3.3.2.1. Lifetime, P(t). The location of the step at d = d0 +

ΔP = 18.6 Å in the gradual transition from the shell to bulk
lifetime (Figure 11, black curve) is approximately where the
MeIm f(d) (green dashed line) begins to decrease linearly (i.e.,
unstructured, bulk-like MeIm). This also corresponds to where
distinct density oscillations (Figure 7) have subsided, roughly
three to four MeIm layers in. The ∼45 ps difference in the shell
and core lifetimes suggests that the pronounced structural
layering of MeIm near the surface has a significant effect on
SeCN− vibrational relaxation. For confined D2O, the very
slight reduction of the SeCN− lifetime in confined water is
then likely a result of the weaker and shorter range structural
ordering.22

The vibrational lifetime is a very local property sensitive to
the immediate solvent environment of the moiety undergoing
the vibrational relaxation. For polyatomic chromophores like
SeCN−, there are two vibrational relaxation pathways:
intramolecular vibrational energy redistribution (IVR) to
other modes of the probe itself and intermolecular vibrational
energy relaxation (VER) to solvent modes. Given the large
energy mismatch between the CN stretch (2065 cm−1) and the
C−Se stretch and bend frequencies (560 and 420 cm−1,
respectively, in KBr and Nujol mulls),92 the IVR relaxation
pathway alone is inefficient, and intermolecular MeIm bath

modes, e.g., librations and translations, will be involved in
solvent assisted IVR pathways.93,94 The deposition of energy
from the CN moiety into the bath modes depends on the
coupling strength and the density of states, both of which are
influenced by the immediate solvent environment. Therefore, a
change in the lifetime as the liquid structure transitions from
interface influenced to bulk-like is reasonable.
In a computational study focusing on VER of a model

diatomic anion solute in a dipolar solvent confined in
hydrophobic cavities, the vibrational lifetime decreased
monotonically with confinement, decreasing by a factor of
∼1.3 from bulk to a 3 nm pore,95 similar to the ∼1.4 factor
reduction for SeCN− in MeIm from bulk to a 2.8 nm pore. The
study showed that increasing confinement reduced the
vibrational lifetime by increasing the overlap between the
solute probability distribution and the solvent density peaks,
resulting in increased short-range Lennard−Jones interactions
that increased the number of effective VER collisions.
Although the cavities in the computational study were
spherical and hydrophobic, confinement-enhanced VER
should also be important for MeIm confined in silica. As
shown in computational studies of confined acetonitrile, unlike
orientational ordering, which is also dependent on surface
(electrostatic) interactions, the development of high density
solvent peaks is primarily a geometric effect.23 The smooth
step model suggests that the most densely packed MeIm
interacting with the surface gives rise to the shortest, most
shell-like, SeCN− lifetimes. This shell character persists with
only a gradual change at small distances from the surface due
to the perpetuation of surface properties. As the layering
subsides, the SeCN− lifetime changes more rapidly, but not
sharply, since the local environment, while approaching bulk
behavior, is still different from the bulk. Continuing further
into the pore interior, as surface effects wane, the MeIm
becomes essentially bulk-like, but it is likely that for the very
local solute−solvent interactions, there are still discernable
differences from the bulk, leading to the slow approach to the
core lifetime. As seen in Figure 11, at a distance d = 14 Å
(corresponding to the center of a 2.8 nm pore), the lifetime
takes on a primarily shell character, corresponding to the only
slightly longer average lifetime of 102 ± 2 ps measured for 2.8
nm pores versus the shell lifetime of 98 ± 3 ps from the fits.

3.3.2.2. Anisotropy, r(t). The shell r(t) obtained from the
fits (orange dashed line in Figure 9b) decays much more
slowly than the bulk, with a 7-fold increase in τc. The longest
time scale of the triexponential shell rshell(t), which results from
the relaxation of all constraints on rotational motion, is ∼11
times slower than that of the bulk (Table 6). Given that the
size and shape of the reorienting molecule (SeCN−) and
temperature remain unchanged, the hydrodynamic theory
would suggest that the slowing of shell dynamics is directly
proportional to the increase in the effective viscosity. For a
bulk MeIm viscosity of 1.72 cP,38 the effective shell viscosity
would be ∼19 cP. Both confinement-induced increases in the
liquid viscosity and additional structural constraints such as
stronger solvent interactions can result in a slower
reorientation near the surface.
Of the three models presented here, the exponential

transition from shell to core for r(t) (Figure 11, red curve)
deviates most from a conventional two-step model. In the limit
of large pore sizes and uniform probe distributions, the
dependence of a spatially averaged dynamical property on the
pore radius R is actually strikingly similar for an exponential
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model with a characteristic length ξ and a simple step model
with a shell thickness ξ. Both expressions are dominated by a
leading term 2ξ/R, indicating that different models based on
qualitatively different physical descriptions of the liquid
structure can give very similar results. Nonetheless, the very
good fits and associated SeCN− distributions strongly support
the use of the exponential model. The characteristic length ξ =
9 Å also provides a meaningful measure of surface effects.
The exponential model had been previously applied to the

orientational dynamics of SeCN− in water confined in the
same silica pores.22 Detailed MD simulations showed that at
any given time, t, the value of C2(t) decreases exponentially
with distance from the surface with the same characteristic
length ξ for the two simulated pore sizes. A similar exponential
decrease with distance was also observed in a computational
study of water dynamics in reverse micelles (RMs), but the
characteristic lengths were dependent on the RM size, meaning
that the shell dynamics (assumed to be invariant in the two-
state model) may be slowed by the effects of both the surface
and the curvature.12 This additional influence, i.e., curvature,
weakens for larger RMs but was not observed for the silica
pores possibly due to the cylindrical pores having one less
dimension of confinement.
The continuous change in the r(t) (exponential depend-

ence) instead of a binary (step) or near-binary (smoothed
step) change suggests that the rotational dynamics reflect
surface effects that decay relatively slowly with distance.
Compared to the vibrational lifetime, which depends on the
immediate environment of the CN moiety, rotation of the
SeCN− requires the surrounding MeIm molecules to displace
to allow the SeCN− to assume an orientation that occupies
space previously filled by the solvent. In the case of SeCN−

rotational dynamics in D2O, ξ = 2 Å and the shell r(t) was a
single exponential decay with a time scale ∼3 times slower than
the slower of two bulk time constants, suggesting that the
wobbling component observed in the bulk was either low in
amplitude or absent near the surface.22 In contrast, for MeIm,
the weight of the amplitudes for the faster (wobbling) time
scales increased in the shell r(t). These differences seem to
reflect a fundamental difference in the effects of confinement
on the two liquids. For water, which already forms extensive H-
bond networks in the bulk, the silanol surface groups do not
offer a significant change in the types and strengths of
interactions present. However, these silanol groups are
tethered to a confining framework, making them immobile
partners that can severely restrict the rotation of water
molecules at the surface. Restriction at the surface is consistent
with the characteristic length being on the order of one water
molecule and the much slower complete reorientation time
dominating the shell behavior. The generally aprotic MeIm,
however, gains protic character via H-bonding with the surface.
The slowing of both the wobbling and complete reorientation
time scales is then directly and indirectly induced by stronger
H-bonds between SeCN− and MeIm. The longer correlation
length (9 Å) in MeIm reflects a more directed propagation of
surface effects through the antiparallel MeIm layers compared
to the tetrahedral network of water molecules.
The importance of the surface silanols to the slowing of

SeCN− rotational dynamics in MeIm is also demonstrated by
the relationship of different structural and dynamical features
with the types of surface interactions involved. In computa-
tional studies of acetonitrile in pores with different surface
functionalities, structural layering occurred independent of

surface functionality and antiparallel ordering was present as
long as the surface was charged, but significantly frustrated
rotational dynamics emerged only in the presence of H-
bonding silanol surface groups.23,24 For both the MeIm
probability distribution (Figure 6) and density (Figure 7),
three to four distinct layers were observed and oscillations
extend out to almost 20 Å. This is comparable to the location
of the step at ∼18.6 Å describing the lifetime. The MeIm
orientational probability plots (Figure 8) show clear orienta-
tional preferences for two antiparallel bilayers out to ∼12 Å.
The exponential model describing the distance dependence of
r(t) is characterized by ξ = 9 Å, corresponding to a distance
from the surface d = d0 + ξ = 11.6 Å.

3.3.2.3. Spectral Diffusion, CLS(Tw). The triexponential
shell CLS(Tw) obtained from the model fits (Table 6) is within
error of the measured triexponential 2.8 nm CLS(Tw) (Table
4). This suggests that the aspects of the solvent structure that
influence spectral diffusion are shell-like throughout the 2.8 nm
pore. Thus, the simple step model (Figure 11, blue curve) was
sufficient to describe the CLS(Tw) distance dependence. The
location of the step at d = d0 + ΔCLS = 13.3 Å is close to where
the orientational ordering subsides. The interfacial thickness
ΔCLS ∼10.7 Å is approximately two MeIm molecules, which is
thicker than the value Δ ∼2.8 Å (about one water molecule)
obtained for the smoothed step model fit to the SeCN−

CLS(Tw) decays in D2O.
22 The biexponential shell CLS(Tw)

in water was believed to be the slower version of the
biexponential bulk water CLS(Tw), with the first time scale
reflecting very local H-bond length and angle fluctuations and
the second characterizing H-bond dissociation and formation.
The triexponential shell CLS(Tw) in MeIm is likely also a
slower version of the triexponential bulk CLS(Tw). The larger
interfacial thickness for MeIm should be the result of the more
unidirectional and, hence, longer range propagation of the
dipole ordering in MeIm layers in contrast to the three-
dimensional H-bonding in water.
The step function for the CLS(Tw) (Figure 11, blue curve)

occurs when the structured nature of the MeIm has essentially
ended (Figure 11, green dashed line). The position of the step
indicates that the structural fluctuations of the MeIm that are
responsible for spectral diffusion are distinct for the surface
ordered liquid. It is telling that the position of the step is
consistent with the extent of orientational ordering (Figure 8),
which reflects the range over which electrostatic directing is
prominent. As suggested above, H-bonding with the surface
enhances the H-bonding character of MeIm, and these effects
can constrain SeCN− rotation through stronger H-bonds and
through slower motions of neighboring MeIm molecules.
However, these effects fall off with distance, giving rise to the
exponential decay of the fraction of the SeCN− influenced by
the surface. For the lifetime, which is very sensitive to the
liquid structure immediately surrounding the CN moiety, the
surface influence falls off much more slowly than the other two
observables. This may suggest that small differences in the
MeIm liquid structure still exist at relatively long distances
from the surface, and the lifetime is more sensitive to these
differences than the other two observables.
There is an important difference between the 2D IR

CLS(Tw) observable and the other two observables. The
lifetime is an intramolecular dynamic process of the vibrational
probe. It is sensitive to the local structure of the surrounding
liquid, but it does not directly report on liquid dynamics. The
anisotropy is a measurement of the dynamics of the probe and
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is influenced indirectly by the solvent dynamics. In contrast to
the other two observables, the 2D IR spectral diffusion is a
direct result of the solvent dynamics. The time-dependent
change in solvent structure changes the vibrational frequencies
of the CN stretch. The time dependence of the structural
changes will depend on the nature of the average liquid
structure and is thus the most direct measurement of the
solvent structural dynamics as a function of distance from the
surface.

4. CONCLUDING REMARKS
The effects of confinement on the polar aprotic liquid, 1-
methylimidazole, in silica pores of varying diameters (2.8, 5.4,
and 8.3 nm) were investigated by vibrational spectroscopic
measurements of the CN stretch of SeCN− dissolved in MeIm.
FT-IR, polarization selective pump-probe experiments, and 2D
IR spectroscopy generated the corresponding observables:
linear absorption spectra, vibrational lifetimes and orientational
relaxation, and spectral diffusion. MD simulations of the
probability distribution, density, and orientational ordering of
MeIm and SeCN− provided structural information as a
function of distance from the pore surface. The simulations
guided the development and interpretation of analytical two-
state models used to describe the confined dynamics.
Analysis of the bulk MeIm observables in comparison with

those in imidazole,38 ILs,78 and water51 revealed that H-
bonding of SeCN− and MeIm is present and relevant. Despite
being aprotic and mildly basic, MeIm can still donate H-bonds
via the H atom at the C2 position and, to a lesser extent, the
C4 and C5 H atoms (Figure 1).38 The nature and number of
these H-bonds appear to change under confinement as a result
of additional H-bonding interactions between the confined
MeIm and the silanol surface. These changes were reflected in
the broadened linear spectrum andwith increasing confine-
mentshorter vibrational lifetime, slower rotational dynamics,
and slower spectral diffusion.
The simulated structural properties of confined MeIm are

very similar to those of acetonitrile, another polar aprotic
solvent, confined in hydrophilic silica pores.23,24,28 Compared
to confined water,17,22 confined MeIm exhibits greater
structural ordering, with three to four distinct liquid layers
and antiparallel bilayers that begin with the MeIm closest to
the surface preferentially orienting their N3 atoms toward the
surface. The SeCN− distributions in the silica pores are also
structured and peaked near, but not at, the surface. Since the
spatial distributions of the probe directly determine the
representation of different solvent layer dynamics in the
spatially averaged measurements, they were included in the
modeling of the distance dependence of the dynamics.
Modified two-state model fits to the measured dynamics

produced parameters consistent with shell-like dynamics
propagating through three to four MeIm layers as compared
to one layer for D2O.

22 The distance dependences of these
quantities were assumed to be independent of pore size, in
accordance with simulations of other organic liquids confined
in mesoporous silica.24,29 The analytical form of the transition
(the modification to the two-state model) as a function of
distance from the pore surface varies with the observable. The
vibrational lifetime is described by a smoothed step transition
between a shorter shell lifetime and a core (bulk) lifetime, with
an interfacial thickness ΔP ∼16 Å that is related to the extent of
liquid layering. Orientational relaxation speeds up exponen-
tially with increasing distance from the surface and becomes

bulk-like at the pore center for the larger pore sizes. The
exponential transition is characterized by a shorter length ξ ∼9
Å, consistent with a dependence on shorter-range surface
interactions such as H-bonds. Of the three observables,
spectral diffusion is most directly related to the intrinsic liquid
dynamics and structure and conforms best to a conventional
two-state model, with a step transition at ΔCLS ∼10.7 Å sharply
separating shell and core behaviors.
Given the similar qualitative descriptions of the core−shell

transition of SeCN− dynamics in both the aprotic MeIm and
protic D2O, it is likely that the physical implications apply to a
range of liquids. The success of the models in reproducing the
pore-size-dependent experimental data highlights the impor-
tance of surface functionalities and the nature of the confined
liquid to the propagation of surface-influenced dynamics.
Confinement in hydrophilic pores clearly has a larger effect on
MeIm, which, unlike water, lacks extensive H-bond networks
in the bulk liquid but engages in H-bonds with the surface and
experiences strong dipole ordering under confinement. The
greater extent of surface effects for MeIm described by the
model fits is in accord with the relative increase in surface-
induced structural order shown in the simulations. As
discussed in detail, the different observables are sensitive to
distinct aspects of the MeIm liquid structure and dynamics.
The molecular-level pictures presented by the different two-
state models are based on analytical approximations to the
spatial distributions obtained from the simulations. While it is
important to recognize that these models smooth out details of
the MeIm ordering induced by the surface, they are useful for
fitting the experimental data and providing well-defined
functional forms for the spatial dependence of the different
observables. Studies of ultrafast confined dynamics in liquids
other than water are scarce, so the understanding of the scaling
of dynamics with pore size will benefit from additional studies
on liquids with different molecular dimensions and interactions
with surface moieties.
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