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ABSTRACT

Water confined in mesoporous silica plays a central role in its many uses ranging from gas sorption to nanoconfined chemical reactions.
Here, the influence of pore diameter (2.5–5.4 nm) on water hydrogen bond (H-bond) dynamics in MCM41 and SBA15 mesoporous silicas
is investigated using femtosecond infrared vibrational spectroscopy and molecular dynamics simulations on selenocyanate (SeCN− ) anions
dissolved in the pores. As shown recently, SeCN− spectral diffusion is a reliable probe of surrounding water H-bond structural motions. Additionally, the long CN stretch vibrational lifetime facilitates measurement of the full range of confined dynamics, which are much slower than
in bulk water. The simulations shed light on quantitative details that are inaccessible from the spatially averaged observables. The dependence
of SeCN− orientational relaxation and that of spectral diffusion on the distance from the silica interface are quantitatively described with an
exponential decay and a smoothed step-function, respectively. The distance-dependence of both quantities is found to be independent of the
diameter of the pores, and the spatial distribution of SeCN− is markedly non-uniform, reaching a maximum between the interface and the
pore center. The results indicate that the commonly invoked two-state, or core–shell, model is a more appropriate description of spectral
diffusion. Using these insights, we model the full time-dependence of the measured dynamics for all pore sizes and extract the “core” and
“shell” dynamical correlation functions and SeCN− spatial probability distributions. The results are critically compared to those for water
confined in reverse micelles.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5145326., s

I. INTRODUCTION
Water confined in mesoporous silica has diverse applications
including adsorption of metal ions1 and volatile organic molecules2
from wastewater and air, CO2 capture from humidified flue gases,3
the folding of encapsulated proteins,4,5 and nanoconfined reactions
in aqueous solution.6 Despite enduring interest in these systems,
predicting how the properties of water scale with the size of the
nanostructures remains a significant challenge. Typically, changes
in the structure and dynamics of liquids from their bulk values are
observed when the separation from an interface becomes less than
∼10 molecular diameters.7–18 Exceptions have been reported, as in
the case of ionic liquids (ILs), where interfacial effects on the dynamics are observed over tens to hundreds of nanometers (constituting hundreds to thousands of molecules) in porous membranes19
and thin films.20,21 In the case of water, which has a single layer
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statistical thickness of ∼2.5 Å,22,23 differences from the bulk liquid
appear once the distances from an interface approach a few nanometers.9–16,18,23–31 These results imply that the influence of the interface
decays rapidly, i.e., on characteristic length scales of a few water
diameters.
Although confinement generally slows liquid dynamics, even
in situations of extreme confinement such as water “nanopools”
in reverse micelles (RMs)13,15 and mesoporous silica,18 femtosecond to picosecond hydrogen bond (H-bond) network fluctuations
are observed. Measuring the evolution of these fast time scales with
spatial resolution on molecular length scales inside a nanoconfining system poses a significant challenge as the required femtosecond and sub-nanometer resolution is beyond available methods.17
In general, the distance-dependence of the dynamics and the spatial probability distribution of the molecular species in the nanostructure are necessary to model the measured dynamics.17 For the
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description to be reliable, measurements on a series of confining
framework sizes are needed to rigorously test the validity of the
proposed models.7,14,16,17,21,32
In the commonly applied two-state, or core–shell, model, the
dynamics assume distinct values in the “core” and “shell” regions
of the nanostructure and transition between them as a step function.17,33 For a cylindrical pore of radius R and shell thickness Δ, the
dynamics as a function of distance from the center of the pore, ρ, can
be expressed as
P(t; ρ) = Pcore (t) + (Pshell (t) − Pcore (t))θ[ρ − (R − Δ)],

(1)

where Pcore (t) and Pshell (t) are the dynamics in the core and shell
regions and θ(x) is the Heaviside step function. The two-state model
was used to describe the dielectric relaxation time distributions
attributed to interfacial and bulk-like H-bond forming diols confined in sol–gel glasses7 and in a 2D IR study to predict the amplitudes of spectral diffusion components sensed by a silane probe
tethered to the surface of spherical silica mesopores.32 In contrast, an
exponentially decaying distance-dependence was assumed to model
the fast spectral diffusion of anionic probes in RMs of changing
diameter14 and at a single time delay for a series of IL thin films of
varying thicknesses.21 In the RM study, the characteristic length of
the exponential was assumed to vary with radius based on simulation results which found this to apply to the rotational dynamics of
water.13 In all studies employing free probe molecules, the probes
were assumed to be uniformly distributed in nanostructures.7,14,21
The complete time-dependence of the correlation functions in the
2D IR studies was not modeled because the lifetimes of the probes
limited the observations to the fast dynamics and additional assumptions would need to be included.14,21,32 For example, it is unclear
whether different time scales follow different characteristic lengths
and whether the interfacial dynamics and lengths depend on the size
of the nanostructure.
In addition to its many applications involving confined water,
mesoporous silica is a useful system for understanding the influence
of confinement on ultrafast water dynamics because of the availability of a range of highly uniform pore diameters.34–36 To address the
influence of pore size on water dynamics, we studied pores in the
diameter range of 2.5–5.4 nm with polarized IR pump–probe experiments, 2D IR spectroscopy, and molecular dynamics (MD) simulations. The reorientation and spectral diffusion of selenocyanate
(SeCN− ) dissolved in the water is used to probe the H-bond structural dynamics. H-bond dynamics, which couple to the frequency
of the vibrational mode, lead to a time-dependent decorrelation
between the initially excited and final frequencies detected, i.e., spectral diffusion. SCN− and SeCN− vibrational probes have been used
to investigate intermolecular vibrational energy transfer in ion/water
H-bond complexes,37 contact ion pair dissociation times,38,39 and
the role of cation identity, surface interactions, and confinement on
dynamic observables in aqueous systems.18,40–42 Recently, an analysis of SeCN− CN stretch dynamics in bulk D2 O demonstrated that
the spectral diffusion time scales agree with those observed when
the water OH stretching mode is directly probed.43 Additionally, the
long CN stretch vibrational lifetime of SeCN− (∼36 ps), in contrast
to that of the HOD hydroxyl stretch (∼0.7 ps), provides a large experimental time window over which the dynamics can be observed.
The rotation of SeCN− , although qualitatively different from that
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of water,43 is constrained by the surrounding H-bond structure,
providing further details on the nature of the interactions under
nanoscale confinement.
The analysis of the simulations and nonlinear spectroscopic
observables shows that the concept of core and shell regions with
homogeneous dynamics does not apply to the rotational dynamics,
which accelerate exponentially with an increase in the distance from
the silica surface. The characteristic length of the decay is ∼2 Å or
about the size of a water molecule.22 Water rotational dynamics in
RMs were also found to exhibit an exponential spatial dependence
in a previous simulation study.13 The experiments and simulations
on water in the SiO2 pores show that the orientational relaxation
of SeCN− at the distance of closest approach, d0 = 3 Å, occurs on
a 14 ± 1 ps time scale, which is close to the 13 ps reorientation time
constant of SeCN− near the surface of “large” RMs.16 This result suggests that the chemical natures of the silica and surfactant interfaces
have a similar (or perhaps minor) influence on the dynamics, an idea
proposed in studies that observed the same water dynamics within
experimental error at the interface of charged (AOT) and neutral
(Igepal) RMs.12 In contrast, the spectral diffusion is better described
by a two-state model, although the step transition between the shell
and the core is not sharp. The width of the transition region is similar to the thickness of a single water layer. This analysis differs from
studies that have assumed an exponential form for the acceleration
of the vibrational dynamics with the distance from the interface of
RMs and IL thin films.14,21 The spectral diffusion at the interface
of the silica pores consists of 1.9 ps and 14.6 ps components. Contrasting these time scales with the core (and bulk liquid) values of
0.5 ps and 1.6 ps indicates dramatically slower H-bond dynamics
near the surface. Finally, in contrast to the usual assumption of a
uniformly distributed probe in the nanostructure,7,14,21 the simulations and their consistency with the experiments indicate that the
SeCN− distributions are peaked somewhere between the surface and
the center of the pore, and the location of this maximum depends on
the pore radius.
II. EXPERIMENTAL PROCEDURES
A. Sample characterization and preparation
The experiments focus on five samples: bulk 0.3M KSeCN in
D2 O and this same solution confined in roughly cylindrical silica
mesopores of diameters of 2.5 ± 0.2 nm, 2.8 ± 0.1 nm, 4.2 ± 0.5 nm,
and 5.4 ± 0.5 nm. The two smallest pores are MCM41 and the
larger two are SBA15. The 2.8 nm sample was purchased from ACS
Material, while the remaining samples were purchased from SigmaAldrich. The bulk43 and 2.5 nm18 systems were discussed in detail
previously. The analysis of the bulk system showed that the linear IR spectrum and dynamical observables were invariant over a
concentration range from 0.1 M to 0.5 M, demonstrating that the
concentrations are within the dilute limit.43,60 Previous work has
shown that KSCN concentrations of several molar are required to
observe the onset of ion pairing, changes in viscosity, and the slowing of dynamic observables.40,41 In the study of the 2.5 nm pore, no
effects of ion pairing, such as a blue-shifted shoulder in the linear
IR spectrum,38,39 were observed, indicating that the concentration of
0.3 M is also within the dilute limit under nanoconfinement in silica.18 These observations justify the lower concentration of SeCN−
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used in the earlier MD simulations18,43 and in the present work
(vide infra). The surface areas, pore size distributions (Fig. S1 of
the supplementary material), and primary mesopore volumes of the
materials were determined at the Soft & Hybrid Materials Facility
(SMF) at the Stanford Nano Shared Facilities (SNSF), as previously
described.18 These quantities are tabulated in Table I. A sedimentation procedure was used to reduce the particle size of the samples
to eliminate the larger particles, which generated significant scattered light in the experiments.18 The dried powders were mixed in
the KSeCN/D2 O solution and then filtered to remove excess solution. To ensure complete hydration of the pores, the samples were
equilibrated overnight in a home-built hydration chamber by flowing water saturated [∼100% relative humidity (RH)] N2 (g) vapor
over the particles.18
B. Infrared spectroscopy
The linear and nonlinear spectroscopic techniques in this work
have been described in detail previously;18,43 brief descriptions of the
nonlinear techniques, 2D IR spectroscopy, and polarization selective
pump–probe (PSPP) experiments are provided here.
The 2D IR pulse sequence consists of four pulses. The first two
pulses in the sequence, pump pulses 1 and 2, label and store the initial vibrational frequencies, ω1 , of the ensemble of CN stretches of
the vibrational probe, SeCN− . A Fourier transform over the time
delay, τ, between the two pump pulses forms the initial frequency
axis of the 2D spectrum, ω1 . The time delay, T w , between pulse 2
and pulse 3 (also known as the probe pulse) is the waiting time.
During this period, the structure of the water hydrogen bond network fluctuates and reorganizes around the probe molecules, causing their vibrational frequencies to change. These three input pulses
generate a nonlinear polarization in the sample, which leads to the
emission of the fourth pulse, or vibrational echo signal. The echo
pulse is collinear with the probe pulse, which acts as the local oscillator (LO) to heterodyne detect the echo signal. The signal/LO beam
is directed into a monochromator, which acts as a spectrograph,
and the frequency dispersed signal/LO beam is detected with an IR
array detector. As τ is scanned, an interferogram is recorded at each
frequency (pixel of the array detector). Numerical Fourier transformation of these interferograms gives the ω1 (initial frequency) axis
of the 2D IR spectrum. The spectrograph generates an experimental Fourier transform, which gives the final frequency axis of the 2D
spectrum, ω3 .
Qualitatively, the experiment works as follows: Pulse 1 labels
the frequencies of the probes across the inhomogeneously broadened absorption spectrum. Pulse 2, a short time later, stores the

TABLE I. Sample properties. SBET : Specific BET surface area, D: Pore diameter,
V p : Primary mesopore volume, and V t : Total pore volume.

Sample

SBET (m2 /g)

D (nm)

V p (cm3 /g)

V t (cm3 /g)

MCM41
MCM41
SBA15
SBA15

960 ± 30
950 ± 70
560 ± 80
840 ± 100

2.5 ± 0.2
2.8 ± 0.1
4.2 ± 0.5
5.4 ± 0.5

0.71 ± 0.03
0.75 ± 0.06
0.48 ± 0.06
0.8 ± 0.1

0.91 ± 0.07
0.82 ± 0.05
0.62 ± 0.06
1.1 ± 0.2
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information. The system, in this case water in the mesopores, is
allowed to structurally evolve for the waiting time, T w . Then, pulse
3 initiates a readout, and the echo pulse reports on the probe frequencies after the evolution time T w . During T w , the water structure
evolves, causing the local environments of the vibrational probes to
change, which in turn changes the probe frequencies. 2D spectra
are recorded as a function of T w . As T w increases, the shape of the
2D spectrum changes because the final frequencies differ more and
more from the initial frequencies. At short times, the band shape
is elongated along the diagonal line of the 2D spectrum (the line
ω3 = ω1 ), owing to the high correlation between the initial (ω1 )
and final (ω3 ) frequencies. At later times, spectral diffusion dynamics have diminished the correlation between ω1 and ω3 frequencies,
resulting in an increasingly round 2D band shape. The frequencies
change because the structure changes. Therefore, the T w dependent changes in frequencies are measured to report on the structural
evolution of water.
The time scales of the spectral diffusion occurring over the
T w period can be extracted from quantitative analysis of the timedependent 2D band shape.44–46 The T w dependent 2D IR data are
evaluated to obtain the frequency–frequency correlation function
(FFCF), which is the connection between the experimental observables and the molecular level dynamics. To quantify the T w dependence of the 2D IR spectra to yield the spectral diffusion dynamics,
the center line slope (CLS) method was used.44,45 It has been shown
that the CLS(T w ) decay is the normalized frequency–frequency correlation function (FFCF), which is the probability that the vibrational probe with a frequency at time t = 0 has the same frequency
at a later time, averaged over all the frequencies in the inhomogeneously broadened absorption line shape.44,45 The complete FFCF is
typically modeled with the Kubo ansatz,46,47
FFCF = Cω (t)⟨δω(0)2 ⟩ = ⟨δω(t)δω(0)⟩ = ∑ Δ2i exp[−t/τi ], (2)
i

where Cω (t) is the normalized FFCF and the frequency fluctuation,
δω(t) = ω(t) − ⟨ω⟩, is the difference between the instantaneous frequency at time t and the average frequency, ω(t) and ⟨ω⟩, respectively, while Δi and τ i are the amplitude of the frequency fluctuation and time constant of the ith decay pathway, respectively. From
the CLS(T w ) and the IR absorption spectrum, the full FFCF can be
determined.
PSPP spectroscopy is a transient absorption experiment.46,48,49
A single pump pulse excites the sample. After a time delay, t, the
probe pulse interacts with the sample. The PSPP signal is the transient intensity difference in the probe with and without the pump
pulse. The experiment is performed in “parallel” and “perpendicular” polarization configurations. In both configurations, the pump
and probe are linearly polarized at 45○ and 0○ (in the plane of
the optical table), respectively. After the sample, a polarizer in a
computer-controlled rotation mount resolves the probe pulse (the
signal) at +45○ or −45○ , which correspond to the parallel, S∥ (t), and
perpendicular, S (t), signals, respectively. The vibrational population relaxation and rotational dynamics can be extracted from these
two signals via the expressions48,49
P(t) = [S∥ (t) + 2S (t)]/3,
r(t) =

S∥ (t) − S (t)
= 0.4C2 (t),
S∥ (t) + 2S (t)

(3)
(4)
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where P(t) is the isotropic pump–probe signal decay (vibrational
lifetime) and r(t) is the orientational anisotropy. C2 (t) is the second
Legendre polynomial orientational relaxation correlation function.
P(t) is shown as a function of pore size in Fig. S2 of the supplementary material. The vibrational lifetimes of SeCN− are plotted as
a function of the reciprocal pore radius in Fig. S3 of the supplementary material. The lifetimes gradually decrease from the bulk
value (∼36 ps) as the pore becomes smaller, although the variation
is small relative to the experimental error. Nonetheless, the trend is
suggestive and consistent with lifetime calculations as a function of
increasing confinement.50
The mesoporous silica samples studied here are in the form
of powders composed of many particles. When the pump pulses
used in 2D IR and PSPP spectroscopy interact with the particles,
a significant portion of the light will scatter into the signal direction, leading to the contamination of the desired third order signals
by scattered light.51,52 These scatter signals must be eliminated to
cleanly extract the 2D IR and PSPP data of interest. The specific
polarization and phase cycling methods used to cleanly collect the
signals in this work have been discussed in considerable detail in a
previous publication.18
III. SIMULATION DETAILS
The dynamical and spectroscopic properties of SeCN− in bulk
and confined D2 O have also been modeled using MD simulations.
Many of the details have been given previously,18,43 and here, we only
briefly summarize the approach. The SeCN− solute is described as a
rigid, linear molecule with fixed charges in a symmetric distribution
(qSe = qN = −0.55, qC = 0.1); the full force field description has been
given in a prior publication.43 The D2 O molecules are described by
the SPC/E model53 and held rigid using the SHAKE algorithm.54
Model amorphous silica pores of approximate diameter 2.4 nm
and 4.4 nm were generated using an approach developed previously.55,56 Briefly, the pore is formed by heating crystalline silica
to 8000 K, growing a Lennard-Jones cylinder “resist” in the center
of the silica, and cooling it back to room temperature to form an
unfunctionalized pore. The interior of the pore is then terminated
with –OH groups by adding water across the longer Si–O bonds
(OH is bound to Si and H is bound to O). In the MD simulations,
the pore framework is held fixed, while the silanols are allowed to
move according to potentials given in an early publication.18 The
interactions with the water and SeCN− are those of Gulmen and
Thompson,56 except that ClayFF charges are used57 based on comparisons between simulations and experiments in 2.4 nm diameter
pores.18
The 4.4 nm pore was filled with water from MD simulations
of the pore in contact with a water reservoir at constant pressure;
this is expected to give equivalent results to the grand canonical
Monte Carlo simulations used to fill the 2.4 nm pore. After filling
with water, one molecule is substituted for an SeCN− solute with the
result that the larger pore contains 3009 D2 O and 1 SeCN− with 190
SiOH and 37 Si(OH)2 groups on the surface giving ∼3.2 OH/nm2 .
The details of the smaller (2.4 nm) pore MD simulations have
been presented.18 For the larger pore, five independent trajectories
were propagated with a time step of 1 fs and configurations written every 12 fs. The trajectories differed in the initial velocities and
included a 2 ns equilibration period before an 18 ns data collection
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stage. Both Lennard-Jones and electrostatic interactions were calculated with a cutoff radius of 12 Å, and the damped-shifted force
method58 with a damping parameter of 0.2 was used to describe
the long-range electrostatics. Errors in calculated quantities are 95%
confidence intervals from block averaging (with each of the five
trajectories as a block) based on the Student’s t-distribution.59
The vibrational spectroscopy of the CN stretch of SeCN− is
evaluated using an empirical map that was previously developed
based on density functional theory calculations of SeCN− in bulk
D2 O. The map has been described in detail.43 Briefly, it represents
the CN stretching frequencies as a linear function of the field exerted
on the C atom in the direction along the CN bond. The field is calculated from the SPC/E charges of the water and the ClayFF charges
of the pore for all water molecules, single silanol or geminal groups,
and silica atoms within 10 Å of the SeCN− center-of-mass.
IV. RESULTS AND DISCUSSION
A. Experiments
1. Linear IR spectra
The linear absorption spectra of SeCN− in bulk and confined
D2 O are presented in Fig. 1. In agreement with previous results for
the smallest pore (2.5 nm),18 the band centers and full width at halfmaxima (FWHM) are indistinguishable from the bulk liquid values
of 2075 cm−1 and 33 cm−1 , respectively (Table II). However, the bulk
spectrum has a long tail on the red side of the line that is absent in
the pore spectra. The long tail has been attributed to a non-Condon
effect that causes the transition dipoles on the red side of the line to
be larger.43,60 For SeCN− , the stronger axial hydrogen bonds cause a
blueshift, while the more numerous but weaker equatorial H-bonds
produce a redshift. The redshift is associated with an overall stronger
transition dipole.43 The absence of the tail in the pores suggests that
the population of very weak SeCN− /water H-bonds is reduced in the
pores.

FIG. 1. Linear-IR spectra of the SeCN− CN stretch in bulk D2 O (black curve) and
in D2 O confined in silica pores of sizes 5.4 nm (brown curve), 4.2 nm (blue curve),
2.8 nm (green curve), and 2.5 nm (red curve). The spectra are more symmetric
under confinement; however, the center and FWHM are unchanged from the bulk
values.
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TABLE II. Line shape and distribution parameters. Centers and FWHM for the experimental (expt.) and simulated (sim.) FT IR
spectra, I(ω), frequency distributions, P(ω), and spectral densities, Pμ (ω), for SeCN− in bulk D2 O and nanoconfined D2 O in
silica pores of different sizes. The parameters for the bulk liquid and for the smallest pore size are reproduced with permission
from Yamada et al., J. Chem. Phys. 146, 234501 (2017). Copyright 2017 AIP Publishing LLC and Yamada et al., J. Phys.
Chem. C 123, 5790–5803 (2019). Copyright 2019 American Chemical Society, respectively.

Expt.

Sim.

Line shape/distribution

Sample

Center (cm−1 )

FWHM (cm−1 )

I(ω)

Bulk
5.4 nm
4.2 nm
2.8 nm
2.5 nm

2074.7 ± 0.1
2075.5 ± 0.9
2075.2 ± 0.5
2074.8 ± 0.4
2075.1 ± 0.7

32.9 ± 0.1
32 ± 1
33 ± 1
31.5 ± 0.1
32.6 ± 0.7

I(ω)

Bulk
4.4 nm
2.4 nm

2075
2075
2074

38.5
41
61

P(ω)

Bulk
4.4 nm
2.4 nm

2077
2076
2077

59.6
60
78

Pμ (ω)

Bulk
4.4 nm
2.4 nm

2072
2073
2071

58.8
60
77

The invariance of the center frequency and the FWHM is
notable considering the systematic redshift of the same band in AOT
RMs of decreasing diameter in the range ∼8.4 nm to ∼2.6 nm.16
As the diameter of the RMs was decreased further to ∼1.7 nm and
∼1.4 nm, a more dramatic redshift from the bulk center position was
observed. However, the nature of the confinement in the RM system
differs in several ways from that in mesoporous silica. In RMs, the
water pools are roughly spherical,13,26 whereas in silica, the water is
confined to a cylindrical pore.18 This difference in geometry means
that in RMs, the influence of the interface acts from all directions
(3D), while in the silica pores, the interface acts only in the two
directions normal to the long axis of the pore (2D). This additional
dimension of confinement also affects the long-range electrostatic
effects of the confined water. Thus, the confinement is more extreme
in RMs relative to cylindrical silica pores of comparable diameter. In
contrast to the soft interface of RMs, which is composed of negatively charged surfactant molecules,13,26 the hard surface of the silica pores consists of heterogeneously distributed hydrophilic silanol
dense and silanol free regions.61–64 These differences in the geometry, chemistry, dynamics, and charge of the RM interface may lead to
the redshift in the SeCN− band that is not seen in comparably sized
silica pores.
Similar to the SeCN− spectra, the IR spectrum of the OH stretch
of dilute HOD in D2 O showed very little change upon increasing
confinement in controlled-pore glasses down to 1 nm in diameter.25 This was explained by simulations that showed that the main
change in the OH stretch frequency is associated with OH groups
donating an H-bond to the silica pore oxygens.30 These are poorer
H-bond acceptors than water, which leads to a blueshift. However, these blue-shifted OH groups are not observed in the IR
spectrum because of their weaker transition dipole moments; they
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are observed in both measured and simulated Raman spectra30,65
because the transition polarizability (unlike the dipole) does not
change significantly with H-bond strength. More dramatic changes
in the absorption spectrum of the OD stretch of dilute HOD in
H2 O were observed upon confinement in nanostructured materials
such as RMs or Nafion fuel-cell membranes.9,11,66,67 A pronounced
blueshift and non-monotonic variation in the FWHM were observed
as the RM size decreased.13 In Nafion, the OD stretch spectrum also
blue-shifted and broadened relative to bulk water.66,67 A blueshift
in this band indicates that the H-bond interactions are weakened
and/or reduced relative to those in bulk water.68 Another difference
between these spectra and the spectra in Fig. 1 is that they could be
linearly decomposed into distinct “core” and “shell” spectra.11,15,66,67
The “core” spectrum was represented by the bulk spectrum, while
the “shell” spectrum was taken to be the spectrum for the smallest RM or minimum hydration spectrum in Nafion. This type of
spectral decomposition also worked well for the SeCN− band in
RMs.16 The weak size-dependence of the linear spectra in Fig. 1
suggests that the H-bond interactions in mesoporous silica are different from these other systems. It is also possible that the pore
size must be further decreased to observe significant changes in the
spectrum.
2. Orientational relaxation
Previously, we found that the orientational relaxation of SeCN−
in bulk D2 O occurs on two time scales, each reflecting distinct
processes.43 The biexponential anisotropy decay of SeCN− in bulk
D2 O (black points) is reproduced43 in Fig. 2. The shorter time
scale, 1.4 ps, results from wobbling-in-a-cone dynamics of the CN
bond vector.43,69 This form of orientational diffusion occurs within
a restricted angular space represented by a cone of half angle 21.5○ .
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relaxation of SeCN− in confined D2 O becomes progressively slower
as the pore diameter is reduced. The similarly colored solid curves
are multiexponential fits to the data, and the fit parameters are
given in Table III. The dynamics can be modeled as biexponential
decays for all but the smallest pore size of 2.5 nm, which has a third
low amplitude, slow component. Integrated correlation times, τ c ,
which for multiexponential decays are the sum of the products of
each amplitude and corresponding time constant,18 are also given in
Table III. These show that the confined dynamics slow significantly
as the pore size becomes small but are very similar to the bulk liquid
for the larger pore sizes.
From Table III, one might conclude that the first and second
time constants exhibit a nonmonotonic trend in which they steadily
slow, reaching their longest values by 2.8 nm, and then become faster
as the pore size is further reduced to 2.5 nm. However, this seemingly complex trend is an artifact of the change in the functional
form of the anisotropy from a biexponential to a triexponential as
the slower SeCN− molecules near the silica surface become a larger
contribution to the measured signal. As will be detailed in Secs.
IV B 2 and IV C, the reorientation dynamics of SeCN− and water
near the center of each pore remain bulk-like, while the dynamics
near the surface are significantly slower. Even in the largest pore
(5.4 nm), the SeCN− molecules near the surface rotate more slowly
than the molecules in the pore interior, but they represent a very
small contribution to the total signal, owing to their small number fraction. Thus, although SeCN− rotates on at least three distinct
time scales in every size silica pore, only the two time scales associated with the molecules in the pore interior will be observed in
very large pores. As the pore diameter decreases, the third time
constant associated with interfacial SeCN− begins to emerge in the
anisotropy decays. However, for intermediate pore sizes, the amplitude of the third component is small. The result is that the data
can still be modeled with biexponential decays, but the amplitudes
and time scales adjust to accommodate the emerging slow dynamics. This explains why the parameters t 1 and t 2 become longer as
the pore size is reduced from 5.4 nm to 2.8 nm (Table III) but then
accelerate at 2.5 nm where it becomes unambiguous that the decay
is triexponential. In Sec. IV C, the time scales are more accurately
determined by fitting the set of decay curves simultaneously with

FIG. 2. Measured rotational anisotropy, r(t), of SeCN− in bulk D2 O and in D2 O
confined in silica pores of sizes 5.4 nm (brown curve), 4.2 nm (blue curve), 2.8 nm
(green curve), and 2.5 nm (red curve). The solid curves are multiexponential fits to
the data.

Complete randomization of the CN orientation occurs through
small-step free diffusion on a second time scale of 4.5 ps, in a manner consistent with the Stokes–Einstein–Debye model.43,70 In contrast, the anisotropy decay of HOD in D2 O, following a small extent
of ultrafast inertial and librational motions, is single exponential
with a time constant of 3 ± 0.2 ps71 (2.6 ± 0.1 ps in H2 O72 ) and
occurs through “jump” reorientation, in which multiple H-bonds
are rapidly broken and reformed during large amplitude hydroxyl
displacements of ∼60○ .28,73 Although the reorientation mechanisms
for SeCN− and HOD differ, the time scales of the motions are
similar. This may be related to the fact that SeCN− engages in a
similar number of H-bonds to water (∼3.4)43 as water engages in
with itself (∼3.5).74 The rotation of both molecules is constrained
by the dynamics that rearrange the H-bond network formed with
surrounding water molecules.
The SeCN− experimental anisotropy decays are shown in Fig. 2
for the 5.4 nm (brown points), 4.2 nm (blue points), 2.8 nm (green
points), and 2.5 nm (red points) silica pores. The orientational

TABLE III. Orientational relaxation parameters. Multiexponential fit parameters to the anisotropy for SeCN− in bulk D2 O and D2 O in silica pores of different sizes. Ai and t i are
the amplitude and time constant of the ith component. τ c are integrated correlation times. The parameters for the bulk liquid and for the smallest pore size are reproduced with
permission from Yamada et al., J. Chem. Phys. 146, 234501 (2017). Copyright 2017 AIP Publishing LLC and Yamada et al., J. Phys. Chem. C 123, 5790–5803 (2019). Copyright
2019 American Chemical Society, respectively.

Expt.

Sim.

Sample

A1

t 1 (ps)

A2

t 2 (ps)

Bulk
5.4 nm
4.2 nm
2.8 nm
2.5 nm

0.073 ± 0.002
0.07 ± 0.02
0.087 ± 0.01
0.17 ± 0.02
0.11 ± 0.04

1.4 ± 0.1
1.5 ± 0.3
1.3 ± 0.2
2.5 ± 0.2
2.0 ± 0.4

0.304 ± 0.003
0.29 ± 0.02
0.29 ± 0.01
0.20 ± 0.02
0.24 ± 0.03

4.5 ± 0.1
4.8 ± 0.1
5.1 ± 0.1
7.6 ± 0.3
6.2 ± 0.9

Bulk
4.4 nm
2.4 nm

0.1 ± 0.01
0.14 ± 0.04
0.1 ± 0.02

0.9 ± 0.1
0.9 ± 0.3
0.6 ± 0.1

0.29 ± 0.01
0.26 ± 0.04
0.26 ± 0.03

4.5 ± 0.1
4.8 ± 0.6
4.8 ± 1.0
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A3

0.03 ± 0.02

0.05 ± 0.04

t 3 (ps)

τ c (ps)

25 ± 8

3.8 ± 0.1
4.1 ± 0.2
4.2 ± 0.2
5.3 ± 0.1
6.3 ± 0.5

20 ± 10

3.5
3.6 ± 0.3
5.9 ± 1.0
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a more complete physical description incorporating the SeCN−
distributions and the radial dependence of the anisotropy determined in the simulations.
3. Spectral diffusion
While SeCN− and HOD reorient in a qualitatively different
manner, their CN and OH stretches’ spectral diffusion is directly
comparable.43 The spectral diffusion of the OH stretch of HOD in
D2 O is characterized by two main time scales, 0.4 ± 0.1 ps and
1.4 ± 0.2 ps.75,76 Very similar time scales are found for the OD
stretch of HOD in H2 O, 0.4 ± 0.1 ps and 1.7 ± 0.2 ps.72,77–79 The
shorter time scale dynamics arise from local distance and angle fluctuations of intact H-bond configurations.75–78 The longer spectral
diffusion time scale has been shown through MD simulations to
be caused by the complete randomization of the H-bond network
structure, of which low concentration HOD is a non-perturbative
component.77,78 2D IR experiments on SeCN− in bulk D2 O gave
time constants of 0.6 ± 0.1 ps and 1.4 ± 0.2 ps.43 There were
small variations in the decay constants with polarization (parallel, perpendicular, and isotropic), which were within experimental error.43 Here, the perpendicular polarization configuration (the
polarizations of the pump pulses, pulses 1 and 2, were perpendicular to the polarizations of pulse 3 and the echo pulse) was used
because it most effectively reduces the scattered light from the SiO2
particles.52
2D IR spectra at time delays, T w , of 0.5 ps and 5 ps are shown
in Fig. 3 for bulk D2 O and for two of the confined D2 O systems. The
red and blue bands are, respectively, the 1 ← 0 and 2 ← 1 vibrational transitions normally observed in third order optical experiments.46 The spectral diffusion decay times and amplitudes were
obtained using the center-line-slope (CLS) analysis44,45 on the timedependent 1 ← 0 band, as previously described.18,43 The CLS decays
are shown in Fig. 4 for SeCN− in bulk (black points) and confined D2 O in the 5.4 nm (brown points), 4.2 nm (blue points),
2.8 nm (green points), and 2.5 nm (red points) pores. As the pore
size decreases, the CLS takes more time to fully decay. A possible
interpretation is that the water H-bond network interacting with
and surrounding SeCN− evolves more slowly with an increase in
confinement. However, owing to the spatially averaged nature of
the measurement, the apparent slowing with a decrease in pore
size can alternatively result from a change in the relative signal
contribution of molecules experiencing slow water structural rearrangements near the silica surface compared to those subject to
bulk-like dynamics in the pore interior. In Sec. IV C, we demonstrate that the latter possibility is the appropriate description of the
data.
The issues associated with interpreting independent multiexponential fits to the pore size-dependent anisotropy decays also apply
to the CLS decays. However, multiexponential fits are useful for
directly comparing the measured dynamics to the simulated results,
and so, we present them for the CLS decays in Fig. 4 and Table IV.
The multiexponential decays can be modeled with two time scales
for the larger pores, but the 2.8 nm and 2.5 nm pores are better
described with triexponential decays. As seen in the orientational
relaxation dynamics, a significant increase in τ c is observed in the
transition from the 4.2 nm to 2.8 nm pore.
The CLS and linear absorption line shape were used to determine the FFCF,44 which is given in Eq. (2). The τ i are obtained
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FIG. 3. 2D IR spectra of SeCN− in bulk D2 O and in D2 O confined in the 4.2 nm
and 2.5 nm silica pores at time delays of 0.5 ps and 5 ps.

directly from the CLS decay, while the frequency fluctuation amplitudes, Δi , are determined by reproducing the observed linear absorption line shape and CLS decay through response function calculations of the 1D and 2D line shapes.44,80 The FFCF permits the

FIG. 4. Measured CLS decays (spectral diffusion) of SeCN− in bulk D2 O and in
D2 O confined in silica pores of sizes 5.4 nm (brown curve), 4.2 nm (blue curve), 2.8
nm (green curve), and 2.5 nm (red curve). The solid curves are multiexponential
fits to the data.
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TABLE IV. CLS parameters. Multiexponential fit parameters to the CLS for SeCN− in bulk D2 O and D2 O in silica pores of different sizes. Ai and t i are the amplitude and
time constant of the ith component. τ c are integrated correlation times. The parameters for the bulk liquid and for the smallest pore size are reproduced with permission from
Yamada et al., J. Chem. Phys. 146, 234501 (2017). Copyright 2017 AIP Publishing LLC and Yamada et al., J. Phys. Chem. C 123, 5790–5803 (2019). Copyright 2019 American
Chemical Society, respectively.

Expt.

Sim.

Sample

A1

t 1 (ps)

A2

t 2 (ps)

Bulk
5.4 nm
4.2 nm
2.8 nm
2.5 nm

0.22 ± 0.02
0.38 ± 0.01
0.48 ± 0.01
0.42 ± 0.02
0.49 ± 0.05

0.5 ± 0.1
0.65 ± 0.04
0.57 ± 0.03
0.41 ± 0.1
0.8 ± 0.2

0.30 ± 0.04
0.14 ± 0.02
0.19 ± 0.01
0.31 ± 0.02
0.19 ± 0.02

1.3 ± 0.2
2.3 ± 0.2
2.3 ± 0.1
1.7 ± 0.2
3.1 ± 0.3

Bulk
4.4 nm
2.4 nm

0.27 ± 0.01
0.30 ± 0.01
0.28 ± 0.01

0.6
0.6 ± 0.5
1.7 ± 0.5

0.11 ± 0.01
0.23 ± 0.01
0.15 ± 0.01

1.4
6.7 ± 3.9
10 ± 5

separation of spectral diffusion components that lie within the
homogeneous or inhomogeneous limits, respectively, defined as satisfying Δi τ i ≪ 1 and Δi τ i ≫ 1.46 In the homogeneous limit, the
line shape is a Lorentzian of width Γ = Δ2 τ/π = 1/πT 2 , where the
experimentally observed homogeneous dephasing time is given by
(T2 )−1 = (T2∗ )−1 + (2T1 )−1 + (3Tor )−1 (T2∗ , T 1 , and T or are the pure
dephasing, vibrational, and orientational relaxation times, respectively). In the inhomogeneous limit, the line shape is a Gaussian with
standard deviation Δ. The total inhomogeneous linewidth is then

A3

t 3 (ps)

τ c (ps)

0.05 ± 0.01
0.04 ± 0.01

8±7
17 ± 1

0.97 ± 0.05
1.08 ± 0.06
1.05 ± 0.04
1.4 ± 0.1
2.4 ± 0.3

0.11 ± 0.01
0.03 ± 0.01
0.06 ± 0.01

6.9 ± 0.2
54 ± 40
60 ± 35

2.3
5.6
8.5

However, it is not straightforward to decompose the dynamics into
two FFCFs corresponding to core and shell SeCN− dynamics. The
main issue is that the linear absorption spectrum varies continuously with distance from the silica interface and the spectra at all
distances heavily overlap (see Sec. IV A). It is not possible to distinguish the shape of the spectrum in the interfacial layer from the
experimental data. However, as shown in Sec. IV C, the CLS decay
corresponding to SeCN− molecules in the interfacial layer can be
determined.

1/2

FWHM = 2[2 ln(2)]1/2 Δtotal , where Δtotal = (∑i Δ2i ) . The FFCF
parameters obtained from the 2D IR experiments and simulation
trajectories (discussed below) are displayed in Table V. Note that
although Δ and τ cannot be independently determined experimentally for the homogeneous contribution to the line shape (hence, the
tabulation of T 2 in Table V), this is not an issue in the simulations
(Sec. IV B), for which the parameters are reported for all components of the FFCF. Note also that the FFCFs reported in Table V
were obtained by treating the SeCN− dynamics as that of a single
ensemble, as reported previously.18 In Sec. IV B, it is shown that the
spectral diffusion is well-described by a smoothed two-state model.

B. Simulations
1. Linear IR spectra
Figure 5(a) displays the SeCN− linear absorption spectra, I(ω),
calculated from the simulation trajectories for the bulk solution
(black curve) and 4.4 nm (blue curve) and 2.4 nm (red curve) pores.
The band centers and widths are shown in Table II. The simulations predict a <1 cm−1 redshift in the band centers relative to the
bulk spectrum, which is consistent with the measurements (Fig. 1).
However, the modeling overestimates, by ∼60%, the width of the

TABLE V. FFCF parameters. T 2 : Observed homogeneous dephasing time, Γ = 1/πT 2 : Homogeneous linewidth, and Δi and τ i : Frequency fluctuation amplitude and time
constant for the ith component, respectively. The parameters for the bulk liquid and for the smallest pore size are reproduced with permission from Yamada et al., J. Chem. Phys.
146, 234501 (2017). Copyright 2017 AIP Publishing LLC and Yamada et al., J. Phys. Chem. C 123, 5790–5803 (2019). Copyright 2019 American Chemical Society, respectively.

Expt.

Sim.

Sample

T 2 (ps)

Γ (cm−1 )

Δ1 (cm−1 )

τ 1 (ps)

Δ2 (cm−1 )

τ 2 (ps)

Δ3 (cm−1 )

τ 3 (ps)

Bulk
5.4 nm
4.2 nm
2.8 nm
2.5 nm

1.4 ± 0.1
1.2 ± 0.1
4±1
8±8
2.3 ± 0.6

8.7 ± 0.4
9.1 ± 0.8
2.5 ± 0.6
1.3 ± 0.9
5±1

9.4 ± 0.5
12.1 ± 0.6
14.4 ± 0.2
11.9 ± 0.6
12.2 ± 0.7

0.5 ± 0.1
0.69 ± 0.03
0.57 ± 0.02
0.4 ± 0.1
0.8 ± 0.2

10.2 ± 0.9
5.8 ± 0.8
7.1 ± 0.1
9.9 ± 0.7
6.8 ± 0.5

1.3 ± 0.2
2.3 ± 0.4
2.3 ± 0.1
1.7 ± 0.2
3.1 ± 0.3

3±1
3.1 ± 0.3

8±7
17 ± 1

Sample

Δ0 (cm−1 )

τ 0 (ps)

Δ1 (cm−1 )

τ 1 (ps)

Δ2 (cm−1 )

τ 2 (ps)

Δ3 (cm−1 )

τ 3 (ps)

Bulk
4.4 nm
2.4 nm

19.0 ± 0.1
20.1 ± 2.4
29.8 ± 0.9

0.089 ± 0.001
0.10 ± 0.03
0.157 ± 0.01

13.2 ± 0.1
15.2 ± 2.0
16.9 ± 1.0

0.6
0.6 ± 0.5
1.7 ± 0.5

6.0 ± 0.1
9.3 ± 5.3
11.6 ± 1.5

1.4
6.7 ± 3.9
10 ± 5

5.6 ± 0.1
3.2 ± 2.6
7.1 ± 2.6

7.1 ± 0.1
54 ± 40
60 ± 35
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FIG. 5. (a) Simulated linear-IR spectra of SeCN− in D2 O: bulk (black curve),
4.4 nm pore (blue curve), and 2.4 nm pore (red curve). (b) Simulated linear-IR
spectra for SeCN− in the 4.4 nm silica pore plotted as a function of the C atom
distance to the nearest pore O atom, d.

spectrum in the smallest pore, which results from greater heterogeneity in the CN frequency distribution, P(ω) = ⟨δ(ω −
ω01 )⟩, in the pore relative to the bulk (Table II). The disagreement with experiment for the SeCN− line shape in the 2.4 nm
pores may be indicative of some shortcomings of the empirical mapping approach, as previously discussed in Ref. 18. The
spectrum in the 4.4 nm pore model is only slightly broadened
by ∼2.5 cm−1 relative to the bulk spectrum, which is in better agreement with the experiments. The distribution of frequencies, P(ω), and the spectral density, Pμ (ω) = ⟨|μ01 |2 δ(ω − ω01 )⟩,
in the 4.4 nm pore are also very similar to those of the bulk
(Table II).
In Fig. 5(b), the simulated spectrum in the 4.4 nm pore is
decomposed according to the different SeCN− positions, d, defined
as the distance of the C atom from the nearest pore O atom at
t = 0 in the calculation of the response function.18,43 Previously,
in the 2.4 nm pore, the spectrum blue-shifted and narrowed with
an increase in d.18 By ∼10 Å, the spectrum was very close to the
bulk spectrum, displaying only a slightly broader linewidth. Like the
2.4 nm pore, in the 4.4 nm pore, increased linewidth is observed as
SeCN− approaches the interface, but it is accompanied by a smaller
change in the center position of the spectrum. In the 4.4 nm pore,
SeCN− can access further distances from the interface, and it is
clear that the spectrum continues to approach the bulk spectrum for
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increasing distances, d. Figure 5(b) further emphasizes the important distinction between this system and RMs or Nafion fuel-cell
membranes: the linear absorption spectrum cannot be decomposed
into a single “core” and “shell” spectrum. Rather, a range of spectra
exist along the radius of the pore, and the observed spectrum results
from the sum of these distance-dependent spectra weighted by the
probability of finding SeCN− at different positions along the radial
coordinate.
The distance-dependent spectra indicate the importance of the
SeCN− position or rather its distribution of positions. The probability distribution for the C atom of the solute is plotted as a function of distance, d, from the nearest pore O atom in Fig. 6(a) for
the 2.4 nm pore and in Fig. 6(b) for the 4.4 nm pore. The corresponding Ow and Dw atom distributions for D2 O are shown for
comparison. In both cases, the solute explores a broad distribution
of positions relative to the pore interface. A key feature, however,
is that the SeCN− avoids the pore interface as represented by the
strongly structured water indicated by the peaks in the Ow and Dw
distributions at distances less than 4 Å. In the 2.4 nm pore, there
is a small tail in the C atom position that extends to these small
values of d; in the 4.4 nm pore, the solute is never observed in
the interfacial region. (Given the significantly broader IR absorption spectrum predicted in the 2.4 nm pore simulations compared
to the corresponding measurements, it is possible that the model
overestimates the SeCN− density in the interfacial region for the
smallest pore.) In both pores, the solute distribution peaks far from
the interface with average values of d of 6.9 Å and 14 Å for the
2.4 nm and 4.4 nm pores, respectively. These results indicate that
the SeCN− spectroscopy does not probe the interfacial layer of water
that lies within a single molecular diameter of the silica surface. It
will be interesting in future studies to examine other probes that may
do so.
The influence of confinement on the SeCN− can also be evaluated in terms of its H-bonding. In studies of the solute in bulk D2 O,
we previously observed that water–SeCN− H-bonds can be classified
as axial (with a C–N⋯ D angle less than 120○ ) or equatorial (all other

FIG. 6. Probability distribution for the SeCN− carbon atom (C, blue curve) and D2 O
oxygen (Ow , red curve) and deuterium (Dw , black curve) atoms in the (a) 2.4 nm
and (b) 4.4 nm pores.

152, 154704-9

The Journal
of Chemical Physics

H-bonds); the former are important because they generally give rise
to a blueshift in the CN stretching frequency associated with charge
transfer, while the latter lead to a redshift.43,81,82 The distribution of
the number of both axial and total (axial plus equatorial) H-bonds
is given for SeCN− in D2 O in the bulk liquid, a 2.4 nm pore, and a
4.4 nm pore in Fig. 7(a). It is found that there are only slight changes
to the distribution of axial H-bonds, with the 2.4 nm pore leading to
slightly fewer. A larger, but still small, change is observed in the distribution of total H-bonds; both pores have a distribution skewed to
fewer total H-bonds compared to the bulk with the effect greater in
the 2.4 nm pore. These changes in the H-bond structure are further
illustrated in Fig. 7(b), where the average number of total and axial
H-bonds is plotted as a function of the distance of the C atom from
the nearest pore O atom. The smallest number of total H-bonds is
observed in the 2.4 nm pore, and the largest number (3.4) is found
in the bulk liquid. The distance-dependence is weak with a moderate decrease seen at 3 Å, a distance that is not accessed by SeCN− in
the larger pore, followed by a gradual decay as d is increased beyond
4 Å. The number of axial H-bonds also decreases with an increase in
confinement but more weakly. There is no distance-dependence in
the average number of axial H-bonds that is observable outside the
statistical uncertainties.

FIG. 7. (a) Probability of the total number of H-bonds donated to SeCN− by D2 O
and silanols (black points) and the number of axial H-bonds (red points) defined as
θCND ≥ 120○ . Solid lines: bulk, dashed lines: 4.4 nm, and dotted lines: 2.4 nm. (b)
Average number of total (black) and axial (red) H-bonds donated to SeCN− vs the
C atom distance to the nearest pore O atom, d, in the 4.4 nm (dashed lines) and
2.4 nm (solid lines) pores. The bulk values from Ref. 43 (solid lines) are shown as
horizontal lines.
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It is interesting to also examine the connection between the Hbonds and the CN stretching frequency. This is done in Fig. 8(a)
where the average fundamental vibrational frequency is plotted vs
the number of total and axial H-bonds. As noted above, the axial
H-bonds lead to blueshifts in the CN frequency, indicated by the
positive slope in the average frequency with the number of axial
H-bonds. The equatorial H-bonds induce redshifts, which accounts
for the negative slope in the frequency with the total number of
H-bonds. There is little change in the average frequency for a
given number of H-bonds of either type, although slightly larger
blueshifts are observed in the pores for a given number of axial
H-bonds.
The average fundamental vibrational frequency as a function of
the SeCN− distance from the pore surface is plotted in Fig. 8(b). The
frequency modestly increases (blueshifts) with d before reaching a
plateau around 6–8 Å. The frequencies are systematically higher for
the 2.4 nm pore compared to the larger pore, which can be attributed
to the smaller number of red-shifting equatorial H-bonds.
2. Orientational relaxation
In Fig. 9, the anisotropy, r(t), of SeCN− in bulk and nanoconfined D2 O, for two pore sizes, is compared to the calculated
anisotropies from the simulations. The calculation of r(t) from the

FIG. 8. (a) Average CN stretching frequency vs the number of total (black points)
and axial (red points) H-bonds formed. Solid lines: bulk, dashed lines: 4.4 nm, and
dotted lines: 2.4 nm. (b) Average CN stretching frequency as a function of d in the
4.4 nm (blue solid line) and 2.4 nm (red solid line) pores.
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FIG. 9. Anisotropy, r(t), decays for the bulk (black points), 4.2 nm pore (blue
points), and 2.5 nm pore (red points) are compared to the simulated r(t) for the
bulk (black curve), 4.4 nm pore (blue curve), and 2.4 nm pore (red curve).

measured signals is given in Eq. (4). The calculation from the simulation trajectories was described in detail previously.18,43 The data
for the 4.2 nm (blue points) and 2.5 nm pore (red points) sizes are
shown for comparison to the simulated dynamics in the 4.4 nm (blue
curve) and 2.4 nm (red curve) pores. The measured and simulated
dynamics for the bulk43 and smallest pore18 were reported previously. The agreement with the measurements is very good, indicating that the modeling captures the size dependence of the rotational dynamics accurately. The observed spatially averaged dynamics rapidly approach bulk dynamics for a pore radius increase of
0.85 nm, i.e., going from a radius of 1.25 nm (∼5 water molecules) to
2.1 nm (∼8 water molecules), an increase of ∼3 water molecules. This
occurs because the characteristic distance over which the interfacial
dynamics transition to bulk dynamics is on the order of the size of
the water molecule, which has been suggested by several previous
studies.10,13,23,28,83
In a similar manner to the linear absorption spectrum, the simulated SeCN− anisotropy in the 4.4 nm pore is decomposed as a
function of the distance, d, at t = 0 in Fig. 10(a). The anisotropy
decay is slower when the SeCN− solute is closer to the pore interface
and accelerates with an increase in d, until the dynamics converge
to that observed in bulk D2 O.43 The changes with d are further
illustrated in Fig. 10(b), where the values of the decays of C2 (t) at
specific times between 1.2 ps and 4.8 ps are plotted as a function of
d. The present results for the 4.4 nm pore are plotted along with
those previously obtained for the 2.4 nm pore.18 The results for
the two pore sizes coincide. This coincidence demonstrates that the
distance-dependence of the reorientational dynamics is independent
of pore size and thus represents primarily an interfacial, rather than
confinement, effect. For a given delay time, SeCN− exhibits reorientation that becomes faster exponentially with the distance from the
pore interface. The length scale (correlation length, ξ) of this decay
is ∼2.2 Å, which is slightly smaller than the diameter of a single
water molecule. Thus, the effect of the interface on the anisotropy
decay is short-ranged and is most prevalent very close to the
surface.
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FIG. 10. (a) Simulated r(t) analyzed as a function of the distance between the C
atom and the nearest pore O atom, d, for the 4.4 nm silica pore. The measured
data for the 4.2 nm pore (red points) are shown for comparison. (b) Simulated
C2 (t;d) as a function of the distance, d, evaluated for the model 2.4 nm (solid
points) and 4.4 nm silica pores (open points) at four delay times: 1.2 ps (black),
2.4 ps (red), 3.6 ps (blue), and 4.8 ps (violet). Dashed lines of the same color
show simultaneous fits of an exponential decay to both datasets. The resulting
correlation length, ξ, is displayed for each time delay.

3. Spectral diffusion
The spectral diffusion dynamics were also predicted through
the simulation of the FFCF. The FFCF simulation is fundamentally
different from simulating the orientational relaxation. Simulation of
the orientational relaxation is performed for the vibrational ground
state and is straightforward using a classical MD simulation. A vector along the transition dipole direction is tracked as a function of
time, and C2 (t) is determined.18,43 The FFCF is a measure of the transition frequency fluctuations, which is quantum mechanical. Methods have been developed for obtaining the FFCF from a classical
simulation80 and specifically for the systems studied here.18,43 The
simulations provide important insights into H-bond dynamics in the
mesopores but do not produce the level of agreement with experiment obtained in the orientational relaxation simulations discussed
above.
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In Fig. 11, the measured CLS decays for the bulk (black points),
4.2 nm pore (blue points), and 2.5 nm pore (red points) are
compared to the computed CLS decays (dashed curves) obtained
from nonlinear response function calculations using the simulated
FFCFs.18,43 The simulations capture the observed trend of slowing water H-bond fluctuations as the confinement becomes more
extreme; however, the degree of slowing is overestimated in the
modeling. The simulations also predict a slower approach to bulk
dynamics as the pore size is increased than observed in the measurements. Table IV also lists the parameters obtained from the
multiexponential fits to the simulated CLS decays.
The simulated spectral diffusion dynamics are further analyzed
in Fig. 12(a), where the FFCF is plotted as a function of the distance,
d. As with the anisotropy decay, the spectral diffusion accelerates
with the SeCN− distance from the pore surface and exhibits dynamics identical to that in bulk D2 O43 in the pore interior. This distancedependence is examined in greater detail in Fig. 12(b) in which the
FFCF is plotted at particular times as a function of the initial distance d of the SeCN− probe. The simulations for the 4.4 nm pore
are shown along with those for the 2.4 nm pore,18 and the results
are in agreement. The distance-dependences of the spectral diffusion
dynamics are qualitatively different from those for the reorientational anisotropy shown in Fig. 10. In particular, the FFCF is well
described by a smoothed step function, indicative of the two-state
model behavior. The spectral diffusion occurs with bulk-like dynamics away from the interface and with modified dynamics in a layer
very close to the surface that is the same independent of the SeCN−
location within this layer, although the layer width is just slightly
bigger than one water molecule.
C. Modifications to the two-state model: Scaling
of dynamics with size
In this section, we present an analytical model of the confined
water dynamics sensed by SeCN− and the change in the dynamics
FIG. 12. (a) Simulated normalized FFCF as a function of the distance, d, between
the C atom and the nearest pore O atom (dashed curves) compared to the total
normalized FFCF for the 4.4 nm model pore (black solid curve) and bulk solution
(blue solid curve). (b) Simulated normalized FFCF as a function of the distance, d,
evaluated for the 2.4 nm (solid points) and 4.4 nm silica pores (open points) at four
delay times: 1.2 ps (black), 2.4 ps (red), 3.6 ps (blue), and 4.8 ps (violet). Dashed
lines of the same color show simultaneous fits of a smoothed step function to both
datasets.

FIG. 11. CLS decays for the bulk (black points), 4.2 nm pore (blue points), and
2.5 nm pore (red points) are compared to the simulated CLS decays for the bulk
(black dashed curve), 4.4 nm pore (blue dashed curve), and 2.4 nm pore (red
dashed curve).
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with an increase in pore radius. Insights from the simulations are
used where possible to reduce the number of assumptions invoked
to model the dynamics. A key result from the simulations, which
is satisfied by the anisotropy [Fig. 10(b)] and spectral diffusion
[Fig. 12(b)], is that the distance-dependence of the dynamics is independent of the pore radius for the investigated range of sizes. This
result suggests that it is possible to model the experimental data presented below with a single interfacial (shell) and core correlation
function.
Making the reasonable approximation of cylindrical symmetry for the pore system, the spatial aspects of the confinement are
described by the radial dependence of the dynamical properties.
Let R denote the radius of the pore. The radial distance from the
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center of the pore, ρ, and the distance from the pore surface, d, are
then related by R = ρ + d.84 The simulations show that the radial
dependence of the reorientational dynamics can be expressed as an
exponential decay model [Figs. 10(b) and 13(a)],
r(t; ρ) = r2,core (t) + [r2,shell (t) − r2,core (t)]e−(R−d0 −ρ)/ξ ,

(5)

where ξ is the characteristic length of the exponential and d0 is a reference distance. In contrast, a smoothed two-state model describes
the spectral diffusion dynamics [Figs. 12(b) and 13(b)],
CLS(t;ρ) = CLScore (t) + [CLSshell (t) − CLScore (t)]
×

tanh[{Δ − (R − d0 − ρ)}/α] + 1
,
2

(6)

where Δ is the width of the interfacial layer and α is a parameter
that determines the smoothness of the step transition. To compute
the spatially averaged property for pore size, R, the radial-dependent
dynamical property, P(t; ρ), weighted by the probability of finding
the SeCN− molecule between ρ and ρ + dρ, f (ρ)dρ, is integrated over
the entire pore,
R

P(t; R) = ∫ P(t; ρ)f (ρ)dρ.

(7)

0

For each pore size, we select one of two forms for the probability
density,
f (ρ) = Aρa sin2 [πρ/(R − d0 )] × θ[R − d0 − ρ]

(8a)

or
f (ρ) = B(R − d0 − ρ)b sin2 [πρ/(R − d0 )] × θ[R − d0 − ρ],

(8b)

where a ≥ 0 and b ≥ 0 are parameters that skew the distributions
[Eq. (8a) or (8b)] to lean closer to the pore surface or closer to the
pore center, respectively; θ is the Heaviside step function; and A and
R

B are normalization constants that satisfy ∫ f (ρ)dρ = 1. Note that
0

FIG. 13. (a) Exponential decay model with characteristic length ξ. The dynamical
property P(ρ), where ρ is the distance from the center of the pore, varies continuously from the core to shell value. (b) Two-state model with shell thickness Δ. P(ρ)
transitions from the core to shell value through a rapid step.
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for a = 0 and b = 0, the probability densities are identical and peaked
halfway between ρ = 0 and ρ = R − d0 .
The choice of the functions [Eqs. (8)] was informed by the
calculated probabilities in the two model pores (Fig. 6), which are
asymmetric and peaked at a distance away from the pore surface.
These functions are not unique choices. However, it is important
to select between surface- [Eq. (8a)] and center-leaning [Eq. (8b)]
distributions in the fit to the data because, as determined in the
simulations, the C atom probability distribution in the 4.4 nm pore
[Fig. 6(b)] is more biased toward the pore center compared to that
in the smaller 2.4 nm pore [Fig. 6(a)]. As seen in Fig. 6(a), the probability of finding the C atom of SeCN− at a distance, d, away from
the surface has several local maxima. The fine structure in the probability density from the simulations is not straightforward to model
with simple functions. Only the major features of the distributions
and dynamics from the simulations were retained in the present
description.
The parameters d0 , ξ, Δ, and α appearing in Eqs. (5) and (6)
were fixed to values obtained from the analysis of the simulations.
The reference distance, d0 , was set to 3 Å. As seen in Figs. 10(b)
and 12(b), independent fits to the dynamic properties at different
time delays result in modest differences in the parameters ξ, Δ, and
α, which indicates that the distance-dependence of each amplitude
and time scale in the multiexponential decays is not quite the same.
However, because the differences are small, their values were determined again by sharing them in the fits in Figs. 10(b) and 12(b). The
values obtained were ξ = 2.0 Å, Δ = 2.8 Å, and α = 0.75 Å. The effect
of having a small distribution of pore sizes could also be included,
but given the narrowness of the distributions (Table I), this effect is
not significant.
The anisotropy and spectral diffusion decays for the bulk and
confined liquid in the series of pores were globally fit using the above
parameters. A size-independent core and shell correlation function
was varied to fit all decay curves for each observable. The correlation functions were modeled as multiexponential decays, and the
minimum number of exponentials needed to obtain agreement with
the data was used. Improved agreement with the long time spectral
diffusion data was obtained by fixing the slowest interfacial spectral diffusion time scale in the model to the slowest time constant
(14.6 ps) shared across tri-exponential fits to the CLS decay curves
(the first and second time constants in these fits were not fixed). The
core dynamics were assumed to be identical to the bulk dynamics
in the fitting. This choice is supported by the spatial decomposition of the time correlation functions (TCFs) in the 2.4 nm18 and
4.4 nm silica pores [Figs. 10(a) and 12(a)]. By a distance of ∼10 Å
from the surface of either pore model, the SeCN− dynamics are
nearly identical to the dynamics in bulk D2 O. For each pore size,
R, a single probability distribution that produced the best agreement with the data was used. The fits (solid curves) to the data
(solid points) are shown in Fig. 14. The core and interfacial parameters extracted from the fit to the experimental data are displayed in
Table VI. Also shown are the predicted interfacial dynamics (dashed
magenta curves). The SeCN− probability distributions are shown
in Fig. 15.
As seen in Fig. 14, the calculated anisotropy and CLS decays
reproduce the full time-dependence of the measured decays quite
well for the bulk liquid and all pore sizes. The interfacial and core
correlation functions are independent of ρ in Eqs. (5) and (6);

152, 154704-13

The Journal
of Chemical Physics

ARTICLE

scitation.org/journal/jcp

FIG. 15. Probability distributions, obtained from fits to the measured dynamics, for
finding SeCN− at different distances, d, from the interface of different size silica
pores: 2.5 nm (red), 2.8 nm (green), 4.2 nm (blue), and 5.4 nm (brown).

FIG. 14. (a) Measured rotational anisotropy, r(t), and (b) CLS decays (spectral
diffusion) of SeCN− in bulk D2 O (black points) and D2 O confined in silica pores
of sizes 5.4 nm (brown points), 4.2 nm (blue points), 2.8 nm (green points), and
2.5 nm (red points). The solid curves of the same color are model fits to the data
as described in the text. The magenta dashed curves are the interfacial (shell)
dynamics that yield the best fit to the complete series of pore sizes.

therefore, the averaged quantities, r(t; R) and CLS(t; R), are linear combinations of them. The core anisotropy is biexponential
with time constants of 1.3 ps and 4.5 ps, while the shell anisotropy
is sufficiently modeled as a single exponential with a time constant of 14 ps. As R decreases and the confinement becomes more
extreme, the contribution of the interfacial correlation function
to the decay increases, while that of the core decreases. The two

TABLE VI. Core and interfacial dynamics from experimental data.

rcore (t)
rshell (t)
CLScore (t)
CLSshell (t)
a

A1

t 1 (ps)

A2

t 2 (ps)

0.07 ± 0.01
0.39 ± 0.01
0.37 ± 0.05
0.80 ± 0.04

1.3 ± 0.2
14 ± 1
0.5 ± 0.1
1.9 ± 0.4

0.31 ± 0.1

4.5 ± 0.2

0.22 ± 0.05
0.20 ± 0.05

1.6 ± 0.2
14.6a

This value was fixed in the fitting.
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components in the core are readily identified with bulk wobblingin-a-cone dynamics and free orientational diffusion of the CN transition dipole moment, as discussed in Sec. IV A 2. A single slow
relaxation in the interfacial dynamics is obtained from the fit, suggesting that the wobbling motions normally observed under bulk
conditions are low in amplitude, or potentially absent, near the silica surface. Similarly, the presence of distinct wobbling motions of
SeCN− near the interface of RMs could not be detected, nor could
they be definitively excluded.16
We previously found that the simulated rotational dynamics at
d = 3 Å in the 2.4 nm pore model were fit well with a triexponential
decay, although the error was significant, owing to the limited sampling of the interfacial dynamics.18 The time constants 0.4 ps, 9.2 ps,
and 37 ps represent approximately 15%, 48%, and 37% of the decay,
respectively. The 0.4 ps observed in the simulations reflects motions
intermediate between inertial and wobbling-in-a-cone orientational
sampling. The dominant component, 9.2 ps, is quite similar to the
14 ps experimental time scale extracted from the exponential decay
model. The 37 ps component is longer than any time scale determined in the experiments, and it may be less reliable, owing to the
error at later times in the simulated interfacial dynamics. Considering the difficulty in establishing these values, it may be the case that
a time intermediate between 9.2 ps and 37 ps in the simulations is
reflective of the single 14 ps interfacial component extracted from
the analytical model fit to the data.
That the data can be successfully modeled with a size-invariant
r(t; d) [Eq. (5) is independent of R after substituting R = ρ + d] is
notable, considering simulations of RMs in the size range ∼1.7 nm
to ∼3.3 nm, which found that the anisotropy as a function of distance from the interface becomes slower as the micelle becomes
smaller.13 The precise reasons for this behavior remain unclear,
but several explanations have been suggested, including curvatureinduced frustration or changes in interface structure and surface
charge density with size.13 In the pores studied here, nanoconfinement is in two dimensions in contrast to RMs in which water is
nanoconfined in three dimensions. Because the confinement is effectively weaker in the silica pores, it is possible that the dynamics only
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become dependent on the radius for extremely narrow pores below
the smallest size (2.5 nm) studied here.
The rotational dynamics of SeCN− in silica confined water do
not follow two-state behavior. The conventional two-state model
assumes that the dynamics in the core and shell regions of the nanostructure are homogeneous.17,33 Although the interfacial and core
dynamics remain essentially constant as a function of silica pore
size, the transition between these two limits follows an exponential distance-dependence [Fig. 10(b)]. Thus, a range of states (rather
than just two), which are a combination of interface-like and corelike rotational dynamics, exist along the radius of the pore. The
simulation work on RMs also found that the rotational correlation function decayed exponentially with distance from the surface,
although only RMs smaller than ∼3.3 nm were analyzed.13 Increasing evidence indicates that the basic assumption of homogenously
distributed core and shell dynamics does not apply in the case of
RMs, regardless of size.14 In other words, the ability to decompose
the measured dynamics into “core” and “shell” time scales does not
necessarily describe the spatial distribution of these time scales in the
nanostructures.
It is interesting to then consider why the onset of slowing
occurs at larger diameters in RMs.16 If one neglects differences in
interfacial chemistry, a possible explanation would be that it is a
geometrical effect. This can be understood by considering a cylinder and a sphere both of radius R. For simplicity, if we assume
that SeCN− is uniformly distributed in both geometries, its probability distributions are f cylinder (ρ) = 2ρ/R2 and f sphere (ρ) = 3ρ2 /R3
for the cylinder and sphere, respectively. This gives f sphere /f cylinder
= 3ρ/2R, which says that for ρ > 2R/3, f sphere > f cylinder . Thus,
SeCN− will sample the slower dynamics near the interface of
a sphere to a greater extent than those near the interface of a
cylinder of equivalent radius. However, we know from the current study that SeCN− is not uniformly distributed in the silica pores (Fig. 6), and uniformity is unlikely in RMs as well.16,85
The SeCN− distributions are also likely strongly dependent on the
nature of the surfactant head group. More information on the
spatial distribution of the probe molecules in different nanoconfined systems is necessary to make quantitative comparisons of this
type.
In contrast to the rotational dynamics, both the core and interfacial correlation functions for the CLS are biexponential. The time
constants are 0.50 ps and 1.6 ps for the core, and 1.9 ps and 14.6 ps
for the shell. However, because the longer core time constant and
the shorter shell time constant are similar, they will appear as a single time whose amplitude in the decay is determined by the pore size,
R. Thus, the decay will appear very close to a triexponential, which is
consistent with the original multiexponential fits to the 2.8 nm and
2.5 nm pore data (Tables IV and V). The two core time scales correspond to small distance and angle fluctuations of intact H-bonds and
changes in the H-bond arrangements that are faster than H-bond
switches, respectively.43 We consider two possible interpretations of
the interfacial spectral diffusion. One possibility is that the 1.9 ps
component corresponds to the slower H-bond fluctuations at the
interface, and the 14.6 ps component represents a slower process of
unknown origin. However, this would mean that H-bond dynamics
near the silica interface are virtually unchanged from those in the
bulk liquid; previous simulations have found that H-bond exchange
slows by a factor of two or more at the silica pore interface.28,83
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A more reasonable interpretation instead views the interfacial time
scales as slower analogs of the core components. These results suggest that the H-bond dynamics at 3 Å from the silica surface are
∼9-fold slower than in bulk water.
Similarly, the spectral diffusion dynamics of tricyanomethanide
(TCM) anions in the water pools of RMs were modeled as a function of the RM size.14 In this model, the TCM anion was assumed
to be uniformly distributed in the RM spherical water pool, the
interfacial and core time constants were taken to be independent
of the size of the RM, and the spectral diffusion correlation time
was assumed to accelerate exponentially with distance from the
interface. An exponential form was chosen based on simulations
that demonstrated that the rotational dynamics of water exhibit
this behavior in RMs.13 However, the correlation time could not
be adequately modeled with these assumptions.14 Improved agreement was obtained after the authors further assumed that the characteristic length of the decay increased exponentially as the RM
became smaller. We have also found that the rotational dynamics of SeCN− decay exponentially with distance from the surface
of mesoporous silica [Fig. 10(b) and Eq. (5)]. However, as shown
in Fig. 12(b), the spectral diffusion dynamics of SeCN− decay as a
smoothed step-function [Eq. (6)] rather than an exponential. The
smoothness of the step is determined by the parameter α = 0.745 Å.
The smaller its value, the closer the Eq. (6) comes to representing
an instantaneous step. Larger values of α indicate a breakdown of
the assumption of homogeneous dynamics accompanied by a sharp
transition between core and shell regions. The width of the step
transition is similar to the size of a water molecule [Fig. 12(b)].
In previous studies, a step-function reproduced the spectral diffusion amplitudes of a silane probe on the surface of spherical silica mesopores of varying size32 and was also used in a three-layer
model of the dielectric relaxation time distributions of H-bond
forming diols confined in sol–gel glasses.7 Additional simulation
work is needed to elucidate the dependence of spectral diffusion
on the distance from the interface of RMs and other nanoscale
systems.
Finally, it is informative to consider the SeCN− probability distributions obtained from the fit to the data (Fig. 15). For the three
smallest pore sizes, the distributions are biased toward the pore
interface. The degree to which the distributions lean toward the
interface is determined by the magnitude of the parameter a. The
change in the parameter a with pore size is non-monotonic, reaching
a minimum for the 2.8 nm pore. In contrast, the probability distribution for SeCN− in the 5.4 nm pore is biased toward the pore interior,
which is reflected in the parameter b = 1.62 [Eq. (8b)]. This result
is consistent with the results from the simulations showing that, as
the pore radius increases, SeCN− spends more time away from the
interface.

V. CONCLUDING REMARKS
The dynamics of water confined in mesoporous silica have
been examined through analysis of the vibrational spectroscopy
of the CN stretch of SeCN− dissolved in pores of varying diameters. FT-IR, PSPP, and 2D IR spectroscopy experiments were performed on four pore sizes from 5.4 nm down to 2.5 nm (the 2.5 nm
pore was presented previously18 ). The three observables measured
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with these methods are, respectively, linear absorption, orientational relaxation, and spectral diffusion. Identical measurements on
SeCN− in bulk D2 O were presented in a previous publication43
and are compared to the present results on the confined systems.
Bulk water and two pore sizes, 2.4 nm and 4.4 nm, were investigated with MD simulations and closely compared to the measurements. The simulated dynamics in bulk solution43 and the 2.4 nm
pore18 were recently reported. Simulations performed here for a
4.4 nm model silica pore elucidated the pore size-dependence of the
observables.
The simulations show that the linear absorption line shape of
SeCN− cannot be described as a sum of “core” and “shell” spectra, in contrast to that of HOD and SeCN− in RMs11,15 and Nafion
fuel-cell membranes.66 The orientational relaxation and spectral diffusion of SeCN− , measured as a function of pore size, exhibit different dependences on distance from the silica interface. Orientational relaxation is slow near the pore surface, speeds up with an
exponential distance dependence as the distance from the surface
increases, and becomes bulk-like when the distance is sufficiently
large. In contrast, spectral diffusion is described by a smoothed step
function. These results show that the two-state model is a more
appropriate description of spectral diffusion, which is dominated
by fluctuations of the water H-bond network in the vicinity of the
probe. The distance-dependence of both quantities is independent
of the pore size, indicating that the interface curvature has little
influence on the dynamics of the range of sizes investigated, in
agreement with previous simulation studies.10,23,27 The characteristic length of the exponential decay, ξ ∼ 2 Å, and the width of the
interfacial region, Δ ∼ 2.8 Å, are similar to the diameter of a single
water molecule. This correspondence between the size of the liquid
molecule and the characteristic distances may be a more general feature of “ordinary” confined liquids. The SeCN− distributions in the
silica pores are also found to be strongly non-uniform, exhibiting
maxima far away from the silica interface. The distribution of the
probe in the nanostructure plays a non-negligible role in the explication of the interfacial dynamics and was carefully considered in the
analysis.
The orientational relaxation of SeCN− near the surfaces of silica and “large” RMs16 is identical within the experimental uncertainties. This result, and the observation of confinement effects in
spherical RMs for diameters that would yield bulk dynamics in cylindrical silica pores,16 suggests that geometry also controls the size at
which confinement begins to be manifested in the measurements.
To form more rigorous comparisons, the SeCN− distributions and
the distance-dependence of the anisotropy in RMs should be further
explored. Previously, the spectral diffusion of anions in RMs14 and
IL thin films21 was treated with an exponential decay model. In contrast, the present findings support a two-state picture of the spectral
diffusion. The simulation of spectral diffusion in these other nanostructures can clarify whether this two-state behavior breaks down in
other systems or is more general. Several studies also suggest that
the interfacial dynamics and characteristic lengths in “small” RMs
(∼4 nm and smaller) depend on the RM size,13,14 and it has been
suggested that this could be observed in silica pores less than 1–2 nm
in diameter.23 The scaling of dynamical properties with size in this
extreme confinement regime is not well-understood. Though highly
desirable, a model that describes the full range of sizes has not yet
been developed.
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SUPPLEMENTARY MATERIAL
See the supplementary material for pore size distributions,
isotropic pump-probe signals, vibrational lifetimes, simulated
anisotropy with finer d resolution, and simulated normalized FFCF
with finer d resolution.
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