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ABSTRACT: Water behavior in various natural and manufactured
settings is influenced by confinement in organic or inorganic
frameworks and the presence of solutes. Here, the effects on
dynamics from both confinement and the addition of solutes are
examined. Specifically, water and ion dynamics in concentrated
(2.5−4.2 m) aqueous magnesium chloride solutions confined in
mesoporous silica (2.8 nm pore diameter) were investigated using
polarization selective pump−probe and 2D infrared spectroscopies.
Fitting the rotational and spectral diffusion dynamics measured by
the vibrational probe, selenocyanate, with a previously developed
two-state model revealed distinct behaviors at the interior of the
silica pores (core state) and near the wall of the confining
framework (shell state). The shell dynamics are noticeably slower
than the bulk, or core, dynamics. The concentration-dependent slowing of the dynamics aligns with behavior in the bulk solutions,
but the spectrally separated water-associated and Mg2+-associated forms of the selenocyanate probe exhibit different responses to
confinement. The disparity in the complete reorientation times is larger upon confinement, but the spectral diffusion dynamics
become more similar near the silica surface. The length scales that characterize the transition from surface-influenced to bulk-like
behavior for the salt solutions in the pores are discussed and compared to those of pure water and an organic solvent confined in the
same pores. These comparisons offer insights into how confinement modulates the properties of different liquids.

1. INTRODUCTION
Water is essential to the function and performance of many
natural and artificial systems, in which solutes and confinement
are common and can lead to dramatic deviations from bulk
behavior. Confined aqueous electrolyte solutions in biological
and chemical processes and energy storage materials are
relevant to scientific and technological fields.1−4 Aqueous
magnesium solutions are particularly interesting as the
magnesium cation, the most common divalent cation in
intracellular fluids and seawater, has a remarkably high charge
density.5,6 Their liquid structure and dynamics are also relevant
to the performance of emerging technologies such as
magnesium-ion batteries.7,8

Researchers have been exploring the dynamics of confined
water in materials such as porous silicas,9−15 reverse
micelles,16−23 and fuel cell membranes.24,25 MCM-41 is one
type of mesoporous silica that has a hexagonal array of highly
uniform and size-tunable cylinder-like pores, with pore
diameters ranging from 1.5 to 10 nm.26,27 These characteristics
have made MCM-41 especially valuable in applications such as
catalysis,28,29 water treatment,30,31 and drug delivery.32,33 The
understanding of aqueous salt solutions confined in MCM-41
has grown with recent investigations employing NMR,34 X-
ray,35 and neutron scattering36,37 techniques. Here, infrared
(IR) polarization selective pump−probe (PSPP) spectroscopy

and two-dimensional IR (2D IR) experiments were used to
compare the rotational and spectral diffusion dynamics of bulk
aqueous magnesium chloride (MgCl2) solutions38 with those
confined in 2.8 nm MCM-41 pores. IR vibrational spectros-
copy is well suited for studying molecular dynamics at
picosecond time scales, complementing other spectroscopic
techniques by offering more direct observation of how
molecules move and interact with their immediate surround-
ings.

Liquid dynamics generally slow with confinement, and
deviations from bulk behavior usually extend from the surface
for a few molecular diameters, with the distance depending on
surface−liquid and liquid−liquid interactions. The transition
from the modified liquid behavior of the “shell” state near the
surface of the confinement framework to the bulk-like behavior
of the “core” state at the interior is often described by a two-
state model of confined behavior.39 A conventional two-state
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model defines a step discontinuity between the shell and core
states. Modifications to the model account for more gradual
transitions, the extent and shape of which are influenced by the
nature of the confined liquid and surface moieties.12,15,40,41

We compared the effects of confinement in MCM-41 silica
pores on three different liquids studied using the same
selenocyanate (SeCN−) probe: concentrated aqueous MgCl2
solutions, pure water, and an organic solvent. The current
study focuses on the MgCl2 solutions (2.5−4.2 molal). Pure
water15 and 1-methylimidazole,40 an organic solvent, were
studied in prior work. In these previous studies, the confined
rotational dynamics were described by an exponential
acceleration from the shell state dynamics at the surface to
the bulk-like dynamics at the core. In contrast, the confined
spectral diffusion dynamics�representing structural fluctua-
tions of the liquid�were described by more abrupt transitions
between surface and core dynamics, behavior more akin to the
conventional two-state model. Hydrogen bonding (H-bond-
ing) and electrostatic interactions contributed to the slowing of
the confined dynamics. Both interactions exist in the aqueous
MgCl2 solutions but can influence the dynamics of different
species in solution to various extents. In the bulk MgCl2 study,
two SeCN− populations were observed.38 The cation-
associated SeCN− probe reported significantly slower dynam-
ics, revealing differences in the local environments of the water
and ionic species. We will discuss whether confinement
exaggerates or reduces these differences and if concentration-
dependent trends observed in the bulk are consistent with
those in the pores. The widths of the shell layer characterizing
the extent of the surface effects for the cation- and water-
associated species will also be compared with those for the two
other confined liquids.

Patterns induced by confinement will be elucidated by
comparing the response of different liquids to confinement in
the same hydrophilic MCM-41 pores. The findings will
enhance our knowledge of confinement and contribute to
advances in the design and functionality of mesoporous
materials for applications in nanotechnology and energy
storage.

2. EXPERIMENTAL METHODS
2.1. Sample Preparation and Linear IR Spectroscopy.

Magnesium chloride (MgCl2, anhydrous, >98%) from Sigma-
Aldrich and deuterated water (D2O, 99.9% D) from Cam-
bridge Isotope Laboratories were used as received. The
vibrational probe, potassium selenocyanate (KSeCN, 99%),
from Acros Organics and the MCM-41 mesoporous silica from
ACS Materials were vacuum-dried under heat to eliminate
water (<100 mTorr, 60 °C for KSeCN and 200 °C for the
silica) and stored in a nitrogen (N2) glovebox. The pore
diameter of the MCM-41 was determined to be 2.8 ± 0.1 nm
using nitrogen sorption experiments.15

Different concentrations of aqueous MgCl2 solutions (2.5,
3.1, and 4.2 molal) with the KSeCN probe (0.25 molal) were
gravimetrically prepared and syringe filtered (0.22 μm) to
remove particulate impurities. The MgCl2 concentrations
correspond to Mg2+ ion to D2O mole ratios of 1−20, 1−16,
and 1−12, with the highest 1−12 mole ratio (4.2 molal) being
near saturation. MCM-41 silica powder was added to the
filtered solution at ∼1 wt % silica and magnetically stirred for
15 min. Our established protocol for filling the silica
mesopores without excess liquid outside the silica particles
involves vacuum filtering off the excess liquid from the silica

mixture and equilibrating the residue with the vapor of the
liquid (e.g., water42 and 1-methylimidazole40). However,
MgCl2 is so deliquescent43,44 that the silica particles filled
with MgCl2 solution obtained after vacuum filtration turned
from a macroscopically dry powder to a wet slurry upon
exposure to the water vapor used for equilibration.

Consequently, a centrifugal filtration protocol was devel-
oped. A 450 μL aliquot of the silica mixture in a Nanosep
centrifuge tube with a 300 K (molecular weight) membrane
filter was centrifuged with an Eppendorf 5415D centrifuge
under an N2 atmosphere for 10 min at 16,100 rcf (13,200
rpm). After removing the filtrate, the inner tube containing the
partially dried silica was rotated 180°. In the subsequent
centrifugation step, the pellet was subjected to force in the
opposite direction, allowing water trapped between silica
particles to be exposed and removed. After another 10 min of
centrifugation at 16,100 rcf, the sample (still in the inner tube)
was sealed in a vial, transferred into an N2 glovebox, and
promptly placed and sealed in a sample cell with paraffin oil as
an index matching fluid, as previously described.42 The
measured dynamics of the sealed sample remains unchanged
for over a week. The optical path length of the sample was set
with 25 μm Teflon spacers between two 25 mm diameter, 3
mm thick CaF2 windows. Linear IR spectra of the samples with
and without the KSeCN probe were taken with a Thermo
Scientific Nicolet iS50 spectrometer with air free of CO2 and
H2O.

The centrifugation parameters were optimized by comparing
the dynamics of a diagnostic sample without MgCl2, i.e.,
containing D2O, KSeCN, and silica, with published results for
confined water dynamics in identical 2.8 nm MCM-41 silica
particles. The optimization was possible since the confined
liquid dynamics are very sensitive to the level of pore filling.
Results are shown in the Supporting Information (SI), along
with the methodology for assessing the MgCl2 concentration
using ICP-MS and KF titration. Nitrogen sorption measure-
ments45 performed at the Soft & Hybrid Materials Facility
(SMF) at the Stanford Nano Shared Facilities (SNSF)
confirmed that the average pore diameter of the silica was
unchanged after centrifugation.

2.2. Nonlinear IR Spectroscopy. The laser system has
been discussed in detail.46 The polarization selective pump−
probe (PSPP)47,48 and two-dimensional infrared (2D IR)49,50

vibrational echo experiments, summarized below, were
conducted following the methods described in our previous
study of the bulk aqueous MgCl2 solutions.38

The nonlinear IR experiments were performed using a pulse-
shaping system configured in a pump−probe geometry. The
CN stretch of the SeCN− probe was excited with mid-IR
pulses centered at 2096 cm−1 that are ∼3 μJ at the sample.
Phase cycling was implemented by precisely controlling the
pump pulses with a germanium acousto-optic pulse
shaper.46,51,52 In the PSPP experiment, polarization-resolved
transient intensity differences in the probe spectrum with and
without the pump excitation were measured to give the time-
dependent parallel S∥(t) and perpendicular S⊥(t) signals. The
two signals were then used to construct the isotropic pump−
probe decays P(t) (eq 1) and the orientational anisotropy
decays r(t) (eq 2),47,48 giving the vibrational lifetimes and
orientational relaxation dynamics, respectively. The r(t) is
proportional to C2(t), the second Legendre polynomial
orientational correlation function of the transition dipole
moment along the CN bond.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c01639
J. Phys. Chem. B 2024, 128, 5513−5527

5514

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c01639/suppl_file/jp4c01639_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c01639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


= [ + ]P t S t S t( ) ( ) 2 ( ) /3 (1)

=
+

=r t
S t S t

S t S t
C t( )

( ) ( )

( ) 2 ( )
0.4 ( )2

(2)

In the 2D IR vibrational echo measurements, a sequence of
laser pulses interacts with the sample to record the initial (ω1)
and final (ω3) frequencies of an ensemble of excited vibrational
probe molecules. The ω1 and ω3 frequencies are the horizontal
and vertical axes in a 2D spectrum. Changes in the vibrational
frequency of a probe molecule within its inhomogeneously
broadened absorption spectrum arise from changes in the local
solvent structure that modify the probe-solvent intermolecular
interactions. The waiting time, Tw, between the initial and final
states is varied to track the time dependence of these frequency
changes, i.e., spectral diffusion, and hence the time-dependent
structural fluctuations. At short Tw, the 2D spectrum consists
of an elongated 2D band shape along the ω3 = ω1 diagonal,
indicating that ω3 and ω1 are strongly correlated. With
increasing Tw, the band shape becomes progressively more
round. This occurs because ω3 (final frequencies) and ω1
(initial frequencies) become increasingly decorrelated as the
probe samples more solvent configurations, and correspond-
ingly, more frequencies. The center-line-slope (CLS) method
quantifies the time-dependent loss of correlation by analyzing a
Tw series of 2D spectra.53−55 The CLS obtained from the data
is equivalent to the normalized frequency-frequency correla-
tion function (FFCF), the probability that a vibrational probe
with some initial frequency has the same frequency at Tw,
averaged over all initial frequencies.50,53−55

Measurements can be conducted on the strongly light-
scattering silica powder using polarization schemes, phase
cycling techniques, and manipulation of incident beam
intensities.42,52,56,57 Still, only perpendicular polarization 2D
spectra could be reliably measured in most commercially
available mesoporous silica with particle diameters ranging
from 10s to 100s of microns because of the scattered light
contamination in the polarization parallel to the pump
beam.15,40 A four-shot phase cycle was also necessary to
reduce heterodyne scatter in the pump−probe measure-
ments.42 However, the relatively small particle size (0.1−1
μm diameter) of the 2.8 nm MCM-41 used in this study
resulted in little scatter, enabling the measurement of 2D
spectra in both the parallel and perpendicular polarizations.

3. RESULTS AND DISCUSSION
3.1. Linear IR Absorption Spectra. Figure 1 shows the

area-normalized, background-subtracted linear absorption
spectra of SeCN− in confined aqueous MgCl2 solutions of
varying concentrations. As was previously observed in the bulk
study of the same aqueous MgCl2 solutions, there are two
peaks centered at ∼2075 and ∼2115 cm−1.38 The lower
frequency peak (2075 cm−1) arises from the CN with its
nitrogen lone pair hydrogen bonded to the OD of D2O (“D2O-
associated peak”). This peak decreases in relative area with
increasing salt concentration. The blue-shifted peak (2115
cm−1) that grows in with increasing MgCl2 concentration is
from the CN with its nitrogen lone pair associated with Mg2+
(“Mg2+-associated peak”). The center frequency and full width
at half-maximum (FWHM) of each peak, obtained by fitting
with two Voigt line shapes, are tabulated in Table 1 with the
corresponding bulk values.

The D2O-associated peak blue shifts and broadens with
increasing salt concentration. For pure D2O, the center
frequencies and FWHM are very similar for the bulk and
confined systems. For the MgCl2 solutions, the confined D2O-
associated peaks are slightly blue-shifted and have larger
FWHM relative to the bulk. For the 1−16 mole ratio solution,
the center frequency and FWHM in the bulk are 2076.2 ± 0.2
and 40.3 ± 0.2 cm−1. The corresponding confined values are
2077.4 ± 0.3 and 44.8 ± 0.9 cm−1. The Mg2+-associated peak
also broadens upon confinement, with a minimal (<1 cm−1)
blue shift in the center frequency. For the 1−16 solution, the
bulk center frequency and FWHM are 2114.9 ± 0.1 and 24.7
± 0.2 cm−1. The corresponding pore values are 2115.3 ± 0.3
and 26.9 ± 0.1 cm−1. The slight (∼1 cm−1) variation in the
center frequency across concentration may result from minor
fitting errors in approximating the slightly asymmetric D2O-
associated peak58 with a Voigt line shape.

The subtle differences in the bulk and pore peaks are
primarily manifested as broader pore line shapes. Linewidth
increase can result from inhomogeneous or homogeneous
broadening. In the bulk study, the observed line broadening
with increasing concentration was attributed to inhomoge-
neous broadening, which arises from increased variety in
solvent configurations.38 This was supported by the concen-
tration independence of the homogeneous linewidths meas-
ured with 2D IR experiments. Since the bulk and pore
homogeneous linewidths for each corresponding concentration
are similar (Tables S3 and S4), it is likely that the line
broadening observed in the pore also stems from inhomoge-
neous broadening.

In a prior study, confining 1-methylimidazole (MeIm), an
organic solvent with a large dipole moment, within the same
silica pores similarly led to inhomogeneous broadening of the
SeCN− line.40 This was linked to the electrostatic ordering of
the MeIm dipoles by the silica surface. The ionic species in the
MgCl2 solution can also electrostatically interact with the
charged silica surface, increasing the diversity of solvent−

Figure 1. Linear IR spectra (area-normalized) of the CN stretch of
SeCN− in aqueous MgCl2 solutions with Mg2+ to D2O mole ratios of
1−12, 1−16, and 1−20 confined in 2.8 nm silica pores. The D2O-
associated peak is centered at ∼2075 cm−1. The higher frequency
peak centered at ∼2115 cm−1 that grows with increasing salt
concentration is the Mg2+-associated peak.
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solvent and solvent-probe interactions. These interactions
affect the CN bond strength and, hence, the triple bond
character of the nitrile stretch, resulting in a broader range of
SeCN− vibrational frequencies.59

3.2. Vibrational Relaxation. While the D2O- and Mg2+-
associated SeCN− peaks are visually distinguishable in the
linear spectrum (see Figure 1), their third-order pump−probe
signals interfere. The isolation of the D2O- and Mg2+-
associated pump−probe signals follows the approach described
in the bulk aqueous MgCl2 study38 and is discussed in the SI.

The isotropic signals P(t) were constructed from the pump−
probe signals using eq 1. The vibrational lifetimes for the CN
stretch of D2O- and Mg2+-associated SeCN− (Table 1) were
obtained by fitting the P(t). The D2O-associated P(t) is
biexponential due to the non-Condon effect, with the faster
time constant corresponding to the equilibration of unevenly
pumped, frequency-dependent transition dipoles via fast
spectral diffusion (Section 3.4 discusses spectral diffu-
sion).38,58,60 The vibrational lifetime is the slower time
constant, which is identical within error to the time constant
obtained from fitting the P(t) with a single exponential from 10
ps onward. The Mg2+-associated lifetime is the time constant
from a single exponential fit to the Mg2+-associated P(t).

The vibrational lifetimes for both species are frequency-
independent. For the D2O-associated peak, the lifetime (Table
1) decreases with increasing salt concentration, from 21.7 ps
for the 1−20 solution to 20.2 ps for the 1−12 solution. These
pore lifetimes are 2−4 ps shorter than their bulk counterparts.
For the Mg2+-associated peak, the pore lifetimes are about 5 ps
shorter than the bulk lifetimes but identical across concen-
trations. A minor lifetime reduction was also observed in
confined pure D2O.15 The lifetime reduction for the aqueous
solutions is subtler than that for MeIm confined in the same
pores and measured with the same SeCN− probe.40

The vibrational lifetime, determined by the coupling
strength of a vibrational mode to other modes in the system,
is a sensitive probe of the local solvent environment. Given
that the CN stretch vibrational frequency is almost identical in
the bulk and confined solutions, the frequencies of the
intramolecular Se−C stretching and Se-CN bending modes are
likely also unchanged. Since the energy of the CN stretching
mode cannot be exactly matched by a combination of the
intramolecular modes, its vibrational relaxation involves one or
more solvent modes. The rate of energy deposition into these
solvent modes depends on the intermolecular coupling and the
density of states.40,61,62 Thus, the shortening of the SeCN−

lifetime in the confined aqueous MgCl2 solutions involves
more efficient energy transfer through stronger coupling,
higher density of states, or both, which may result from

stronger interactions between the anionic probe and the
surrounding molecules inside the surface-charged silica pore.
Local peaks in density are also common for confined liquids
and have been linked to increased rates of vibrational
relaxation.40,63 The confinement effects likely do not propagate
far from the surface as the changes in the vibrational lifetime
are subtle. The impact of confinement on other dynamical
variables will be explored in subsequent sections and the
results will be juxtaposed with the behavior observed for
confined MeIm and water.

3.3. Orientational Relaxation. The anisotropy decay r(t)
(eq 2) tracks the SeCN− orientational relaxation dynamics in
the confined aqueous solutions. The r(t) are frequency-
independent near the line center for both D2O- and Mg2+-
associated peaks. In Figure 2a, the frequency-averaged D2O-
associated r(t) data (points) are fit with biexponential decays

Table 1. Line Shape Parameters and Vibrational Lifetimes

concentration (mole ratio)

D2O-associated Mg2+-associated

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

bulk 1−12a 2078.1 ± 0.1 43.3 ± 0.1 23.5 ± 0.4 2115.8 ± 0.1 26.4 ± 0.1 30.1 ± 0.3
bulk 1−16a 2076.2 ± 0.2 40.3 ± 0.2 25.0 ± 0.3 2114.9 ± 0.1 24.7 ± 0.2 29.9 ± 0.1
bulk 1−20a 2075.4 ± 0.1 38.6 ± 0.1 26.3 ± 0.8 2114.9 ± 0.1 22.7 ± 0.4 29.8 ± 0.6
bulk D2O

b 2074.7 ± 0.1 32.9 ± 0.1 36.2 ± 0.1
pore 1−12 2079.9 ± 0.5 49.5 ± 0.1 20.2 ± 0.4 2116.3 ± 0.1 28.1 ± 0.3 25.5 ± 0.1
pore 1−16 2077.4 ± 0.3 44.8 ± 0.9 20.6 ± 0.6 2115.3 ± 0.3 26.9 ± 0.1 25.5 ± 0.4
pore 1−20 2076.2 ± 0.5 41.8 ± 0.1 21.7 ± 0.4 2114.9 ± 0.1 25.0 ± 0.9 25.2 ± 0.3
pore D2O

c 2074.8 ± 0.4 31.5 ± 0.1 34.0 ± 0.2
aref 38. bref 58. cref 15.

Figure 2. Measured rotational anisotropy r(t) decays of SeCN− in
aqueous MgCl2 solutions of varying concentrations confined in 2.8
nm silica pores. (a) The solid curves are biexponential fits to the data
for the D2O-associated peak. (b) The solid curves are two-component
fits to the data at the center frequency of the Mg2+-associated peak.
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(solid curves, Table 2) with no offsets. The Mg2+-associated
r(t), with interfering contributions from the overlapping D2O-
associated r(t), are plotted in Figure 2b at the center frequency
and fit with a two-component model (see SI for details). The
Mg2+-only r(t)’s isolated from the two-component fits decay as
biexponentials to zero (no long time offsets) (Table 3).
Directly fitting the Mg2+-associated data, including the D2O-
associated contributions, using biexponentials (“direct fits,”
Table S1) gives the same slower decay time constant (t2) as
the two-component fits (Table 3) at every concentration. The
difference is in the faster t1, showing that the more rapidly
decaying D2O-associated r(t) contributes only at early times.
In both the bulk and the pore, the Mg2+-associated dynamics
are slower than the D2O-associated dynamics, and all dynamics
slow with increasing salt concentration.38

The bulk r(t) decay of SeCN− in pure D2O is biexponential.
Slower versions of the two decay components were found in
the D2O-associated r(t) of the bulk MgCl2 solutions, which
required a triexponential fit (Table 2).38 The appearance of a
third time constant with the addition of MgCl2 reflects
additional constraints on reorientation and associated changes
in the liquid structure. However, the more slowly decaying
D2O-associated r(t) in the confined MgCl2 solutions are all
biexponential. Notably, at every concentration, the slowest
pore time constant (t2) is the same within error as the slowest
bulk time constant (t3). For example, in both the bulk and
confined 1−20 solution, the slowest time constant is 39 ps.
The slowest time constant for an r(t) that decays to zero
corresponds to complete, unrestricted orientational relaxation.
The similarity of these time constants suggests that the
complete reorientation process is similar for the bulk and
confined D2O-associated SeCN−. However, the relative
amplitude associated with the slowest time constant as a
percentage of the total r(t) decay is much larger in the pore. In
the bulk, orientational relaxation is dominated by faster,

restricted angular diffusion processes, with the amplitudes (A1
and A2) corresponding to the two shorter time constants
making up 60−80% (depending on the concentration) of the
r(t) decay. The absence of one of these shorter time constants
in the pore may stem from the spatially averaged nature of the
observed pore dynamics; i.e., the observed time constant t1
may be an average of two short time constants. Alternatively, t1
in the pore may correspond to one of the two restricted
reorientation processes that occur in the bulk, suggesting the
disappearance or suppression of the second process.

To compare the bulk and pore data across different
functional forms, we introduce the integrated correlation
time τc, which weights each time component by its normalized
amplitude,

= =
A

A t dt
A

A dt1
(0)

( )
1

(0)
(0)e

i i i
i

t t
c

0 0

/ i

(3)

with A(t)/A(0) representing the normalized correlation
function of C2(t). For D2O-associated dynamics in the most
concentrated 1−12 solution, the pore τc is 48 ± 4 ps and the
bulk τc is 31 ± 2 ps. The pore τc is larger for all concentrations
measured.

As shown in Table 3, the integrated correlation time τc for
the Mg2+-associated dynamics increases with concentration
from 94 to 190 ps in the bulk and from 228 to 415 ps in the
pore. The slowing of the dynamics stems primarily from t2,
which exceeds t1 by more than an order of magnitude for all
samples. For every concentration, t2 approximately doubles
upon confinement. For the 1−20 solution, t2 increases from
119 to 247 ps. In contrast, for the D2O-associated orientational
dynamics, the slowest time constant is unchanged upon
confinement. The disparity suggests that the mechanism for
complete reorientation is heavily influenced by confinement
for Mg2+-associated SeCN− but not for D2O-associated,

Table 2. Orientational Relaxation Parameters (D2O-Associated)a

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

bulk 1−12b 0.03 ± 0.01 2.7 ± 0.1 0.20 ± 0.01 13.5 ± 0.6 0.13 ± 0.01 67 ± 8 31 ± 2
bulk 1−16b 0.05 ± 0.01 2.4 ± 0.1 0.24 ± 0.01 11.4 ± 0.1 0.07 ± 0.01 54 ± 2 18 ± 1
bulk 1−20b 0.04 ± 0.01 1.9 ± 0.4 0.25 ± 0.01 8.6 ± 0.8 0.06 ± 0.01 39 ± 5 12.7 ± 0.5
bulk D2O

c 0.073 ± 0.002 1.4 ± 0.1 0.304 ± 0.003 4.5 ± 0.1 3.8 ± 0.1
pored A1 t1 (ps) A2 t2 (ps) τc (ps)

pore 1−12 0.06 ± 0.01 5 ± 1 0.31 ± 0.01 56 ± 3 48 ± 4
pore 1−16 0.11 ± 0.02 8 ± 1 0.24 ± 0.02 52 ± 5 39 ± 2
pore 1−20 0.16 ± 0.05 7 ± 2 0.19 ± 0.05 39 ± 6 23.9 ± 0.5
pore D2O

e 0.17 ± 0.02 2.5 ± 0.2 0.20 ± 0.02 7.6 ± 0.3 5.3 ± 0.1
aMultiexponential fit parameters to the anisotropy for SeCN− associated with D2O in bulk and confined aqueous MgCl2 solutions of varying
concentrations. The Ai and ti are the amplitude and time constant of the ith component. bref 38. cref 58. dBecause the pore t2 values closely
correspond to the bulk t3 values, the pore A2 and t2 columns were placed below the bulk A3 and t3 columns. eref 15.

Table 3. Orientational Relaxation Parameters (Mg2+-Associated)a

A1 t1 (ps) A2 t2 (ps) τc (ps)

bulk 1−12b 0.064 ± 0.007 15 ± 3 0.316 ± 0.008 226 ± 27 190 ± 18
bulk 1−16b 0.06 ± 0.02 8 ± 2 0.31 ± 0.02 148 ± 17 124 ± 8
bulk 1−20b 0.083 ± 0.002 7.4 ± 0.9 0.290 ± 0.006 119 ± 9 94 ± 7
pore 1−12 0.04 ± 0.01 16 ± 6 0.35 ± 0.01 463 ± 47 415 ± 28
pore 1−16 0.04 ± 0.02 17 ± 3 0.35 ± 0.02 287 ± 31 261 ± 26
pore 1−20 0.03 ± 0.02 13 ± 2 0.36 ± 0.02 247 ± 25 228 ± 19

aFit parameters extracted from two-component fits to the anisotropy for SeCN− associated with Mg2+ in bulk and confined aqueous MgCl2
solutions of varying concentrations. The Ai and ti are the amplitude and time constant of the ith component. bref 38.
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reflecting different interactions of the two SeCN− species with
the silica surface.

Overall, the pore rotational dynamics are substantially
slower than the bulk. The distance dependence of the
orientational relaxation will be discussed in Section 4, with
the rotational dynamics interpreted as a weighted sum of a
bulk and a distinctive shell component. The weighting of this
shell component and its corresponding dynamics will provide
additional insights into how confinement changes the aqueous
MgCl2 solution.

3.4. Spectral Diffusion. The 2D IR spectra of the nitrile
stretch of SeCN− in three concentrations (1−12, 1−16, and
1−20) of confined MgCl2 solutions are shown at Tw = 1.5 and
30 ps in Figure 3. All of the spectra are isotropic (i.e.,

constructed from parallel and perpendicular polarization 2D
spectra) and report on the structural spectral diffusion
dynamics.64 The overlapping absorption bands are the D2O-
associated (ω1 ∼ 2075 cm−1) and Mg2+-associated (ω1 ∼ 2115
cm−1) SeCN− species. Similar to the behavior observed in the
bulk solution,38 chemical exchange,65,66 or the switching of the
SeCN− probe between the D2O- and Mg2+-associated forms
through dissociation and association, was not observed on the
time scale of the experiment.

The CLS method used to analyze the 2D spectra relies on
amplitude information within the absorption bands.53−55 For
spectra with bands from two or more species, the overlap of

bands arising from the different species distorts the CLS.67−69

The bands must be isolated to accurately extract the spectral
diffusion dynamics of each SeCN− ensemble. To isolate the
bands, the spectra were modeled with 2D Gaussian line shapes
for each band (Figure S5), and the desired bands were isolated
(Figure S6) by removing the extraneous bands from the
experimental data.69 Additional details are in the SI and the
bulk study.38 The isolated 0−1 transition bands correspond to
the red, positive going peaks in the 2D spectra. The blue,
negative going peaks are 1−2 transitions, which have the same
ω1 frequency as the corresponding 0−1 peaks but are shifted
downward along ω3 by the vibrational anharmonicity.

The shapes of the 0−1 transitions at a short time (Tw = 1.5
ps, Figure 3) are elongated along the diagonal, indicating a
strong correlation between the initial (ω1) and final (ω3)
frequencies (i.e., ω1 ≈ ω3). The loss of correlation between ω1
and ω3 with increasing Tw results in rounder peaks (Tw = 30 ps,
Figure 3). This change is tracked by an exponential decay of
the CLS(Tw) values (Figure 4), which were extracted from a

Tw series of 2D spectra. In Figure 4, biexponential (D2O-
associated) and triexponential (Mg2+-associated) fits to the
CLS decays (points), both with no offsets, are shown as solid
lines. The corresponding fitting parameters are tabulated in
Tables 4 and 5. These results exclude the D2O-associated peak
for the 1−12 sample, which is too weak (Figure 3) to be
reliably resolved using the 2D Gaussian method described
above. The CLS decay for pure D2O confined in a 2.8 nm
pore, previously fit with a triexponential in an earlier study,15

was better fit with a biexponential; the biexponential fitting
parameters are shown in Table 4.

Figure 3. 2D IR spectra of the CN stretch of SeCN− in aqueous
MgCl2 solutions of varying concentrations confined in 2.8 nm silica
pores at time delays Tw = 1.5 and 30 ps. The two red bands (0−1
vibrational transitions) on the diagonal (dashed line) arise from the
D2O- and Mg2+-associated species. Each has a corresponding blue
band (1−2 vibrational transition).

Figure 4. Measured CLS(Tw) decays (spectral diffusion) of SeCN− in
aqueous MgCl2 solutions of varying concentrations confined in 2.8
nm silica pores. (a) The solid curves are biexponential fits to the data
for the D2O-associated peak. (b) The solid curves are triexponential
fits to the data for the Mg2+-associated peak.
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Like the rotational dynamics, the spectral diffusion dynamics
slow with increasing salt concentration, and the Mg2+-
associated dynamics are slower than the corresponding D2O-
associated dynamics. Spectral diffusion also slows significantly
upon confinement. The τc for the D2O-associated peak (Table
4) is three to four times slower in the 2.8 nm silica pores. In
pure D2O, the change is less than a factor of 2. The pore Mg2+-
associated τc (Table 5) is about two to three times slower than
the bulk τc. For the 1−16 solution, the τc is 14 vs 3.8 ps for the
D2O-associated peak and 18 vs 6.4 ps for the Mg2+-associated
peak. While the number of time constants for corresponding
bulk and pore CLS decays is unchanged upon confinement, the
D2O-associated time constants (t1 and t2) in the pore are larger
than those in the bulk, as are the two slower Mg2+-associated
time constants (t2 and t3). There is also a general shift in
amplitudes from the faster to the slower time components
upon confinement. Thus, under confinement, the slower
processes become slower and contribute more to spectral
diffusion.

As mentioned in Section 2.2, the CLS is the normalized
FFCF. The CLS and the FFCF have the same time constants ti.
While the amplitudes in the CLS are normalized, the
amplitudes Δi in the FFCF are in absolute frequency units
(cm−1) and quantify the extent of frequency fluctuations of the
corresponding spectral diffusion processes. In addition, the
FFCF provides the homogeneous component of the dynamics.
The complete FFCF is described by the Kubo model:50,70
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The frequency fluctuation δω(Tw) represents the difference
between the average frequency ⟨ω⟩ and the instantaneous
frequency ω(Tw) of the vibrational probe. δ(Tw) is the Dirac
delta function and T2 is the total homogeneous dephasing
time. The ith decay process is characterized by the amplitude of
the frequency fluctuation Δi and the time constant ti. Using the
CAFE program, the spatially averaged FFCF parameters

(Tables S3 and S4) can be calculated from the spatially
averaged pore CLS and the linear spectra.55 It is not
straightforward to decompose the FFCF into shell and core
components, as the linear spectra of the confined solutions do
not exhibit distinct shell and core distributions.

Calculating the FFCF parameters involves separating the
absorption line into homogeneous and inhomogeneous
contributions.50 The total inhomogeneous linewidth is the
convolution of the individual Gaussian inhomogeneous
components. It is given by =FWHM 2(2ln2)1/2

total, where

= ( )i itotal
2 1/2

, where Δi are the standard deviations of
the Gaussian components. The observed total homogeneous
(Lorentzian) linewidth is Γ = 1/(πT2), which differs from the
pure dephasing linewidth Γ* as the observed dephasing time
T2 includes contributions from the vibrational lifetime T1 and
the orientational relaxation time Tor (1/T2 = 1/T2* + 1/2T1 +
1/3Tor).

53 The pore homogeneous linewidths (Tables S3 and
S4) appear narrower than the bulk values but are the same
within the error bars. Therefore, the overall spectral broad-
ening (FWHM, Table 1) observed for the confined solutions is
primarily due to inhomogeneous broadening, as discussed in
Section 3.1. The increase in inhomogeneous broadening
suggests that the increased variety of probe-solvent interactions
that result in the broader linewidth arises from interactions
introduced by confinement. These interactions also contribute
to slower dynamics in the pores.

4. EFFECTS OF CONFINEMENT ON LIQUID
DYNAMICS

4.1. Modified Two-State Models. In a two-state model
for confined liquid behavior, a dynamical property, D(t),
assumes two distinct values corresponding to the “shell” and
“core” states.39,71 The shell state consists of molecules near the
wall of the confining framework. Interactions of the shell
molecules with the surface moieties typically result in shell
dynamics differing from the bulk. The core state comprises
molecules located near the pore center, away from the wall; the

Table 4. CLS Parameters (D2O-Associated)a

A1 t1 (ps) A2 t2 (ps) τc (ps)

bulk 1−16b 0.42 ± 0.01 1.4 ± 0.2 0.25 ± 0.04 8 ± 1 3.8 ± 0.3
bulk 1−20b 0.43 ± 0.02 1.1 ± 0.1 0.23 ± 0.04 6 ± 1 2.9 ± 0.1
bulk D2O

c 0.25 ± 0.03 0.6 ± 0.1 0.31 ± 0.04 1.4 ± 0.2 1.0 ± 0.05
pore 1−16 0.41 ± 0.06 2.5 ± 0.2 0.43 ± 0.05 26 ± 4 14 ± 1
pore 1−20 0.37 ± 0.06 1.8 ± 0.4 0.38 ± 0.04 17 ± 2 9 ± 2
pore D2O

d 0.47 ± 0.03 0.9 ± 0.1 0.12 ± 0.02 4.4 ± 0.3 1.6 ± 0.1
aBiexponential fit parameters to the CLS for SeCN− associated with D2O in bulk and confined aqueous MgCl2 solutions of varying concentrations.
The Ai and ti are the amplitude and time constant of the ith component. bref 38. cref 58. dref 15. Data was refit to a biexponential (c.f., triexponential
fit in the referenced publication).

Table 5. CLS Parameters (Mg2+-Associated)a

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

bulk 1−12b 0.20 ± 0.01 1.5 ± 0.1 0.37 ± 0.01 5.4 ± 0.2 0.11 ± 0.03 34 ± 1 9.0 ± 0.3
bulk 1−16b 0.24 ± 0.03 1.2 ± 0.2 0.34 ± 0.01 4.8 ± 0.5 0.08 ± 0.04 29 ± 4 6.4 ± 0.7
bulk 1−20b 0.22 ± 0.03 1.3 ± 0.3 0.31 ± 0.03 3.9 ± 0.2 0.07 ± 0.02 21 ± 5 4.9 ± 0.7
pore 1−12 0.13 ± 0.01 1.3 ± 0.3 0.40 ± 0.04 8 ± 2 0.25 ± 0.03 62 ± 9 24 ± 4
pore 1−16 0.16 ± 0.02 1.2 ± 0.1 0.34 ± 0.02 6.9 ± 0.5 0.25 ± 0.02 44 ± 5 18 ± 1
pore 1−20 0.15 ± 0.04 1.3 ± 0.3 0.42 ± 0.02 4.4 ± 0.4 0.16 ± 0.03 35 ± 7 11 ± 1

aTriexponential fit parameters to the CLS for SeCN− associated with Mg2+ in bulk and confined aqueous MgCl2 solutions of varying
concentrations. The Ai and ti are the amplitude and time constant of the ith component. bref 38.
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core dynamics are often bulk-like. Systems may not strictly
adhere to this binary classification, with intermediate layers of
molecules between the wall and the pore center exhibiting a
spectrum of dynamics spanning the extremes of shell-like and
bulk-like. Modifications to the conventional two-state model
can be used to accommodate more gradual transitions between
core and shell behavior.

Modified two-state models have been successfully applied in
previous dynamical studies of water15 and MeIm40 confined in
mesoporous silica. The measured pore dynamics, D(t), were
modeled as a weighted sum of the core and shell dynamical
components, Dcore(t) and Dshell(t):

40

= + [ ]
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D t D t D t D t

m f d
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The variable R is the radius of the pore, and ρ corresponds
to the radial distance from the center of the pore. The core
dynamics, Dcore(t), are taken to be the measured bulk
dynamics. The aim of fitting the spatially averaged pore data
is to determine the width of the shell state and extract the shell
dynamics, Dshell(t), which cannot be directly measured.

The analytical weighting factor, m(ρ), describes the spatial
dependence of the core and shell behavior within a circular
cross-section of a cylindrical pore. The proportion of shell
behavior can be modeled to increase with increasing distance,
ρ, from the pore center as a step function (eq 6), an
exponential function (eq 7), or a smooth step function (eq 8):
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The Heaviside step function in eq 6 describes a conventional
two-state model with a variable parameter, Δ, which defines
the position of the step at ρ = R − d0 − Δ and corresponds to
the thickness of the shell state. The reference value d0 is
defined and discussed in the SI. In the smooth step model in
eq 8, Δ also defines the position of the step. Increasing α, the
smoothness parameter, makes the transition between the shell
and core states less abrupt. Conversely, as α approaches zero,
eq 8 becomes a step function like eq 6. The exponential model
in eq 7 describes a continuous acceleration of the dynamics
with distance from the pore surface, with slow shell dynamics
near the surface and faster, bulk-like dynamics at the pore
center. This model is parametrized by a characteristic decay
length, ξ.

Besides the core−shell transition in the liquid behavior
represented by m(ρ), the spatially averaged dynamics depend
on the spatial distribution of the vibrational probe molecule
reporting on the dynamics. In bulk solutions, the probe is
uniformly distributed. This is not necessarily true in the pores.
Molecular dynamics (MD) simulations were used in our
previous studies15,40 to determine the probability distribution
of the probe molecules. Additional discussion of how those
simulations informed the two-state model fitting is in the SI.
The current study does not include simulations, which are
difficult for aqueous electrolyte solutions and even more
challenging for confined aqueous electrolyte solutions.72,73

While simulation insight about nonuniform probe distributions
can improve the fit quality, they are not necessary for obtaining
meaningful information.

As reported in the MeIm study, using a conventional two-
state model with a uniform SeCN− distribution produced a
shell thickness comparable to that obtained with the more
complex modified two-state models.40 While the quality of the
fits was not as good, the extracted shell dynamics and
thicknesses were similar. For the water-associated dynamics in
the 2.8 nm pore reported in another study,15 using a uniform
SeCN− distribution would result in shell dynamics and
thickness similar to those from the reported fits informed by
simulations. The simpler fits led to the same key conclusion:
the thicker MeIm shell, which contained multiple MeIm
molecules versus a shell of one water molecule, is associated
with the more dramatic slowdown of MeIm versus water
dynamics upon confinement. Thus, it should be reasonable to
investigate the confinement effects on the aqueous MgCl2
solutions using the two-state models with core−shell
transitions described by eqs 6−8 and uniform SeCN−

probability distributions. The shell thicknesses obtained will
be compared with those for confined MeIm and water.

4.2. Core vs Shell Dynamics. Different dynamical
variables in the same system can have different spatial
dependencies. The core−shell transition for the confined r(t)
is best described by the exponential m(ρ) given in eq 7, in
agreement with previous studies on confined MeIm and
water.15,40 The spectral diffusion dynamics is best described by
a sharp step (eq 6), like MeIm.40 For water, a smooth step (eq
8) was more appropriate.15 The fitting methodology was
described in the MeIm study.40 In short, to determine the
combination of models that best reflects the data, independent
and global fits of the anisotropy and spectral diffusion data sets
for each concentration were performed using the three models
(eqs 6−8). The relative quality of the fits with the different
models was determined using the Akaike Information
Criterion (AIC),74 a widely used statistical method for
comparing fitting models.

The modified two-state model fits (eq 7, exponential) to the
SeCN− r(t) in bulk (red) and confined (black) 1−16 MgCl2-
D2O solutions are shown in Figure 5. The fits (eq 6, sharp
step) for the CLS(Tw) are shown in Figure 6. The extracted
shell correlation functions Dshell(t) are shown with a dashed
blue line. The shell correlation functions are the dynamics that
would be observed if it were possible to make measurements
on only the shell contributions. The shell r(t) and CLS(Tw)
were modeled with the minimum number of exponential
decays necessary. The results are summarized in Tables 6 and
7.

4.2.1. Rotational Anisotropy, r(t). As shown in Table 6, the
shell r(t) extracted for the D2O- and Mg2+-associated peaks
(for Mg2+-associated, isolated using the two-component fits)
are single exponential decays. This contrasts the multi-
exponential bulk r(t). Multiexponential r(t)’s are typically
interpreted in terms of the wobbling-in-a-cone model of
restricted orientational diffusion, in which following ultrafast
inertial motions, restricted angular diffusion and, finally,
complete orientational relaxation occur.75−77 During the
restricted angular diffusion process, the transition dipole
(CN bond) samples an angular cone through “wobbling”
motions. The dipole ultimately undergoes complete orienta-
tional randomization as solvent structural evolution relaxes the
angular constraints. Since the shell r(t)’s are single exponential
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decays, complete reorientation of the vibrational probe
dominates the rotational dynamics at the surface. The
wobbling motions present in the bulk are either very low in
amplitude or do not occur at the surface.

Remarkably, for every concentration of MgCl2 solution
studied, the shell time constant (t1) for the D2O-associated
peak is within error of the corresponding slowest time constant
in the bulk (t3) (compare Tables 2 and 6). For the 1−20
solution, the shell time constant is 38 ± 3 ps and the slowest
bulk time constant is 39 ± 5 ps. However, the shell time
constant (t1) for the Mg2+-associated peak is, depending on
concentration, two to four times longer than the longest bulk
time constant t2 (compare Tables 3 and 6). For example, the
1−12 shell anisotropy time constant is 792 ± 75 ps, compared
to 226 ± 27 ps in the bulk.

In hydrodynamic theory, the complete reorientation time is
proportional to the solvent’s bulk dynamic viscosity and the
rotator’s volume (vibrational probe) at a given temper-
ature.78−80 In the bulk study, we found that the Mg2+-
associated SeCN− exhibits hydrodynamic behavior and rotates
as a unit with the Mg2+ hydration sphere, containing five water
molecules at lower concentrations and three water molecules at
the highest, 1−12 concentration.38 The D2O-associated
SeCN− exhibits near-Debye diffusion behavior and rotates as
a free anion. The slight deviation from Debye behavior results
from hydrogen bond (H-bond) breakage and formation, or
“jump” diffusion.81

The lack of change in the complete reorientation time for
the D2O-associated SeCN− in going from bulk (core) to shell
suggests that neither the viscosity of the liquid nor the rotator

volume changes. Conversely, the large change in the Mg2+-
associated complete reorientation time indicates a change in
the viscosity or the volume of the Mg2+-associated SeCN−.
One possibility involves the nature of the silica surface. In
addition to silanol groups (Si−OH) at the pore surface, there
are also Si−O groups. In the bulk solution, the Mg2+ cations do
not form contact ion pairs with the chlorides.82−84 However, in
the pore, the Mg2+ cations can have strong electrostatic
interactions with the immobile Si−O moieties, which have
high charge densities, significantly slowing orientational
relaxation. Additional shells of water may also be involved in
the rotation of the Mg2+-bound SeCN−. Alternatively, there

Figure 5. Measured rotational anisotropies r(t) of SeCN− associated
with (a) D2O and (b) Mg2+ in bulk (red points) and confined (black
points) 1−16 MgCl2-D2O solutions. The solid curves of the same
colors are modified two-state model fits to the data. The blue dashed
curves are the shell decays that yield the best fit to the experimental
data.

Figure 6. Measured CLS(Tw) decays (spectral diffusion) of SeCN−

associated with (a) D2O and (b) Mg2+ in bulk (red points) and
confined (black points) 1−16 MgCl2-D2O solutions. The solid curves
of the same colors are modified two-state model fits to the data. The
blue dashed curves are the shell decays that yield the best fit to the
experimental data.

Table 6. Shell Orientational Dynamics from Two-State
Model Fitsa

A1 t1 (ps) ξ (Å)

D2O-associated
1−12 0.361 ± 0.004 61 ± 4 7 ± 2
1−16 0.356 ± 0.006 56 ± 6 4.8 ± 0.5
1−20 0.36 ± 0.01 38 ± 3 3 ± 1
D2O

b 0.39 ± 0.01 14 ± 1 2.0c

Mg2+-associated
1−12 0.393 ± 0.005 792 ± 75 5 ± 1
1−16 0.395 ± 0.008 274 ± 19 8 ± 1
1−20 0.399 ± 0.002 296 ± 31 9 ± 3

aCore dynamics were fixed to the bulk parameters (Tables 2 and 3) in
the fits. For the Mg2+-associated data, the Mg2+ dynamics isolated
from the two-component fits were used. bref 15. cNo error bars were
provided for the characteristic length, ξ, in the referenced publication.
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may be local variations in the viscosity. The mechanisms of
rotational diffusion may also be described by different
boundary conditions85,86 or perhaps involve dielectric
friction87,88 contributions due to the presence of charged and
polar species in the charged silica pores.

The key is that confinement brings about different behaviors
for the D2O- and Mg2+-associated probe species. Computa-
tional studies would be beneficial for identifying the specific
structural changes arising from confinement that differentially
alter the free and Mg2+-bound components of the salt solution.
For example, in a neutron diffraction study of bulk aqueous
alkali salt solutions paired with computer simulations, the
observed relative viscosity was correlated with a structural
quantity, the average solute-water distance, and its deviation
from the water−water distance in pure water.89 A relevant
conclusion from this study is that the change in the relative
viscosity is not caused by changes in the bulk liquid, e.g.,

distortion of the H-bond network, but instead by the behavior
of water molecules directly interacting with the alkali cation. In
the present study, the relationship between the local
environment of the Mg2+ solvation shell and viscosity may
be enhanced by electrostatic interactions with the pore surface,
inducing the differences in the shell dynamics of the D2O- and
Mg2+-associated peaks.

4.2.2. Spectral Diffusion, CLS(Tw). The extracted shell
correlation functions for spectral diffusion are biexponentials
for both the D2O- and Mg2+-associated peaks (Table 7).
Comparison of the amplitudes and time constants obtained for
the bulk (Tables 4 and 5) and shell spectral diffusion reveals
that spectral diffusion near the surface is characterized by
slower time scales and that the slower spectral diffusion
processes described by the slowest shell time constant, t2, are
weighted relatively more than the slowest bulk processes.

For the D2O-associated peak, the shell time constants are
many times larger than the corresponding bulk constants. For
the bulk 1−16 solution (Table 4), the time constants are 1.4
and 8 ps. The corresponding shell time constants are 4 and 37
ps (Table 7). The interfacial time scales for SeCN− in confined
D2O were previously interpreted as slower analogs of the bulk
components.15 These bulk time scales correspond to local H-
bond length and angle fluctuations (fast time scale) and
randomization of the H-bond network (slow time
scale).58,60,69,90,91

For the Mg2+-associated peak, the shell correlation function
(Table 7) is characterized by one fewer time constant than the
bulk (Table 5). If the shell spectral diffusion time scales are
slower analogs of the bulk, the two shell time scales may be
much slower versions of the bulk t1 and t2 or slightly slower
versions of the bulk t2 and t3 time constants. For the 1−16
solution, the bulk time constants are 1.2, 4.8, and 29 ps and the
shell time constants are 7 and 44 ps. In the bulk, the Mg2+-
associated t1 is equivalent to the D2O-associated t1, and this

Table 7. Shell Spectral Diffusion Dynamics from Two-State
Model Fitsa

A1 t1 (ps) A2 t2 (ps) Δ (Å)

D2O-associated
1−16 0.45 ± 0.08 4 ± 1 0.53 ± 0.08 37 ± 9 4.0 ± 0.4
1−20 0.6 ± 0.2 5 ± 1 0.4 ± 0.1 35 ± 19 3 ± 1
D2O

b 0.8 ± 0.04 1.9 ± 0.4 0.2 ± 0.05 14.6 2.8c

Mg2+-associated
1−12 0.41 ± 0.05 7 ± 1 0.37 ± 0.07 58 ± 6 5 ± 2
1−16 0.37 ± 0.03 7 ± 2 0.44 ± 0.06 44 ± 8 4 ± 1
1−20 0.7 ± 0.2 5.3 ± 0.4 0.3 ± 0.1 51 ± 15 2 ± 1

aCore dynamics were fixed to the bulk parameters (Tables 4 and 5) in
the fits. bref 15. cA smoothed step function was used (vs sharp step)
for the fits in the referenced publication, so an additional smoothness
parameter α = 0.75 Å should be considered with the Δ parameter
given.

Figure 7. An illustration comparing the modified two-state model results for dynamics measured by SeCN− in MeIm, aqueous MgCl2, and pure
water confined in mesoporous silica. In the circular representations of the cross sections of the cylinder-like silica mesopores (cartoon of silica pore
cross-section shown at top-left), darker colors represent greater shell state behavior and lighter colors represent greater core state behavior. The
extent of surface effects, described by the parameters Δ and ξ, is greatest for MeIm and smallest for pure water. Note that for aqueous MgCl2, only
one cross-section is shown for both D2O- and Mg2+-associated dynamics, as the error bars for the parameters overlap.
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fast time scale is associated with local H-bond fluctuations.38

For the D2O-associated peak, t1 increases from ∼1 ps in the
bulk to ∼4 to 5 ps in the shell. For the Mg2+-associated peak,
the first shell time constant, t1, is ∼7 ps and may be a
combination of two fast time constants with very similar
decays. In this case, the Mg2+-associated shell t2 is the slower
analog of the bulk t3, and the slowdown upon confinement is a
little less than a factor of 2.

Unlike the shell r(t), which differs significantly for the D2O-
and Mg2+-associated peaks, the shell CLS are quite similar for
the two peaks. This similarity suggests that near the surface,
the two species’ spectral diffusion dynamics converge, with the
D2O-associated dynamics slowing significantly and the Mg2+-
associated dynamics becoming slightly slower.

4.3. Extent of Surface Effects and Different Liquids.
Best fits (Figures 5 and 6) to the data support the use of the
exponential and sharp step models for the rotational and
spectral diffusion dynamics, respectively. This combination of
models agrees well with our previous studies,15,40 indicating
that the analytical forms are meaningful at a molecular level.
Note also that for an exponential model with a characteristic
length equal to the step position of a sharp step model, the
leading terms are the same for the corresponding expressions
in the limit of uniform probe distributions and relatively large
pore sizes.39 In other words, equivalent length scales from
different models describe a similar dependence on confine-
ment, despite being based on different mathematical
representations. The results of the two-state model fits for
the D2O- and Mg2+-associated peaks are summarized in Tables
6 and 7, as well as in Figure 7. In the cross-sectional
representations of a 2.8 nm pore (Figure 7), the color intensity,
which represents shell behavior, decreases from the perimeter
toward the center. The gradation visually illustrates the
transition from the shell state (colored) to the bulk-like core
state (white) according to the corresponding two-state models
and length scales.

The exponential transition for the rotational anisotropy is
described by a characteristic length, ξ (eq 7). In the three
liquids we have studied in mesoporous silica: D2O,15 MeIm,40

and aqueous MgCl2 solutions, ξ is longest for MeIm at ∼9 Å
and shortest for water at ∼2 Å, or roughly two layers of MeIm
molecules and one layer of water molecules. See the first row in
Figure 7 for the graphical representations. The ξ values for
D2O- and Mg2+-associated dynamics in the MgCl2 solutions,
when averaged over all the concentrations, are 5 ± 2 and 7 ± 3
Å, respectively. As shown in Table 6, the values for the various
concentrations differ but overlap when considering the error
bars. Applying the Connolly solvent-excluded volume
method92 to the water molecules and the hexa-hydrated
Mg2+ cations give respective molecular diameters of 2.7 and 6.1
Å. Accordingly, the ξ values are approximately two layers of
water and one layer of a fully hydrated Mg2+ cation.

As discussed above, the Mg2+-associated shell dynamics are
significantly slower than the corresponding bulk dynamics,
while the D2O-associated shell dynamics have the same
complete reorientation time as their bulk analogs. However,
the ratio of the pore and bulk integrated correlation times τc is
about two for both. For the 1−16 sample, the pore and bulk τc
are 39 ps vs 18 ps for D2O and 261 vs 124 ps for Mg2+. In
other words, the average confinement effect is not very
different for the two species when considering the spatially
averaged dynamics in 2.8 nm pores. Similarly, Martıńez
Casillas et al. found in their NMR and electrical conductivity

studies that the diffusion mobilities of water and alkali cations
confined in mesoporous silica are coupled, following the same
trend with increasing confinement.34 However, having
decomposed the spatially averaged pore dynamics into shell
and core components, we see that the Mg2+-associated shell
dynamics are impacted more by confinement. Martıńez
Casillas et al. also observed that in small silica pores <5 nm
in diameter (c.f., 2.8 nm in the present study), cations with
higher charge densities experience a more pronounced
tortuosity effect due to stronger electrostatic interactions
with the ionizable silanol surface groups. Thus, the impact for
the ions is more significant than for water, as the latter interacts
with the surface more weakly through H-bonds. Similarly, due
to the high charge density of Mg2+, the Mg2+-associated shell
dynamics deviate much more from the bulk than the water-
associated shell dynamics. The difference in the shell dynamics
must be considered alongside the extent of the surface effects,
as described by ξ. The interplay of the two factors in different-
sized pores ultimately governs the net confinement effects for
the D2O- and Mg2+-associated dynamics.

The step model for the spectral diffusion describes a sharp
change from shell to bulk-like dynamics. The parameter Δ
describing the location of the step (eqs 6 and 8), or the shell
thickness, like ξ for the rotational anisotropy, is again largest
for MeIm (∼10.7 Å) and smallest for water (∼2.8 Å). The
MgCl2 Δ values (Table 7) are the same within error at the
different concentrations and for the Mg2+- and D2O-associated
peaks. The average Δ value is 4 Å, which is intermediate
between the MeIm and water values and corresponds to one to
two layers of water and a little less than a layer of a six-
coordinated Mg2+ cation. The consistency in the Δ values is
paralleled by similar, though not identical, shell CLS for the
two peaks.

The distinct effects of confinement on the rotational and
spectral diffusion dynamics highlight a fundamental difference
in the two measurements. The anisotropy reported by the
SeCN− probe is directly related to the probe behavior and
indirectly influenced by the solvent dynamics. Meanwhile, the
spectral diffusion of the CN vibrational frequency directly
tracks time-dependent changes in the solvent structure.
Spectral diffusion describes the more global behavior of a
solvent system, reflecting the ensemble averaged intermolec-
ular interactions and solvent fluctuations.

While the water- and cation-associated spectral diffusion
dynamics differ in the bulk MgCl2 solutions,38 they become
more similar near the pore surface. The shell time constants (t1
and t2) for the corresponding D2O- and Mg2+-associated peaks
are identical within error (Table 7). This similarity suggests
that the local environment of the D2O-associated SeCN−

probe becomes more like that of the Mg2+-associated SeCN−

near the pore surface. The similar extent of surface effects
demonstrated by the spectral diffusion shell thickness of 4 Å
for both the D2O- and Mg2+-associated SeCN− may indicate
similar coordination behavior of the electrolyte species in the
MgCl2 solution, with both the Mg2+ and Cl− ions coordinated
to waters. Stabilization of the chloride hydration sphere relative
to the bulk was previously observed in quasielastic neutron
scattering studies of aqueous calcium chloride solutions
confined in Vycor glass with 5 nm pores93 and MCM-41
silica pores with 1.4−2.7 nm pores.94 Restriction of water
molecule motions near the chloride anions may result in the
D2O-associated SeCN− experiencing greater structural organ-

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c01639
J. Phys. Chem. B 2024, 128, 5513−5527

5523

pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c01639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ization, thus requiring more degrees of freedom to randomize
to sample the inhomogeneous line completely.

For the polar aprotic solvent we previously studied, MeIm,
significant confinement effects were brought about by its large
dipole moment.40 In the bulk solution, because MeIm is
aprotic, it does not form substantial H-bonds; therefore, the
liquid is not highly structured. Upon confinement in
mesoporous silica, the MeIm nitrogen lone pairs form H-
bonds with the surface silanol groups. Subsequent electrostatic
ordering of MeIm establishes antiparallel order extending two
layers from the surface. The propagation of surface effects was
evidenced by the shell length scales being on the order of a
couple of MeIm molecules, in contrast to those for confined
water,15 which are roughly one water molecule (see Figure 7).
The limited extent of surface effects for water was explained by
the minor difference in the structural ordering of the
amphiprotic molecule in the bulk and under confinement.
Bulk water exhibits extensive structural ordering in the form of
an H-bond network. Thus, H-bond interactions with the
surface silanols have a limited effect on the structural order.
For the aqueous salt solution presented in this study, the
water- and cation-associated dynamics are described by length
scales that are intermediate between those for MeIm and
water. These length scales are generally on the scale of a couple
of layers of water or a single layer of a hydrated ion.

The intermediate extent of shell behavior for the salt
solution, compared to MeIm and water, is a reflection of the
intermolecular interactions in the bulk MgCl2 solution. While
confinement only subtly affects the water H-bond network,
confinement of the electrolyte solution in the charged silica
pores alters the H-bonding among the water and ions, as well
as the electrostatic interactions of the electrolyte species. The
effects are, however, less pronounced than for MeIm, for which
the confinement effect is dominated by electrostatic ordering.

5. CONCLUDING REMARKS
The ultrafast dynamics reported by the SeCN− vibrational
probes in concentrated (2.5−4.2 molal) aqueous MgCl2
solutions confined in MCM-41 silica with 2.8 nm diameter
pores exhibit bulk-like concentration trends but are signifi-
cantly slower than in the bulk. The linear absorption spectra,
vibrational lifetimes, orientational relaxation, and spectral
diffusion of the D2O- and Mg2+-associated SeCN− were
measured using FT-IR, polarization selective pump−probe,
and 2D IR spectroscopic techniques. The effects of confine-
ment are intermediate between pure water and a polar aprotic
solvent, MeIm, measured in the same pores.

The frequency shifts (or lack thereof) and broadening of the
linear spectra with increasing salt concentration for the D2O-
and Mg2+-associated peaks align with the bulk trends.
Electrostatic interactions of the confined species with the
charged silica surface can lead to altered and increased variety
in probe-solvent interactions, resulting in broader (∼2−5
cm−1) pore linewidths. These interactions may also enhance
coupling and increase the density of states, or both,
contributing to a slight decrease (∼2−5 ps) in the pore
vibrational lifetimes. Surface interactions also drastically slow
the rotational and spectral diffusion dynamics. Notably, the
complete reorientation time is unchanged by confinement for
the D2O-associated species. In contrast, the complete
reorientation time for the Mg2+-associated species doubles in
the pores. Upon confinement, the spectral diffusion dynamics
become more similar for the two species.

The spatially averaged experimental data were decomposed
into bulk-like core and slower shell dynamical contributions
using modified two-state models. The extent and nature of the
shell state vary depending on the liquid in the pore. The length
scales that characterize the extent of the shell for the aqueous
MgCl2 solution are larger than those for confined water and
smaller than those for confined MeIm. Considering that the
intermolecular interactions in water are dominated by H-
bonding and those in MeIm by dipole−dipole interactions, it
seems reasonable that the MgCl2 solution, involving both H-
bonding and electrostatic interactions, would exhibit an
intermediate response to confinement in the surface-charged
silica pores. The different responses of the water- and cation-
associated dynamics further illustrate the variation in confine-
ment effects depending on the nature of the confined species.

The results presented here and the comparisons to other
confined liquids underscore the differences in how confine-
ment alters the structure and impacts the behavior of different
liquids. Determining the confinement effects for MgCl2 and
other aqueous solutions can increase understanding of
biological processes and aid the development of energy storage
devices.
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