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ABSTRACT: The dynamics of aqueous magnesium chloride solutions, M "
g(H,0)3SeCN]
from relatively dilute (0.5 m) to near saturated (4.2 m) concentrations, 11043 2120F
were investigated using ultrafast two dimensional infrared and @D
polarization selective pump-probe spectroscopies. The experiments
were performed on two spectrally distinct nitrile stretch frequencies of
the selenocyanate vibrational probe, corresponding to the CN nitrogen
lone pair being associated with water and with Mg**. No chemical
exchange of the two species was observed over the experimental time
scale (~100 ps), enabling straightforward analysis of their dynamics. &
The dynamics reported by the Mg**-associated peak are slower than w
those of the water-associated peak, suggesting that the immediate R e
environment of the hydrated Mg®* is different from the rest of the
solution. Notably, the Mgz*-associated peak displays three spectral
diffusion time scales, the slowest being ~30 ps, while the water-associated peak decays as a faster biexponential. From the complete
orientational relaxation time and hydrodynamic theory, a magnesium hydration number of six was obtained, which is in good
agreement with NMR and X-ray diffraction studies. This hydration number holds for all concentrations until near saturation, when
the linewidths and the dynamics deviate from linear trends, indicative of Mg>* solvation structure changes resulting from a shortage
of water molecules needed for full solvation.

[Mg(H;0)sSeCN]* 3
149 A3

reorientation time, 7,

2040 2060 2080 2100 2120
w; (cm™)

I. INTRODUCTION More recently, Yuan et al. used the CN stretch of methyl
thiocyanate (MeSCN) to study the dynamics of concentrated
aqueous lithium chloride (LiCl) solutions using two-dimen-
sional infrared (2D IR) spectroscopy.””** The two overlapping
dynamical contributions from the MeSCN species with
nitrogen lone pairs bound to the cation and to water were
separated using 2D Gaussian modeling and the effects of
chemical exchange were removed with kinetic modeling. In
general, the dynamics slowed with increasing salt concen-
tration, which was also observed in another study of LiCl
solutions at the same concentrations but probed on shorter
time scales with the OD stretch of HOD.” Like the water- and
cation-associated MeSCN, there are two OD populations:
water- and anion-associated. However, the broad OD line-
widths led to complete spectral overlap of the two species; only
the dynamics of the chloride-associated OD with a longer
vibrational lifetime (5.5 versus 1.2 ps) were presented. A long
spectral diffusion time scale of ~40 ps that was observed by

The behavior of magnesium ions in water is relevant to
processes as varied as vaccine stabilization,' > energy
storage," ® and wastewater treatment.”® The physiological
and ecological roles of magnesium, which is the most common
divalent cation in intracellular fluids and in seawater, are
closely linked to its solvation structure and intermolecular
interactions.””"” The hydration structure of aqueous magne-
sium chloride (MgCl,) solutions has been studied exper-
imentally by dielectric relaxation spectroscopy,'® neutron
diffraction,'” Raman spectroscopy,” and X-ray measure-
ments.”'~>> While the dynamics of aqueous salt solutions
have been investigated with ultrafast infrared spectroscopies,
they are often studied using the hydroxyl (OD or OH) stretch
of water,®"*° which, while being an intrinsic part of the
solvent system, generally has a vibrational lifetime of <5 ps,
limiting the experimental window to relatively fast dynamics.
Works by Gaffney and co-workers extended the experimental
window to tens of picoseconds by using a thiocyanate (SCN™)

vibrational probe to explore its equilibrium dynamics (40—100 Received: January 13, 2023
ps) in divalent cation salt solutions.’” > However, only Revised:  March 7, 2023
cursory details on the rotational and spectral diffusion Published: March 30, 2023

dynamics of the cation and water bound SCN™ species were
provided, as they were complicated by chemical exchange
processes.
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both MeSCN probe populations was not observed by the OD
probe. Besides this difference in dynamics reported by different
vibrational probes, the cation- and water-associated MeSCN
also experience different rotational dynamics. In a separate
study of dynamics in aqueous monovalent and divalent salt
solutions using the OD probe, the valency of the cation
influenced the dynamics sensed by the halide-associated OD
probe.””

To expand understanding of aqueous salt solutions
containing a high charge density cation, we studied the
structure and dynamics in aqueous solutions of a common
magnesium salt, MgCl,, with concentrations spanning 0.5 to
4.2 molal. Femtosecond infrared polarization selective pump-
probe (PSPP) and two-dimensional infrared (2D IR) experi-
ments were conducted using the nitrile (CN) stretching mode
of a selenocyanate (SeCN~) vibrational probe. The SeCN~
probe was chosen as it was proven to be a reliable probe of
ultrafast water dynamics in deuterated water (D,0), giving
almost identical spectral diffusion time scales as a native
hydroxyl probe.” The long SeCN™ vibrational lifetime (20—40
ps), large transition dipole, and substantial solvatochrom-
ism** ™ in MgCl, solution facilitate the measurement of a
broad range of time scales and the detection of diverse and
changing solvent structures.

In this study, we elucidated the vastly different spectral and
dynamical characteristics of the two SeCN™ probe populations:
Mg*- and D,O-associated. Similarly disparate dynamics of
selenocyanate in free form and covalently bound to the cation
of a room temperature ionic liquid (RTIL) are considered in
the interpretation of the results.*’ Since hydrated magnesium
cations are expected to have octahedral coordination, as shown
by proton NMR*"** and X-ray diffraction studies,””*’ and
long, microsecond water residence time,** the rotational
dynamics for the Mg**-associated SeCN™ are explored in
terms of a long-lived Mg”* coordination siPhere within the
framework of a wobbling-in-a-cone model™~** and hydro-
dynamic theory. The line shapes and spectral diffusion
dynamics are considered in terms of changing ion and water
arrangements,49 as well as charge transfer effects in the binding
of the high charge density Mg** cation.*’

Il. EXPERIMENTAL METHODS

IlLA. Sample Preparation and Linear IR Spectroscopy.
Magnesium chloride (MgCl,, anhydrous, >98%) purchased
from Sigma Aldrich and deuterated water (D,0, 99.9% D)
purchased from Cambridge Isotope Laboratories were used
without further treatment. Potassium selenocyanate (KSeCN,
99%) from Acros Organics was vacuum dried under heat
(<100 mTorr, 60 °C) and stored in a nitrogen glovebox.

Different concentrations of the aqueous solutions with Mg>*
to D,O mole ratios of 1-12, 1-16, 1-20, 1-30, 1—40, and
1—100 were prepared gravimetrically and syringe filtered (0.22
um). The densities and kinematic viscosities of the solutions
were measured using a S mL pycnometer and a calibrated
Cannon-Ubbelohde viscometer, respectively. The solution
densities, dynamic viscosities, and concentrations are tabulated
in Table S1 of the Supporting Information (SI). The 1—12
mole ratio solution is near saturation and corresponds to 4.2 m
and 4.1 M. The 1-100 solution corresponds to 0.5 m and 0.5
M.

The vibrational probe, KSeCN, was added at a 0.25 m
concentration to the filtered salt solution, and the resulting
solution was syringe filtered again to yield an optically clear
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solution. The solutions were sandwiched between two 25 mm-
diameter, 3 mm-thick CaF, windows, and the optical path
length was set with a 25 ym Teflon spacer between the
windows. Linear IR spectra of the samples with and without
the vibrational probe were taken with a Thermo Scientific
Nicolet iS50 spectrometer purged with air free of CO, and
H,O0.

Sample evaporation was negligible for the 1—12 and 1-16
solutions, which produced identical linear spectra before and
after experiments. For concentrations at and below 1—-20, the
linear spectra and measured dynamics changed dramatically
over the span of hours. These samples were sealed in paraffin
wax as follows: after sample cell assembly, circular stickers with
diameters just larger than that of the exposed CaF, windows
were applied on the sample cell over the recessed windows.
Then, the sample cell was submerged in melted wax (~60 °C)
for about 30 s. Excess wax and the stickers were removed after
the wax cooled. These sealed samples last for about a week.

II.B. Nonlinear IR Spectroscopy. The spectrometer used
for the polarization selective pump-probe (PSPP) and two-
dimensional infrared (2D IR) vibrational echo experiments is
configured in a pump-probe geometry as previously described
in detail.”" Briefly, a 1 kHz repetition rate, 800 nm Ti:Sapphire
oscillator/regenerative amplifier system pumps an optical
parametric amplifier to generate ~7 uJ mid-IR pulses centered
at 2096 cm™' with ~170 fs full width at half-maximum
(FWHM) duration. The mid-IR pulse is split into a strong
pump pulse and a weak probe pulse with a ZnSe beam splitter.
The pump pulse is directed into a germanium acousto-optic
pulse shaper, which allows for precise control over the number,
amplitudes, phases, and relative timing of outgoing pump
pulse(s).”’ > The probe pulse is sent into a precision
mechanical delay stage, which controls the timing of the
probe relative to the pump.

For the PSPP experiments,54’ a pump pulse polarized at
45° relative to the horizontally polarized (0°) probe pulse is
chopped at half the laser repetition rate. The probe pulse meets
the sample at a variable time delay ¢ after the pump pulse. The
transient intensity differences in the probe are resolved at 45°
and —45° following the probe’s transmission through the
sample, corresponding to directions parallel and perpendicular
to the pump. The polarization resolved transient absorptions
track the changing projections of the reorienting probe
molecules, giving time-dependent parallel S;(t) and perpen-
dicular S, (t) signals. Immediately before the spectrograph,
both signals are projected back to the horizontal polarization to
avoid distortions due to different polarization dependent
grating efliciencies. The spectrally dispersed frequencies are
then detected on a mercury cadmium telluride (MCT) array
detector.

In the 2D IR experiment, two collinear pump pulses and
a probe pulse interact sequentially with the sample. The
emission of a third-order vibrational echo signal in the
direction of the probe pulse is stimulated by the probe pulse,
which also acts as a phase-locked local oscillator for heterodyne
detection. Pulses 1 and 2 are separated by 7 and initiate the
first coherence and population periods, respectively, to label
and store the initial frequencies, @, of an ensemble of excited
vibrational probes. Individual probe molecules exhibit different
vibrational frequencies within an inhomogeneously broadened
absorption line due to varying molecular interactions with the
local solvent structure. Pulse 3 marks the end of a variable
waiting time T, initiating the second coherence period to read

SS
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out the final frequencies, w;. As the liquid structure
surrounding a probe molecule changes over T,, so do its
interactions with the probe molecule, causing the probe
molecule to sample a range of vibrational frequencies. For a 2D
spectrum at a given T,, the heterodyned signal is frequency
dispersed by a spectrograph to yield the w; axis. At each w;
frequency, the interferograms produced by scanning 7 are
recorded and numerically Fourier transformed to yield the w,
axis in the 2D spectrum. At early T, structural evolution has
had little time (T,) to occur, so ®; and @, are strongly
correlated, giving an elongated 2D spectrum along the w; =
diagonal. With increasing T, more solvent configurations have
been sampled, so w; and @, become increasingly decorrelated,
resulting in an increasingly round band shape.

lll. RESULTS AND DISCUSSION

llLA. Linear IR Absorption Spectra. Background
subtracted linear absorption spectra of SeCN™ in aqueous
MgCl, solutions of varying concentrations and in pure D,O are
shown in Figure la. There are two peaks in the MgCl, solution
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Figure 1. (a) Linear IR spectra of the CN stretch of SeCN™ in D,0
solutions of varying MgCl, concentrations and in pure D,O (purple
curve). The D,0-associated peak is centered at ~2075 cm™'. The
higher frequency peak that grows in with increasing salt concentration
centered at ~2115 cm™ is the Mg**-associated peak. (b) The 1—12
spectrum (black curve) was fit (dashed orange curve) with two Voigt
line shapes to determine the characteristics of the two underlying
contributions, the D,0-associated (burgundy) and Mg**-associated
(cyan) peaks.

spectra and they fit well to two Voigt line shapes (Figure 1b,
for 1—12 mole ratio). The lower frequency peak at ~207S
cm ™! is the D,0-associated SeCN~ (burgundy peak in Figure
1b, hereinto referred to as the “D,O peak”). A blue-shifted
peak at ~2115 cm™' grows in with increasing MgCl,
concentration. This higher frequency peak is the Mg*'-
associated SeCN~ (cyan peak in Figure 1b, hereinto referred
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to as the “Mg®" peak”), similar to the blue-shifted Mg*'-
associated SCN™ peak in MgCl, D,0O solutions.*™*?

The center frequencies and FWHM of the two peaks are
tabulated in Table 1. The D,O peak blue shifts from 2074.7 to
2078.1 cm™! and broadens with increasing salt concentration,
from a FWHM of 32.9 cm™" in pure D,O to 43.3 cm™ in the
saturated (1—12) MgCl, solution. The Mg** peak also
broadens with increasing concentration, from a FWHM of
152 cm™ in the 1—40 solution to 26.4 cm™ in the 1-12
solution. The center and FWHM of the Mg*" peak for the
lowest concentration (1—100, turquoise spectrum in Figure
la) cannot be resolved. In the concentration range analyzed,
the Mg“ center frequency varies within ~1 cm™}, and the
slight variation may be a result of small fitting errors due to the
slight asymmetry of the D,O peak.”

Generally, the vibrational frequency of the nitrile stretch of
an SeCN~ with multiple hydrogen bonds (H-bonds) are red-
shifted with respect to an SeCN~ with only a single
interaction.”® In D,O, the first H-bond, collinear with the
CN, tends to be stronger, leading to a blue shift, while weaker,
off axis H-bonds that form subsequently result in red shifts.’®
As discussed later in Section IIL.D, the SeCN™ associated with
Mg** is bound within the first coordination shell of the hexa-
or tetra-coordinated Mg2+ cation, rendering the SeCN™ less
accessible for additional H-bonds. The ~40 cm™" blue shift of
the Mg** peak relative to the D,O peak is in part a result of
fewer H-bonds, and also the high charge density of Mg*'.
Electron density shifts in the nitrile-cation contact ion pair
increase the CN triple bond character (vs double bond),
resulting in blue shifts of the vibrational frequency.’’~**°° The
magnitude of this blue shift increases with cation charge
density. The lack of frequency change for the Mg>* peak with
concentration indicates that the net environment (average
interactions) sensed by the spatially hindered SeCN™~ does not
vary significantly with concentration.

The blue shift of the D,0 peak center frequency with
increasing concentration suggests an increase in D,O—CN H-
bond strength. With increasing salt concentration, fewer water
molecules solvate the ionic species (Mg**, Cl~, and SeCN™). A
molecular dynamics study shows that the proportion of free
ions (i.e., no counter ions for multiple hydration layers) in
aqueous MgCl, solution decays to zero at about 1 M
(comparable to 1—40)."” The proportion of solvent-separated
ion pairs (ion pairs separated by two water molecules) peaks at
about 0.5 M (1—-100) and then decays. The solution is
dominated by solvent-shared ion pairs (ion pairs separated by
one water molecule) by 3.5 M (comparable to 1—16). From
the perspective of water, fewer waters are surrounded by other
waters and are instead adjacent to ions. Charge transfer
processes described in a quantum mechanical study result in a
small positive charge among the waters beyond the first
coordination shell of Mg**.>° The H-bonds of these partially
positively charged waters to the CN are expected to become
stronger and the CN center frequency bluer as the Mg*" cation
becomes increasingly prevalent and proximate.

The overall linewidth, which increases monotonically with
increasing concentration for both peaks (FWHM in Table 1),
contains homogeneous and inhomogeneous contributions.””
These contributions are indistinguishable in the linear spectra
but can be determined from the 2D spectra (discussed below
in Section IILE). Homogeneous broadening affects each
molecule in an ensemble of probe molecules in the same
way and gives the intrinsic minimum linewidth (resulting from

https://doi.org/10.1021/acs.jpcb.3c00300
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Table 1. Line Shape Parameters and Vibrational Lifetimes

D,0-associated

Mg**-associated

concentration (mole ratio) center (cm™') FWHM (cm™!)
1-12 2078.1 + 0.1 433 £ 0.1
1-16 20762 + 0.2 40.3 + 0.2
1-20 20754 + 0.1 38.6 + 0.1
1-30 2074.7 £ 0.1 36.8 + 0.2
1—40 20744 £ 0.1 358 £ 0.1
1-100“ 2074.3 £ 0.1 354 + 0.1
D,0% 2074.7 + 0.1 329 £ 0.1

lifetime (ps) center (cm™) FWHM (cm™) lifetime (ps)
23.5 + 04 2115.8 + 0.1 264 + 0.1 30.1 £ 03
25.0 + 0.3 2114.9 + 0.1 247 + 0.2 299 + 0.1
26.3 + 0.8 21149 + 0.1 22.7 £+ 04 29.8 + 0.6
28.0 + 0.9 21154 + 0.2 19.0 + 0.3 302 £ 0.5
30.6 + 0.7 2115.8 +£ 0.1 152 + 0.4 313 + 0.7

32+1 32.0 £ 0.7
362 + 0.1

“The Mg**-associated peak is too small to reliably extract the center frequency and FWHM.

phase-randomizing collisions, vibrational relaxation, and
orientational relaxation). Inhomogeneous broadening arises
from variability in the solvent structure in the vicinity of the
probe molecule. As individual molecules are in distinct
environments, they experience varying probe—solvent inter-
molecular interactions, resulting in a range of vibrational
transition energies. The overall line shape is then the
superposition of many homogeneously broadened line shapes
with slightly different center frequencies.

In Figure 2a,b, the homogeneous linewidths (gray) for both
the D,0 and Mg*" peaks are shown to be within error of the
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Figure 2. (a, b) Plots of the overall (from linear spectra),
inhomogeneous, and homogeneous linewidths (FWHM) for the (a)
D,O and the (b) Mg** peaks versus mole fraction (MgCl, in D,0).
The shaded gray regions represent the average homogeneous
linewidths averaged over all concentrations with error bars. (c) Plot
of the FWHM normalized to the corresponding values at the 1—40
concentration (0.024 mole fraction). The solid lines are linear fits to
the data. For the Mg>* peak, the fit is to the lower concentrations (1—
40 to 1—16), which extends (dashed line) above the highest
concentration data point (1—12, 0.077 mole fraction).

average value across concentrations (shaded gray region).
Given this, the increase in the overall linewidths (dark pink)
with increasing concentration is primarily due to the increase
in the inhomogeneous linewidths (green). Greater inhomoge-
neous broadening arises from a greater variety of water—CN
and cation—CN interactions resulting from the increasing
variation in the solvent configurations (e.g., ion pair
configurations such as free and solvent-separated) with

increasing salt concentration and ultimately yields a broader
distribution of vibrational frequencies.

Plotted in Figure 2c are the D,O and Mg** FWHM (overall
linewidth) normalized to corresponding values at the 1—40
concentration, the lowest concentration for which data was
available for both peaks. Linear fits to the D,O FWHM (black
line) and the Mg>* FWHM for the lower concentrations (red
line, fit for concentrations 1—40 to 1—16) are presented as
guides for the eye for comparing the monotonic FWHM
increases with concentration. The relative increase in FWHM
is greater for Mg** than for D,0. The increase is substantially
less for the highest concentration point, the 1—12 mole ratio
(0.077 mole fraction). This point lies well below the line
extended from the fit.

This Mg”* FWHM dependence on concentration is similar
to those of other observables in aqueous MgCl, solutions,
including the peak area of the Mg?*—O,,.; Raman stretch,”’
the speed of sound,”® and the apparent molal volume.’
Following a roughly linear dependence on concentration at
dilute conditions, at concentrations roughly between 1—16 and
1—-12 (0.059 and 0.077 mole fractions), the values of these
other observables dip below the line extended from fits to the
lower concentration data. This concentration range (1—16 to
1—12) is also where solvent-shared ion pairs become the sole
ion pair species.49

The deviations from linearity of the various observables were
attributed to a distinct change in the primary hydration shell,
as the low availability of water molecules decreases the cation
hydration number.””” In general, the hydrated Mg*" cation
does not have a full 2+ charge due to charge transfer
propagated through its first solvation shell to the surrounding
waters (these waters acquire a small positive charge).”’ In
highly concentrated solutions, the first shell has fewer waters,
and the Mg** begins sharing waters with chloride ions rather
than other waters. Thus, the interactions between SeCN™ and
Mg** may strengthen, but the net effects of other Mg>* cations
may be weakened due to electrostatic shielding from the
nearby chlorides. The result is that the SeCN~ bound to Mg**
becomes less sensitive to concentration changes. The fact that
the D,O linewidth steadily increases while the increase in the
Mg** linewidth slows at high concentrations is experimental
evidence that the nonlinear changes in other observables are
associated with the cation. The different trends in the D,O and
Mg“ line shapes are also manifested in their dynamics, as
discussed below.

lll.B. Vibrational Relaxation. The CN stretch vibrational
lifetimes of the D,0- and Mg**-associated SeCN~ were
obtained from the isotropic pump-probe decays P(t) (plotted
in the SI, Figure S1), which were constructed from the parallel
and perpendicular signals of the pump-probe experiments:>*>

3281 https://doi.org/10.1021/acs.jpcb.3c00300
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P(t) = [S)(t) +28,(1)1/3 (1)

For the D,0 peak, the typically used 0—1 transition
(centered ~2075 cm™') overlaps completely with the 1-2
transition of the Mg®* peak (centered ~2085 cm™). The 1—2
transition is the excited vibrational state absorption, which is
shifted by the vibrational anharmonicity to lower frequencies
(e.g, from 2115 to 2085 cm™" for the Mg*" peak). To extract
the lifetimes of only the SeCN™ associated with D,O, the red
side of the D,0-associated 1—2 transition (i.e, <2045 cm™)
was analyzed. The P(t) decays are biexponential due to the
presence of a fast spectral diffusion component in addition to
vibrational relaxation, as previously observed in SeCN™ in
D,0.” The non-Condon effect, ie., frequency-dependent
transition dipoles, results in non-uniform pumping of the
absorption line that equilibrates on the time scale of spectral
diffusion.*>®" Spectral diffusion is discussed in detail in Section
IILE. The second, longer time constant is the vibrational
lifetime. Fitting the P(t) with a single exponential from 10 ps
onward to avoid the fast spectral diffusion yields the same
lifetime (i.e., the time constant is the same as the second time
constant of the biexponential fit). The frequency independent
lifetime (Table 1) decreases monotonically with increasing salt
concentration, from 36.2 ps in pure D,0O to 23.5 ps in the 1—
12 solution. The vibrational lifetime measures how rapidly the
excited SeCN™ dissipates vibrational energy through solvent-
assisted intramolecular vibrational energy redistribution from
the excited CN stretch to other SeCN™ modes (e.g, C-Se
stretch and SeCN bend) and through intermolecular vibra-
tional energy relaxation to solvent modes.””*>®* The stronger
probe—solvent interactions (the interactions between SeCN~
with the waters that become slightly positively charged in the
presence of the Mg®" cations) that led to the blue shift in the
CN center frequency may also accelerate the vibrational
relaxation by making energy transfer to the solvent modes
more efficient.**”%°

For the Mg®" peak, long time offsets were observed in the
pump—probe signals. The treatment of this offset and
determination of the Mg®" lifetime are described in the SI.
The frequency-independent lifetime obtained (Table 1) varies
between ~30 and 32 ps for all concentrations. Given the
overlapping error bars, it may not be definitive to examine a
trend. However, given this caveat, the lifetimes also decrease—
albeit slightly—with increasing concentration like the D,O
peak but plateaus upon reaching the critical concentrations of
1—-16 to 1—12. Compared to the D,O bound species, both the
center frequency and the vibrational lifetime of SeCN™ bound
to and strongly interacting with Mg** are less affected by the
increasing presence of other Mg** cations.

lll.C. Orientational Relaxation. The direct extraction of
the vibrational and orientational relaxation time scales of
SeCN" associated with D,O and Mg** from the pump-probe
experiment was possible due to spectral separation of the two
species and chemical exchange that is very slow compared to
the observables (see Section IILE). Using the 0—1 Mg
transition and 1—2 D, 0 transition enabled spectral separation,
as discussed above in connection with the determination of
P(t). The dynamics obtained from the D,O 1—2 transition are
identical to those obtained from the 0—1 transition®”*" and
was confirmed to be the case for the pure D,O solution, which
has no interfering Mg>" peak.

The orientational anisotropy r(t) is constructed using the
following equation, where C,(t) is the second-order Legendre

3282

polynomial orientational correlation function of the transition
dipole moment:***°

Ht) = Si() = S.(t)

= 50 +25.0) = 0.4C,(t).

)

In principle, at t = 0 ps, before any orientational relaxation has
occurred, C,(t) = 1 and r(t) = 0.4. However, deviations from
the r(t) value of 0.4 are common due to subpicosecond inertial
motions that are too fast to resolve.®®

The SeCN™ #(t) decay curve in pure D,O is a biexponential
with ¢, = 1.4 ps and t, = 4.5 ps. For all concentrations of the
MgCl, solutions, the D,O r(t) decays (Figure 3a) fit well to

0'0-_I....I....I....I....I....I....I....I....I
0 10 20 30 40 50 60 70 80

£ (ps)

Figure 3. Measured rotational anisotropy r(t) decays of SeCN™ in
D,0 solutions of varying MgCl, concentrations and in pure D,0. (a)
The solid curves are multiexponential fits to the data for the D,0O
peak. (b) The solid curves are two-component fits to the data at the
center frequency of the Mg** peak.

triexponentials with no offsets (Table 2) and are frequency
independent. The 1—100 solution has the same first two time
constants as pure D,0O, but with lower amplitudes. An
additional third time constant t; = 8.3 ps contributes ~30%
of the total amplitude. All three time constants then increase
monotonically with increasing concentration. The 1-12
solution has t; = 2.7, t, = 13.5, and t; = 67 ps. The amplitude
distribution of the three time components does not change
significantly with concentration, suggesting that the types of
processes governing the rotation of SeCN™ associated with
D,0 are similar in all concentrations, but all processes slow
with increasing salt concentration.

At each measured frequency of the Mg**-associated r(t)
decays, there are two r(t) contributions due to interference
from the broad D,O 0—1 peak, which partially overlaps with
the Mg®* 0—1 peak. The two contributions can be separated
using a two-component model of the measured anisotropy (eq
S1),%” which is presented in detail in the SI. Because the D,O
decays are known, it is straightforward to obtain the Mg>*
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Table 2. Orientational Relaxation Parameters”
sample A, t, (ps) A, t, (ps) A, t; (ps)
D,0 1-12 0.03 + 0.01 27 £0.1 0.20 + 0.01 13.5 + 0.6 0.13 + 0.01 67 + 8
1-16 0.05 £+ 0.01 24 + 0.1 0.24 + 0.01 114 + 0.1 0.07 £+ 0.01 54 +2
1-20 0.04 + 0.01 19 + 04 0.25 + 0.01 8.6 + 0.8 0.06 + 0.01 39+5S
1-30 0.04 + 0.01 1.6 + 0.3 0.23 + 0.01 59 +0.2 0.08 + 0.01 16 + 2
1-40 0.04 + 0.01 1.8 + 0.4 0.24 + 0.02 5.4 +03 0.07 + 0.03 14+3
1-100 0.02 + 0.01 1.4° 0.23 + 0.05 4.0 + 0.6 0.10 + 0.06 83+ 14
D,0% 0.073 + 0.002 14 + 0.1 0.304 + 0.003 45 +0.1
Mg2+ 1-12 0.064 + 0.007 1S+3 0.316 + 0.008 226 + 27
1-16 0.06 + 0.02 8+2 0.31 + 0.02 148 + 17
1-20 0.083 + 0.002 74 + 09 0.290 + 0.006 119 + 9
1-30 0.08 + 0.02 34 +04 0.31 + 0.03 83 +4
1-40 0.08 + 0.02 3+1 0.31 + 0.03 78 £ 7
1-100 0.17 + 0.02 29 + 0.1 0.23 + 0.02 59 +8

“Multiexponential fit parameters to the anisotropy for SeCN™ associated with D,O (top half of table) in aqueous solutions with varying
concentrations of MgCl,. For the anisotropy decays measured for SeCN™ associated with Mg** (bottom half) in the same solutions, the parameters
are extracted from a two-component fit. The A; and ¢, are the amplitude and time constant of the i component. bThis value was fixed in the fitting.

anisotropy decays accurately. Figure 3b shows the two-
component fits to the Mg>" anisotropy data at the center
frequency, which includes contributions from the D,O
anisotropy. Table 2 gives the anisotropy parameters for both
D,0 and Mg*". Note that at all concentrations, the slowest
Mg** component t, is much slower than the slowest D,O
component t;. Thus, the Mg®>" t, obtained from the two
component fits is essentially the same as the t, determined
from a preliminary biexponential fit to the Mg>" data before
accounting for the D,O contribution (see t, in Table S2 in the
SI). Only the Mg** t, is altered by the D,O contribution
(primarily for the lower Mg** concentrations), and it can be
determined from the two-component fits shown in Figure 3b.

Like the time scales of the D,O dynamics, the time scales of
the Mg** dynamics increase monotonically with increasing salt
concentration, from 2.9 and 59 ps for 1-100 to 15 and 226 ps
for 1—-12. The relative amplitudes also remain roughly constant
(~20% for t, and ~80% for t,). The only exception is the 1—
100 concentration, which has more weight in the first time
constant. Slower Mg®* bound (vs D,O bound) dynamics of
another anionic nitrile probe (SCN~) in aqueous MgL,*"** and
Mg(ClO,),* solutions were also observed.

The multiexponential r(t) decays can be understood in
terms of the wobbling-in-a-cone model of restricted orienta-
tional diffusion.””™** The orientational correlation function
C,(t) is modeled with ultrafast inertial motions, diffusive time
constant(s) for restricted angular diffusion (“wobbling”
motions), and a final time constant 7, for complete
orientational randomization.”’ The inertial and wobbling
motions have associated half angles 6 quantifying the angular
cones explored by the CN transition dipole in the
corresponding restricted reorientation processes. As the
solvent structure evolves, constraints on angular displacement
are relaxed and the CN dipole explores increasingly greater
angular space. Detailed description of these parameters
(tabulated in Table S3) and the model are given in the SI
along with the relevant equations (eqs S2 and S3).

The inertial cone angle @, is ~16—17° for the D,O peak and
is <12° for the Mg** peak. In a study of an ionic liquid (IL),
two different selenocyanate probes were used, one as the free
anion SeCN™ with 6, = 15.2° and one covalently incorporated
into the cation of the IL as 2-SeCN-Bmim" (Bmim being 1-
butyl-3-methylimidazolium), with 6,, = 10°.** The 15.2° and
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10° cone angles are strikingly similar to the D,O- and Mg**-
associated 6, of 16° and 12°, respectively, at the higher
concentration MgCl, solutions. In the IL study, the trend
extends, with smaller wobbling cone angles and longer time
scales for the positively charged 2-SeCN-Bmim'. While the
wobbling cone angles for the D,0- and Mg**-associated
species cannot be directly compared, as there are two for D,0
and one for Mg, the total cone angle 6, follows the same
trend of being smaller for the Mg** species (22° vs 48°, for 1—
12 mole ratio). As explored in Section IILD, the SeCN~
associated with Mg>* is likely one member of the Mg*" first
coordination shell, and the complex bears a positive charge like
the 2-SeCN-Bmim". The fact that the cone angles are smaller
for Mg**-associated SeCN™ suggests that this SeCN~ species
must have a structure analogous to the 2-SeCN-Bmim" that
imposes greater angular restriction on the CN via steric
hindrance and interactions. This provides further evidence for
the SeCN™ being strongly bound to the four- to six-
coordinated Mg>" structure, in contrast to the “free” SeCN~
that is associated with a D,0.

lll.D. Hydrodynamic Theory and the SED Model. The
wobbling-in-a-cone model offers information about the
restricted reorientation processes. Hydrodynamic theory can
provide insights on the complete unrestricted orientational
relaxation. The theory proposes that the complete reorienta-
tion time 7,,, is proportional to the bulk dynamic viscosity # of
the solvent and the volume V of the rotator (e.g, the
vibrational probe), and inversely proportional to the absolute
temperature T:%°~7°

nv
T = ——
kT €)
Equation 3 is the Stokes—Einstein—Debye (SED) equation,
which applies to a spherical rotator with stick boundary

o 4 .
conditions, where the rotator has volume V = gﬂr3 and kg is

the Boltzmann constant. Modifications can be used to extend
the model: 7, = (n/T)* X (V/kg) X fC. In the SED model, the
exponent x = 1 and the correction factors f (shape or Perrin
factor) and C (interaction or boundary condition factor) are
both unity,”"’* which gives eq 3.

In Figure 4a, the logarithm of 7, is plotted against the
logarithm of #/T. The viscosities of the MgCl, solution

https://doi.org/10.1021/acs.jpcb.3c00300
J. Phys. Chem. B 2023, 127, 3278-3290


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c00300/suppl_file/jp3c00300_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c00300/suppl_file/jp3c00300_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c00300/suppl_file/jp3c00300_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c00300/suppl_file/jp3c00300_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c00300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(b) 149 A3

T

(a) ~9.6 | s
9.8 ¢
~10.0 f
~10.2 F
-10.4 ¢
-10.6 f
-10.8 |
~11.0 N
-112f ° 11\342%
~11.4

49 A3
—5.4-52 5.0 —4.8 —4.6

log(n/T) Co

Figure 4. (a) Log—log plots of the orientational relaxation time 7,, (in
seconds) versus the ratio #/T of the viscosity (in Pa's) to the
temperature (fixed at ~295 K). The lines are all fits with fixed unity
slope, in accordance to the standard SED model (see text). For the
Mg** peak, the fit is to the lower concentrations (1—100 to 1—16),
which extends (dashed line) above the highest concentration data
point (1—12). For comparison to the volumes extracted from the
log—log plots, the volumes of the SeCN™ probe in various optimized
structures were calculated: (b) [Mg(H,0)s(SeCN)]*, (c) [Mg-
(H,0),(SeCN)J", and (d) SeCN™.

(c) 11443

o

(d)

increase with concentration (Table S1), so the less negative
values on the x-axis correspond to higher concentrations and
viscosities. The less negative values on the y-axis correspond to
longer 7,,. This representation of the data corresponds to
taking the logarithm of eq 3, yielding a linear equation:

log(z,) = 1 1) 1(1]
og(7,,) og(T + log 5 "

The log(n/T) term is the independent variable and has a
coefficient of 1, corresponding to x = 1, and the log(V/kz)
term is the intercept. Non-unity values of x are possible for
liquids exhibiting fractional SED behavior and are related to
solute size and intermolecular interactions.””~”> The slope of
the linear fit in the log—log plot offers a way to examine the
linearity (i.e., x = 1) of the relationship between 7., and # (T is
constant). The fits shown in Figure 4a have slopes fixed to
unity. If the correction factors f = 1 and C = 1 are included,
they would give a constant term, log(fC) = 0, which alters the
intercept when nonzero, giving a different volume V.

Depending on concentration, 7,, for Mg** (t,, Table 2) is
between three to eight times greater than for D,O (t;, Table
2). This difference can arise from different boundary
conditions and non-spherical shape of the rotator (ie., the
log(fC) term), but a simpler explanation is a difference in their
hydrodynamic volumes (ie., the log(V/ks) term), with the
SeCN~ bound to Mg** with its solvation shell having a larger
hydrodynamic volume and slower reorientation.

In Figure 4a, the solid red line is the fit to the lower five
concentrations, and the dashed line an extension of the fit to
the highest concentration. The deviation from a linear trend
for the 1—12 concentration was previously seen for the
FWHM (Section IILA). Figure 4b,c shows two proposed
structures of the Mg®* bound SeCN™ complexes, along with
their corresponding volumes: a six-coordinated Mg>* (149 A%)
and a four-coordinated Mg** (114 A%), with five and three
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waters, respectively. A free SeCN~ ion (Figure 4d) has a
volume of 49 A3, These are van der Waals volumes of
structures optimized using Gaussian 16 with a B3LYP/6-311 +
G(d, p) basis set. The 49 A® volume of SeCN™ is in good
agreement with previous modeling of SeCN™ as a prolate
spheroid with ~40—65 A® volume.”® The Mg—O distance of
2.1 A in hydration structures optimized without the SeCN ™ are
in good agreement with X-ray diffraction studies,”' ~** and this
distance does not change significantly in heavy water,”*
suggesting that the structures used for the volume calculations
should be reasonable representations of the solutions being
studied. The 147 A® volume extracted from the solid red line
(concentrations 1—100 to 1—16) is very different from the 49
A® volume of a free SeCN™ (Figure 4d) and is almost exactly
the same as the 149 A’ volume of the six-coordinated Mg**
structure (Figure 4b). This indicates that the Mg®* bound
SeCN™ moves as a unit with the rest of the Mg** hydration
structure. A volume of 114 A’ can be calculated using eq 3
from the 7, and # of the 1—12 concentration, which is exactly
the volume of the four-coordinated Mg** structure (Figure 4c).
This provides further evidence that the Mg®* hydration
number decreases from six to four as fewer water molecules
are available to solvate the cation at the highest concentration.

The fit to the D,O data (black line, Figure 4a) roughly goes
through the data points and gives a volume of 30 A’. This is
not too far removed from the 49 A® volume calculated for
SeCN~ (Figure 4d). The deviation of the data from the SED fit
may be a result of the nonspherical shape of SeCN™ and
departure from Debye diffusion behavior (see SI).

Independent of the details of the fits, the significant
difference in 7, of the D,0O- and Mg**-associated SeCN~
species supports the idea of two very different-sized rotators.
The volumes extracted from the 7., support the picture of the
D,O-associated SeCN™ rotating freely as an anion and the
Mg**-associated SeCN™ rotating as part of a larger unit
involving the first solvation shell of Mg2+, which changes
coordination at a sufficiently high concentration. Compared to
X-ray diffraction or isotopic dilution studies that give specific
information about the first coordination shell of a cation, the
transport properties of ions typically give a wide range of
solvation numbers, depending on whether or not secondary
shell molecules (waters or even counterions) are also dragged
along.77 Thus, observation of the subtle change from an
octahedral to a tetrahedral solvation sphere here is particularly
interesting. The tight binding of both the SeCN™ probe and
the solvating water molecules to the Mg®" and the relatively
slow water exchange in the Mg>" first solvation shell enabled
the six- or four-coordinated shell to rotate as a distinct unit on
the time scales of the experiment.

llLE. Spectral Diffusion. /ll.E.1. CLS and FFCF. The 2D
spectra for three concentrations (1—12, 1—20, and 1—100) are
shown at T,, = 1.5 and 30 ps in Figure S. There are two 0—1
transitions (red, positive going peaks): the lower frequency
D,O-associated peak (w; ~2075 cm™) and the higher
frequency Mg**-associated peak (w; ~2115 cm™"). The two
1-2 transitions (blue, negative going peaks) have the same @,
frequency as the corresponding 0—1 peaks but are shifted to
lower frequencies along w; by the vibrational anharmonicity.
As previously mentioned and seen in the 2D spectra, the D,O
and Mg®" bands overlap with each other. The experimental
D,0 (or Mg?*) 0—1 transition was isolated (Figure SS) by
subtracting the three other peaks, which were modeled by 2D
Gaussian functions in a global fit of all peaks (Figure S4). This
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Figure S. 2D IR spectra of the CN stretch of SeCN™ in D,0O solutions
of varying MgCl, concentrations at time delays T,, = 1.5 and 30 ps.

fitting and subtraction process is described in the SI and
detailed in a previous publication.”® All 2D spectra shown are
isotropic (i.e, constructed from parallel and perpendicular
polarization 2D spectra) and reflect the structural spectral
diffusion dynamics. The reorientation-induced spectral dif-
fusion”® " contributions to the spectral diffusion are minor for
both peaks and will not be considered (see SI). The 1—12
concentration dynamics for the D,O peak and the 1-100
dynamics for the Mg** peak could not be reliably determined
due to their small signals and associated complications from
the peak separation.

When two distinct populations of the vibrational probe are
in equilibrium in solution, the switching of the bonding
partner, i.e., chemical exchange, on time scales shorter than or
comparable to the dynamics distorts the measurements and
results in off-diagonal peaks in the 2D spectra.’">>*' We do
not observe chemical exchange of SeCN™ in aqueous MgCl,
solutions on the time scales of our measurements. This can be
seen by inspection of the 30 ps spectra in Figure 5. Chemical
exchange would give rise to off-diagonal peaks growing in with
T, These 0—1 (red, positive going) peaks would be located at
(w,, ;) = (2075 cm™, 2115 cm™) and (2115 cm™, 2075
cm™). The first of these would be more prominent as the
second peak would overlap with the negative going 1—2 Mg>*
peak. There is no evidence of off-diagonal peaks. The lack of
chemical exchange on the experimental time scale is consistent
with other experiments. Water-anion exchange (exchange of
D,0 and SeCN™ in the first solvation shell of Mg**) should
not be observed due to the long, microsecond scale water
residence time.””** Anion exchange (exchange of SeCN™ and
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Cl” in the first solvation shell of Mg®") has not been observed
for similar experiments with SCN™ in aqueous MgCl, solution,
but has been observed in Mgl, and MgBr, solutions.”" This is
due to the lack of MgCl, contact ion pairing in aqueous MgCl,
solutions, even at high concentrations.”>*7%*

As seen in the left column of Figure S, the shapes of the 0—1
transitions at short time (T, = 1.5 ps) are elongated along the
diagonal, indicating strong correlation between the initial (;)
and final (w,) frequencies (i.e, ®, & w,). At later time T,, = 30
ps (right column of Figure S), as the liquid structure has
evolved over the T, period, there is a loss of correlation
between @, and w;, resulting in rounder peaks. The loss of
correlation was quantified with the center line slope (CLS)
method.***° The CLS is the normalized frequency—frequency
correlation function (FFCF), the probability that a vibrational
probe with a given initial frequency has the same frequency at
T,, averaged over all frequencies @ in the absorption
band.’”*7*> CLS values are extracted at each T, from a
series of 2D spectra collected at different T,’s to form a decay
curve (Figure 6). Biexponential (D,O) and triexponential
(Mg*") fits to the CLS decays are shown in Figure 6 as solid
lines and the fitting parameters are tabulated in Table S4.
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Figure 6. Measured CLS(T,,) decays (spectral diffusion) of the CN
stretch of SeCN™ in D,O solutions of varying MgCl, concentrations
and in pure D,0. The CLS is the normalized frequency—frequency
correlation function. (a) The solid curves are biexponential fits to the
data for the D,O peak. (b) The solid curves are multiexponential fits
to the data for the Mg®" peak.

The FFCF was determined from the CLS and the linear
absorption spectrum using CAFE, a program that employs
artificial neural networks to rapidly calculate the FFCF
parameters (Table 3).*> The complete FFCF is commonly
described by the Kubo model:*”*
5(T,)

FFCF = (6w/(T,)6w(0)) = + ) Alexp(—T,/t,)

(5)
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Table 3. FFCF Parameters”
sample T, (ps) [ (em™) A (em™) t; (ps) A, (em™) t, (ps) A; (em™) t; (ps)
D,0 1-12
1-16 12 +£03 9+3 133 £05 14 +02 87 +£08 8+ 1
1-20 1.6 + 0.5 742 137 + 02 1L1+0.1 8.1+ 07 61
1-30 1.6 + 0.8 8+3 139 + 07 12 £ 0.1 S7 405 7+1
1-40 13 £ 02 8+1 136 + 0.5 11+0.1 51402 61
1-100 18 + 08 7+ 4 14+ 1 09 + 02 50+ 07 3+1
D,0* 14+ 0.1 7.6 + 02 9.7 + 0.5 0.6 + 0.1 102 + 0.8 14+ 02
Mg 1-12 22+ 0.6 S+1 67 + 04 15 + 0.1 72 £ 02 54402 3.8 £ 04 34+ 1
1-16 2.6 + 0.5 41 73 +03 12 02 6.5+ 02 48 £ 0.5 31403 29 + 4
1-20 21+ 04 S+ 1 66+ 02 13 +03 6.0 + 0.3 3.9 + 02 24+ 0.5 2045
1-30 19 + 0.4 6+1 59 + 04 12 +03 43 £03 40 + 02 17 + 02 13+3
1-40 17 £ 0.1 63+ 04 46 £02 15+ 03 33+ 04 48 £ 0.5
1-100

“T,: observed homogeneous dephasing time; I" = 1/2T,: homogeneous line width; A; and #;: frequency fluctuation amplitude and time constant for

the i component, respectively.

where the frequency fluctuation Sw(T,) is the difference
between the instantaneous frequency @(T,) and the average
frequency (), 5(T,,) is the Dirac delta function, T, is the total
homogeneous dephasing time, and A; and ¢; are the amplitude
of the frequency fluctuation and time constant of the i decay,
respectively. The time constants t; of the FFCF are the same as
those extracted from the CLS fits. In contrast to the
normalized amplitudes of the CLS, the frequency fluctuation
amplitudes A; in the FFCF are in absolute frequency units
(em™).

The FFCF components can be separated into homogeneous
and inhomogeneous contributions. A component is considered
motionally narrowed (homogeneous) if Ag; < 1 (4, in angular
frequency units) and inhomogeneously broadened otherwise.””
In the former case, A and t cannot be independently
determined. The motionally narrowed contribution to the
absorption spectrum has a pure dephasing linewidth I'* = A%t/
7 =1/nT%, where T¥ is the pure dephasing time. The observed
total homogeneous (Lorentzian) linewidth is I' = 1/zT,, and
the dephasing time T, has contributions from the vibrational
lifetime T, and the orientational relaxation time T,:*

1 1 1 1

L, Ty 25 3T, (6)

The total homogeneous linewidth I is ~8 cm™" for the D,0
peak and ~ § cm™" for the Mg?** peak across all concentrations
(Table 3). Both are dominated by motionally narrowed pure
dephasing, as the lifetime and orientational relaxation
contributions combined make up <1 cm™' (~0.2 cm™ for
Mg*"). The total inhomogeneous linewidth is the convolution
of the Gaussian components with standard deviations A, given
by FWHM = 2(2In2)'/2A ,, where A,y = (3, A2)""”. The
total linear absorption line shape depends on both the A/s and
the #’s and can be determined from the FFCF.**

In general, the value of the CLS at T,, = 0 starts below one
(with one being perfect correlation) (Figure 6) due to the T,
independent homogeneous broadening. The higher the initial
CLS value, the lower the contribution of the homogeneous
broadening to the spectral linewidth. Since the homogeneous
linewidth T" is essentially constant within experimental error
across concentrations for both peaks (Table 3) and the relative
contribution of the homogeneous broadening decreases with
increasing concentration (Figure 6), the overall spectral

broadening (FWHM) is primarily due to inhomogeneous
broadening, as discussed in Section IILA.

The first spectral diffusion times (Table 3) are basically the
same for the two peaks. For all salt concentrations, both peaks
are in the range of ~1—1.5 ps with the error bars almost
overlapping for both species. In pure D,0, the value is 0.6 ps.*
This fast time constant is frequently associated with very local
H-bond fluctuations, primarily in bond length.>**¥°"*”*¢ The
second time scale is ~4—S ps for the Mg*" peak. The D,0
peak t, increases from 1.4 ps in pure D,O to 3 ps in the 1—100
solution and then remains at ~6—8 ps at the higher
concentrations. In pure D,O, the second time scale was
attributed to the complete randomization of the H-bond
network.”>** For the D,0 peak, the contribution (from A,) of
the first component is ~13 cm™' across concentrations,
whereas the second component increases from 5.0 to 8.7
cm™! with increasing concentration, suggesting that the
dynamical slowing (Figure 6a) with concentration derives
from spectral broadening associated with structural changes in
the H-bond network and slowing of the H-bond network
randomization. The jump in ¢, from ~3 ps at 1—100 to 6—8 ps
at 1—40 and higher concentrations may be a result of the
number of well solvated ions decaying to zero at concen-
trations close to 1—40," as the number of waters adjacent to
other waters decreases and the number adjacent to ions
increases. These new solvent structures increase the linewidth
and slow down the H-bond network randomization.

lILE.2. Long Time Spectral Diffusion. For the Mg** peak,
there is a third time component of the FFCF, which increases
from 13 ps in the 1—30 solution to 34 ps in the 1—12 solution.
The A’s and t’s of the latter two components both increase
with increasing concentration. The slowing of the Mg
spectral diffusion thus stems from both increases in
inhomogeneous broadening and the slowing of each process.
The observation of a third time scale only for the Mg*" peak
parallels the spectral diffusion dynamics in the IL discussed in
previous sections, in which biexponential and triexponential
dynamics were observed for the two different probes, the
negatively charged SeCN™ and the positively charged 2-SeCN-
Bmim®, respectively.”” In both the IL and in MgCl, solution,
the selenocyanate moiety in the bulkier positively charged
structure displayed slower dynamics and a third time constant.
In the IL, small vibrational probes like SeCN_,40’76 water,
methanol,’’ and CO,”® sample their entire inhomogeneous
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lines before total randomization of the liquid structure. The
inhomogeneous line of a particular probe reflects only those
liquid structures that affect the probe frequency. These IL
results indicate that the intermolecular interactions that give
rise to the free SeCN™ inhomogeneous linewidth and the
corresponding dynamics that sample them do not involve all
structural degrees of freedom of the liquid. Complete
randomization of a liquid’s structure can be measured using
optically heterodyne-detected optical Kerr effect (OHD-OKE)
spectroscopy.*’ Using SeCN™ in the IL, the longest time scale
obtained, 94 ps, is almost an order of magnitude faster than the
complete structural randomization time, 870 ps, measured by
OKE. The additional time scale probed by 2-SeCN-Bmim?,
600 ps, is close to the time scale given by OKE. It should be
noted that the two experiments measure different correlation
functions, the FFCF for the 2D IR and the polarizability-
polarizability correlation function for OKE. These two
correlations functions would not be expected to report
identical time constants.

OKE measurements performed in a manner previously
described®” in aqueous LiCl solutions (there are no
experimental measurements for MgCl, yet) show that the
complete structural randomization time increases with
increasing salt concentration to ~25 ps. This time is on the
same order of magnitude as the t;’s (13—34 ps) measured in
this study for the Mg** peak. Although we do not expect OKE
time constants to be identical to those of the FFCF, a longer
time constant in MgCl, (i.e., 34 ps at higher concentrations vs
25 ps for LiCl) may be expected due to the larger cation
charge. A simulation study of OKE signals in aqueous NaCl,
MgCl,, and AICI; solutions shows that the OKE signal decays
more slowly with increasing cation charge, primarily due to the
slower motions of first hydration shell waters that are strongly
coordinated to the cation.”””’

We observe a saturation effect in the trend of the third time
scale for the Mg** peak, as the A; component is not present for
the lowest measurable concentration (1—40), becomes present
at 1-30, and both A; and ¢; increase with concentration and
begin to plateau between 1—16 and 1—12. The leveling off
between the two highest concentrations was also observed for
the FWHM and hydrodynamic behavior discussed in previous
sections.

It is interesting to note that the spectral diffusion time scales
for both D,O and Mg** peaks are much shorter than the
complete reorientation time scales, showing that the different
correlation functions are sensitive to different underlying
physical motions. What is similar for the two dynamical
observables is that the two populations of SeCN™ report on
distinct dynamics, illustrating the heterogeneity in liquid
structure and the impact that the divalent Mg’ has on
MgCl, solution over a range of concentrations. A previous
work has shown SeCN™ to be a reliable probe of local H-bond
fluctuations and the global H-bond network rearrangements in
water,” and in MgCl,, the SeCN~ associated with D,O has
biexponential spectral diffusion dynamics analogous to those in
pure D,0. The association of the SeCN~ probe with Mg**
gives rise to distinct spectral diffusion dynamics with an
additional time scale that is suggestive of the effects of a tightly
held first hydration layer.

IV. CONCLUDING REMARKS

The dynamics and structures reported by the SeCN~
vibrational probes associated with D,O and with the Mg**
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cation differed as shown by the IR observables studied here for
aqueous MgCl, solutions, ranging from relatively dilute to near
saturated concentrations. The two species are spectrally
distinct (Figure 1) and do not undergo chemical exchange,
allowing for robust separation and analysis of their respective
line shapes and dynamics, as measured by FT-IR, polarization
selective pump-probe spectroscopy, and 2D IR vibrational
echo experiments.

Both the D,0- and Mg*-associated line shapes broaden
with increasing salt concentration (Table 1), sampling an
increasing variety of solvent configurations as the populations
of free ions fall and the solvent-shared ion pairs rise.*’ For the
Mg2+ band FWHM, saturation effects begin at a concentration
between 1—16 and 1—12 mole ratios (Figure 2). This is also
the case for the complete reorientation time (Figure 4). The
hydrodynamic volume of the SeCN™ incorporated into the
hydrated Mg** complex changes in a manner consistent with
the complex going from a six- to four-coordinated structure as
the number of waters available for coordination decreases with
increasing salt concentration. For the D,O peak, the rotational
and spectral diffusion dynamics at lower concentrations are
similar to those in pure D,O and slow with increasing salt
concentrations.

The disparate behaviors of the free SeCN~ (D,O peak) and
SeCN™ incorporated into the Mg** coordination sphere (Mg>*
peak) in MgCl, solution are similar to those of a SeCN~ anion
and a selenocyanate covalently incorporated into an
imidazolium cation in an imidazolium ionic liquid.*" The
probe molecules undergo orientational relaxation over multiple
time scales with successive angular constraint release, modeled
by wobbling and free diffusion processes. Like the imidazolium
cation-bound selenocyanate, the SeCN™ coordinated to the
hydrated Mg** cation is sterically hindered and thus has
smaller cone angles (Table S3) than the free SeCN™ species.
The Mg®* complex also has slower complete reorientation
times (Table 2) that agree with hydrodynamic theory given the
predicted volume of its coordination structure (vs free SeCN™)
and the solution viscosities. It also displays a third spectral
diffusion time scale that is almost an order of magnitude longer
than that of the D,0-associated SeCN~ (Table 3).

The distinct dynamics sensed by SeCN™ in MgCl, reveal
differences in the underlying solvation structures. The different
spectral characteristics and dynamics reported by the SeCN™ N
lone pair bound to a water versus bound to the charge dense
Mg** cation are caused by three features attributed to MgCl,
solutions over a wide range of concentrations: slow water
exchange in the Mg®" solvent shell, lack of Mg**-Cl~ contact
ion pairing, and a Mg®" coordination number of six (four at
saturated concentrations).
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