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ABSTRACT The solute—solvent interaction dictates the equilibrium structure of

ionic assemblies in solution, ranging from free ions, ion pairs, ion-pair dimers, and ion-
pair tetramers to nanoparticles and ionic crystals. We use two-dimensional infrared
(2DIR) spectroscopic measurements of the antisymmetric CN stretch of thiocyanate
(NCS") to study the equilibrium chemical exchange between the spectrally distinct ion
pair and the ion-pair dimer in benzonitrile. We observe this chemical exchange to
occur with a 36 + 4 ps time constant. Our measurement indicates that 2DIR will
provide a useful tool for investigating the dynamics of ion assembly in solution.

SECTION  Kinetics, Spectroscopy
he solvent-mediated interaction of ions has wide-

I ranging impact in chemistry, biology, and materials

science.! ~© The solvation of ions influences ion mobi-
lity, the folding of proteins, ionic assembly, and crystal nuclea-
tion. Understanding the physicochemical phenomena that
determine the mobility of lithium cations in aprotic solvents
has particular technological significance due to the impor-
tance of lithium salt electrolytes in secondary lithium ion
batteries.” The conductivity of lithium solutions has been the
main focus of the research on these ionic solutions,® !! but
the molecular-scale events that dictate the dynamics of ion
transport remain poorly understood. Ionic assembly will
reduce the conductivity of the ionic solutions by reducing
charge carrier densities through the formation of neutral
charge aggregates, such as ion pairs, ion-pair dimers, and
higher-order aggregates.'” Understanding the dynamics of
these aggregates, as well as the dynamics of their formation
and dissociation, will help us understand how solute—solvent
interactions control the properties of electrolytes.

Lithium salts form several types of ionic assemblies in
solution depending on the properties of the solvent. Lithium
thiocyanate (LiNCS) has proven to be an excellent salt to
investigate the impact of solvation on ionic assembly, parti-
cularly with vibrational spectroscopy. IR and Raman spectro-
scopy have revealed Li" —anion pairing and aggregation
in many solutions'>~?' based on the charge-aggregate-
dependent shifts in anion vibrational modes. For LINCS, the
strong antisymmetric CN stretch (vcy) is widely used to
determine the structure and propensity of different ionic
assemblies in solution.'*'>'#2921 iNCS dissolved in benzo-
nitrile solution shows two main vcy peaks in the IR absorp-
tion spectrum, which have been assigned to the ion pair,
LiNCS, and the ion-pair dimer, (LINCS),.° These structures
coexist in equilibrium, with the ion pair absorbing at higher
frequency than the ion-pair dimer. The spectral distinction
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between the vy vibration in these ionic configurations
provides the opportunity to investigate the chemical ex-
change between the ionic assemblies with multidimensional
vibrational correlation (2DIR) spectroscopy.

2DIR spectroscopy provides a robust experimental tool to
study equilibrium chemical exchange occurring on the pico-
second time scale.**~*? We have used 2DIR spectroscopy to
investigate the exchange dynamics of the LINCS pair dimer
system. Detailed numerical analysis of the time-dependent
2D spectra shows that ion-pair dimers dissociate to form ion
pairs with a 60 £ 5 ps time constant in a 1.2 M solution of
LiNCS in benzonitrile. The ion pair association occurs with a
90 £ 7 ps time constant. Our measurement demonstrates
that 2DIR studies can be extended to a new class of chemical
reaction.

The ionic association of Li* and NCS™ in aprotic solvents
leads to a multitude of ionic assemblies depending on the
specific properties of the solvent and the ionic concentra-
tion.">'®3%3" In strong polar solvents, such as dimethyl
sulfoxide and acetonitrile, LINCS exists predominantly as free
ions at low ionic concentration and ion pairs at high concentra-
tion. In normal ethers, such as diethyl and dibutyl ether, LINCS
forms ion-pair dimers (LINCS),, while in isopropy! ethy! ether
and triethylamine, LINCS mainly forms ion-pair tetramers
(LINCS),."® Figure 1 shows the concentration-dependent FTIR
spectra of the vey of NCS™. The peak at 2073 cm™ ' corres-
ponds to the vy absorption of the ion pair, while the peak at
2042 cm™ " corresponds to the vy absorption of the ion pair
dimer. For the 0.1 M LiNCS spectrum, the ion pair absorption
dominates. With increasing LINCS concentration, the ion-pair
dimer absorption intensity grows. At 1.2 M LINCS, the ion pair
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and ion-pair dimer peaks have comparable amplitude. The
determination of the absorption cross section and concentra-
tions of the ion pair and ion-pair dimer will be discussed
in conjunction with the kinetic model. Raman, FTIR, and
NMR studies confirm that the ion-pair dimer has a quadrupole
charge distribution.'®>' The small blue-shifted shoulder at
roughly 2100 cm™' has been assigned to a chain aggre-
gate. We use the 1.2 M solution in this study and focus on
the pair dimer equilibrium chemical exchange dynamics
using 2DIR spectroscopy.

Two-dimensional infrared (2DIR) spectroscopy monitors
thermal equilibrium dynamics occurring on the picosecond
time scale by vibrationally labeling molecules with their initial
frequencies (w,) and then recording the final frequencies
(wrm) of the initially labeled molecules after an experimentally
controlled waiting time (T;,).*> 22377 This spectroscopic
technique can observe chemical exchange events as slow as a
few times the vibrational lifetime and as fast as 1/Aw, where
Aw equals the vibrational frequency difference between the
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Figure 1. Concentration-dependent FTIR spectra of a LiNCS/
benzonitrile solution. While LiNCS appears mainly as ion pairs
absorbing at 2073 cm™ ' at low ionic concentration, it forms ion-
pair dimers at higher concentration, contributing a new absorp-
tion peak at 2042 cm ™.
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interconverting species. 2DIR spectra, S(w,,wm, ), are dis-
played by correlating the initial frequency (w,) and final
frequency (w.,) as a function of waiting times (7). The well-
separated vcy absorption of NCS™ in the LINCS ion pair and
that in the (LINCS), ion-pair dimer make the chemical
exchange between these distinct ionic configurations an
excellent candidate for investigation with 2DIR spectroscopy.

Figure 2A shows experimental 2DIR spectra for the LINCS
pair dimer system at different T,,. The spectra have multiple
peaks representing various vibrational transitions. The red
peaks along the diagonal (w, = w,,,) correspond to the funda-
mental transitions (v = 0 — 1) for each distinct ionic confi-
guration. The blue peaks, with w,, red-shifted from the
diagonal peaks by the vibrational anharmonicity, correspond
to the excited-state transitions (v = 1 — 2) for the distinct ionic
configurations.

The T,-dependent spectra contain rich dynamical infor-
mation about the solute—solvent interaction. Here, we focus
on the chemical dynamics of ion-pair dimer formation
and dissociation that can be accessed by measuring the
T.-dependent cross-peak intensities of the 2DIR spectra.
The T,,-dependent change of the peak shapes that result from
spectral diffusion will be addressed in a future publication.
The peaks at (o, w,) equal to (2073 cm™', 2073 cm™ ') and
(2073 cm™ ", 2050 cm™ ") represent the v = 0— 1 and 1 — 2
vibrational transitions of the LINCS ion pair, and the peaks at
(2042 cm™ !, 2042 cm™!) and (2042 cm™ !, 2022 cm™ )
represent the v = 0 — 1 and 1 — 2 vibrational transitions
of the (LiNCS), ion-pair dimer. The cross-peak at (2042 cm™ ',
2073 cm™ ') results from the ion-pair dimer dissociation to two
ion pairs, and the cross-peak at (2073 cm™', 2022 cm™ ")
results from the association of two ion pairs to form an ion-
pairdimer, detected with the v = 1 — 2 transition of the ion-
pair dimer. The two additional cross-peaks that exist at
(2042 cm™', 2050 cm™") and (2073 cm™', 2042 cm™')
cannot be resolved in Figure 2A. This occurs because these
peaks overlap with the stronger v = 0 — 1 absorption of the
ion-pair dimer and the v = 1 — 2 absorption of the ion pair.
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Figure 2. T,,-dependent 2DIR spectra of the LiNCS pair dimer equilibrium. Experimental results are shown in (A), with the growth in the
cross peak intensity as a function of T,, providing the clear signature of pair dimer conformational exchange. Numerically calculated spectra
are shown in (B), with an exchange time constant of 7ex = 36 & 4 ps.
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The simulation shown in Figure 2B does account for these
peaks, and they must be included in the model to achieve
agreement between the simulation and the experiment.

For T,, values much larger than the excited-state lifetime,
the 2DIR spectra showns a signal that results from vibrational-
relaxation-induced heating of the solution. We have limited
our analysis to T,, < 60 to ensure that this heating effect does
not impact our data analysis. For a 60 ps waiting time, the
cross-peak intensity exceeds the magnitude of the thermal
contribution by more than a factor of 5. We discuss the
dynamics of this thermalization in detail in the Supporting
Information.

We numerically calculated the linear IR spectrum and the
T,-dependent 2DIR spectra using a response function form-
alism based on diagrammatic perturbation theory with input
parameters estimated from the linear and nonlinear experi-
mental results.”® A detailed description of the two-species
exchange kinetic model used in the response function calcu-
lation of T,,-dependent 2D spectra can be found in the work of
Kwak et al.”® As indicated below, the same model can be used
to treat the ion pair dimer system.

The chemical equation for the ion pair and dimer equals

(1)

Rp—p

2P D

kp-p

with P representing the ion pair and D representing the ion-
pair dimer and Rp_p and kp—p representing the forward and
backward reaction rate constants. Ignoring the activity coeffi-
cients of ionic species in solution, the equilibrium constant,
Keq, €quals

[D}e kP— D
=, R )

where [Pleq and [D]eq are the equilibrium concentrations of
the LiNCS ion pair and the (LINCS), ion-pair dimer. For 2DIR
vibrational studies, vibrational excitation does not shift the
chemical equilibrium. Instead, 2DIR monitors the thermal
fluctuation-driven chemical exchange of vibrationally labeled
molecules.

The second-order kinetics of the dimerization reaction can
be simplified to pseudo-first-order Kkinetics. We redefine
[Pleg = [Plu + [Plo and [Dleq = [D, + [Do. with [P, and [D],
representing the vibrationally labeled molecules and [Py
and [D], representing the leftover ground-state molecules.
Since laser excitation satisfies [P], < [P]o and [D], < [D], (we
excited ~5% of the ion pair molecules), the probability of
two excited ion pairs combining to form a dimer or the
probability of both NCS ions in one dimer being vibration-
ally excited is very low. Specifically, [P], = (Jo0p)[Pleq and
[Dlv = (Joop)[Dleq. Where Jo is the photon fluence, and o is
the absorption cross section of species 1, Jo0; is the average
number of photons absorbed per molecule of speciesi.>” For
the low excitation limit, Joo << 1, we can rewrite the equili-
brium equation of the excited molecule subensemble to be

(3)

This can be reduced to the standard two-species exchange
kinetic model,*®?® with an effective equilibrium constant for

Py, + Py =D,
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Table 1. Parameters Used to Numerically Calculate FTIR Spectrum
and T,,-Dependent 2DIR Spectra

Ty(ps)  To(ps) wolem™)  Aw(em™)  uo  conc.
pair 21.4 75 2071 23 1 1
dimer 19.5 81 2042 20 1.42 0.38
10
e Pair Diagonal
osl = Dimer Diagonal
A Cross-Peak
[}
E os}
°
>
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Figure 3. T,-dependent peak volumes of the ion pair and ion pair
dimer diagonal signals and the cross-peak extracted from the 2D
spectra in Figure 2A. Kinetic model analysis provides an ion pair
dimer conformational exchange time constant of 7., = 36 £ 4 ps.

the subensemble equal to K" = ([D],/[P].) = (ke p/kp—p) =
(0p/Op)Reg[Pleq and an effective forward reaction rate con-
stant of kK& = (0plop)Rp—p[Pleq. Since 2DIR spectroscopy
only accesses the dynamics of the excited species, P, and D,
we only directly measure Rp_p and k& .

These effective first-order Kinetics allow us to use the analy-
tical solution to the exchange kinetic model**>® developed by
Kwak et al. in our response function calculations. The para-
meters involved in the calculation are the center frequencies wo,
anharmonicities Aw, population lifetimes T}, orientation relaxa-
tion lifetimes 7,, exchange rate, equilibrium concentrations,
transition dipole moments uo;, and frequency—frequency cor-
relation functions. The population and orientational relaxation
rate have been measured with polarization-resolved IR pump—
probe measurements, and the results can be found in the
Supporting Information. Joint fitting of the FTIR and 2DIR
spectrum for T,, = 0.2 ps allows us to fit the transition dipole
moments and concentrations for the ion pair and ion-pair dimer
since each spectrum depends linearly on the concentration,
while the FTIR spectral amplitude is proportional to ug, and the
2DIR spectral amplitude is proportional to g The frequency—
frequency correlation functions influence the vibrational line
shapes in the 2DIR spectra but do not influence the peak
volumes. This makes the extraction of chemical exchange
dynamics insensitive to the details of the line shape analysis,
particularly when using peak volumes to determine the ex-
change dynamics. The best fit of the key parameters for the
exchange dynamics are shown in Table 1. The extraction of the
spectral diffusion dynamics from the T,,-dependent line shapes
will be addressed in a later publication.

Figure 3 shows the fit of the experimental peak volumes
for the diagonal and cross-peaks, and Figure 2B shows the fit
of the 2DIR spectra with the response function calculations.
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We extract an ion pair association time constant of (k?f_D o

90 &£ 7 ps, an ion-pair dimer dissociation time constant of
kplp = 60+5 ps, and a total exchange time of Ty = (kfffD +
R)plp = 36 + 4 ps from these calculations.

Our measurement clearly shows the accessibility of ion
assembly dynamics in aprotic solvents to 2DIR spectroscopy.
Although this study focuses on the ion pair dimer equilibrium
in the LINCS—benzonitrile solution, LINCS salt appears to
provide an excellent system for investigating how solvents
control the dynamics of ion assembly. Preliminary measure-
ments in other solvents indicate that we will be able to
observe the exchange dynamics of thiocyanate extending
from the free anion to the ion-pair tetramer. By correlating
these chemical exchange dynamics with configuration-
dependent solvation and orientational relaxation dynamics,
we intend to gain a molecular-scale understanding of the
dynamics of electrolyte solutions and how these dynamics
influence ion assembly and transport in solution.

EXPERIMENTAL SECTION

A detailed description of the 2DIR experimental methodo-
logy can be found in previous publications.*®*> We purchased
benzonitrile (99.9%) and LINCS hydrate from Sigma—
Aldrich. We used benzonitrile as received, and dried the
LiSCN-xH,O with a literature procedure.*® We prepared the
solution by dissolving LiNCS in benzonitrile and then centrifu-
ging the solution for 15 min to precipitate the suspensed
particles. We sealed the sample between two CaF, widows
spaced by a 3 um PET spacer to generate a maximum
absorbance of roughly 0.4 for the 1.2 M LINCS solution. We
performed the vibrational measurements at 22 °C over a
spectralll range from 1984 to 2110 cm™ ' with a resolution of
4cm .

SUPPORTING INFORMATION AVAILABLE Polarization-
selective pump—probe spectroscopy and thermal contribution to
2DIR spectra. This material is available free of charge via the
Internet at http://pubs.acs.org.
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