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35 ABSTRACT

The methodology and principle using vibrational energy transfer to measure molecular
40 distances in liquids are introduced. The application of the method to the studies of ion pairing
42 and clustering in strong electrolyte aqueous solutions is demonstrated with MSCN aqueous
solutions where M = Li, Na, K, Cs, and NHy4. Experiments suggest that ions in the concentrated
47 aqueous solutions can form substantial quantities of ion clusters in which both cations and anions
49 are involved. More and larger clusters form in solutions that are relatively more concentrated and
which include a larger cation. In KSCN solutions, the shortest anionic distance in the ion clusters
54 is the same as that in the KSCN crystal. The rotational time of the anion and the nonresonant

56 vibrational energy transfer time with a gap of 75 cm™ in the KSCN saturated solution are very
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similar to those in the KSCN crystal. However, the KSCN ion clusters are closer in structure to
the melt. The clusters form an interconnected network with random ionic orientations. Because
of ion clustering, the anion and water dynamics behave distinctly in the same solutions. At high
concentrations, the anion rotation significantly slows down because of the increase in the size of
the ion clusters, but the slowdown amplitude of water rotation is very modest because many of
the water molecules still remain in the “bulk” state due to ion clustering. The rotational dynamics
of both water and anions are slower in a solution with a smaller cation, primarily because a
smaller cation has a stronger cation/anion interaction and a cation/water interaction that leads to
more water molecules confined in the ion clusters. Adding ions or molecules into the KSCN
solutions can perturb the ion clusters. Weakly hydrated anions can participate in clustering and
form mixed ion clusters with KSCN, and strongly hydrated anions can reduce the effective water
molecules solvating KSCN and facilitate the formation of more and larger KSCN ion clusters.
Similarly, molecules which can strongly bind to SCN™ prefer to participate in the KSCN ion
clusters. Molecules which are strongly hydrated prefer to remain hydrated and facilitate the ion

clustering of KSCN.
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1. Introduction

In nature, electrolyte aqueous solutions are ubiquitous and essential for many chemical
processes and life phenomena. In solutions, reaction kinetics and selectivity as well as biological
functions are closely correlated to, and in some cases even determined by the dynamics and
structures of the solutions.' The research on water and its solutions has a very extensive history.”
"1t has long been known that the properties of strong electrolyte aqueous solutions deviate from
those of ideal solutions already at exceedingly low concentrations (<10~ M). The deviations
were proposed to be caused by the attraction and repulsion of ions, leading to the development of
the Debye-Hiickel theory.'>'® However, at slightly higher concentrations (~10° M), even this
theory fails and the formation of ion pairs containing ions of opposite charge has been believed
to be mainly responsible for this failure.”® Previous molecular dynamics (MD) simulations,
suggested that clusters with more than two ions can exist, and these clusters could be a major
factor causing the non-ideality of the solutions at medium and high concentrations.'®"

For unsaturated solutions of complex salts with ions of multiple charges, the presence of
large ion clusters has been experimentally demonstrated, albeit with a number of assumptions in

the interpretation of measurements.”’*

For solutions with simple ions of mono charge
(illustrated in fig.1A), MD simulations predict the presence of small clusters containing only a
few ions. The detection of these small clusters with the usual tools for probing structures in

liquids, e.g. neutron or X-ray diffraction,”> or dynamic light scattering,'®**
q g y yn g g

is extremely
challenging, because compared to the contributions from water-water and water-ion interactions
the contribution of ion-ion correlations to the total scattering pattern is small.' It is also very

difficult to identify these ion clusters by the routine FTIR, Raman or NMR measurements,

because in general there are not quantitative correlations between the vibrational frequencies or
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chemical shifts of the ions and the ionic distances (fig.11 in section 4.8 is one example).25
Furthermore, the frequency shifts caused by clustering can be small relative to the peak widths.*

2728 . .
7.2 are not suitable to measure these ion clusters

Electronic energy transfer methods, e.g. FRET,
either, because they typically require the labels of large chromophores (>1~2nm) which are
much larger than simple ions and can significantly perturb the ionic interactions.

Very recently, we found that ion pairing and clustering in aqueous solutions of mono-
charged ions can be directly observed with the vibrational energy transfer method using ultrafast

26,29-35

vibrational spectroscopy. The vibrational energy transfer method involves the

measurement of the rate of energy transfer between two vibrational modes located on two

29,34

ions. The energy transfer relies on the dipole-dipole coupling of the two modes and thus

depends strongly on the distance between the ions. Hence, the energy transfer rate can be

. . 32,33
converted to the distance between two ions.”

In aqueous solutions, the distance between two
ions is typically larger than the length of a chemical bond (or a vibrational mode), and the
vibrational coupling between two modes is typically smaller than the vibrational dephasing line
widths of the modes.”** As a result, the energy transfer can be described in the weak coupling
limit using point dipoles, leading to an energy transfer rate constant k that strongly decreases
with increasing distance r, approximately following k oc »~*.**** In general, water-solvated ions
and water solvent-separated ion pairs have much larger inter-ionic distances than contact ion
pairs. Therefore, the vibrational energy transfer method primarily probes the contact ion pairs.

In this work, we will introduce the principle of the vibrational energy transfer method, the
experimental setup and procedure to quantitatively obtain the vibrational energy transfer rate

constant and to convert the rate constant into the ionic distance, and the application of the

method to the studies of ion pairing and clustering in strong electrolyte aqueous solutions.
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2. Theoretical Background of Intermolecular Vibrational Energy Transfer

Energy transfer from one level of one molecule to another level of another molecule in a
condensed phase is one of the most fundamental molecular phenomena. It has been studied for
many years in the energy ranges of both electronic and vibrational excitations.”’%*!

Intermolecular energy transfers can go through the coherent process if the donor/acceptor

coupling is so strong that it is comparable to or even larger than the dephasing line width of the

donor/acceptor coherence (V,,>7"', both defined in eq.1),*** or go through the hopping

process if the coupling is weak.”>* For most intermolecular vibrational energy transfers in a
condensed phase, they follow the hopping process, because the donor/acceptor coupling strength,
which can be simply estimated based on eq.2 with the transition dipole moment 0.2~0.4D and
the donor/acceptor distance 0.3~1 nm, is usually a few cm™ or smaller, smaller than the typical
line width (>10 cm™) of a vibrational mode which is at the same order of magnitude of the
donor/acceptor coherence dephasing line width.****

In a condensed phase, the energy of a molecular vibration is a distribution (a peak) rather
than a single value (a line) because of molecular motions and interactions. Traditionally, an
energy transfer of which the donor and acceptor have the same central energy value is called
resonant energy transfer. An energy transfer with donors/acceptors of different central energy
values is called nonresonant energy transfer. For the hopping process, the resonant energy
transfer follows the dephasing mechanism.***> The mechanism can be described as following:
In an energy transfer system, because the energy donor state and the energy acceptor state are
coupled, according to quantum mechanics, the two states form a coherence. Without any external

perturbation, the excitation (or energy) will oscillate back and forth between the donor state and

the acceptor state in a coherent manner. In a condensed phase at temperatures higher than 0 K,
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molecules are constantly moving. Such thermal motions inevitably cause some random
molecular collisions against either the donor or acceptor or both. The collisions can shift the
molecular frequencies suddenly and cause the coherence between the donor and the acceptor to
dephase. Because of the dephasing, the excitation (or energy) has a certain probability at the

acceptor state and doesn’t go back to the donor state, resulting in the completion of one energy

32,33

transfer. Integrating all dephasing events, the energy transfer rate can be quantitatively

described by the following equation®**’

2 ) 7!

V
_Awp, " DA 2 2 -2’
lie 7 (Awp, ) +4V,  +1

ky, = (1)

where Aw, ,=w, —o,, the difference between the central energy values of D and A, also termed

the donor/acceptor (D/A) energy gap (this value is equal to O for the resonant energy transfer). 7
is the dephasing time of the coherence between the donor and acceptor. Vp, is the D/A coupling

strength®® which is related to the D/A distance (7, ) under the transition-dipole/transition-dipole

interaction mechanism by28

o 1 il K
4

_ , (2)
P 0t (dre)) i,
where 7 is the refractive index. x4, and p, are the respective transition dipole moments of the

donor and acceptor. &, is the vacuum permittivity. 7,, is the distance between the donor and

acceptor. x is the orientation factor dependent on the relative orientations of the donor/acceptor
and the relative time scales of the rotations of the donor/acceptor and the energy transfer.”> For

simple ions in room temperature aqueous solutions, the rotations of ions are much faster than the

vibrational energy transfer between two ions, and therefore x equals v2/3 which is the average

value over all angles.””?* The combination of eqs. 1&2 to convert the energy transfer rate
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constant k,, into the D/A distance r,, has been experimentally benchmarked with the KSCN

isotope mixed crystals.” In the crystals, the distance between any two thiocyanate anions is well
defined and characterized with XRD and the vibrational energy transfer rate constant between
them is determined by the vibrational energy transfer method.” The distance determined by the
vibrational energy transfer method is the same as that determined by XRD.*

Unlike the resonant energy transfer, two mechanisms play roles simultaneously in

nonresonant vibrational energy transfer:*>*>

(1) the dephasing mechanism (eq.1) which is exactly
the same as that for the resonant energy transfer; and (2) the phonon compensation
mechanism.***’ This is because in a nonresonant energy transfer system, there is always a certain
chance that the energy distributions of the donor and acceptor molecules can overlap. As a result,
the energy can transfer between the donor and acceptor resonantly through the overlapped
portion (the dephasing mechanism). At the same time, energy of any donor molecule can always
transfer to an acceptor molecule with a different energy value if the D/A energy gap can be
compensated by the phonons in the system (the phonon compensation mechanism). Dependent
on the details of a particular situation, one mechanism can be dominant over the other. For
instance, examining the nonresonant vibrational energy transfers among the nitrile stretches in
the KSCN isotope mixed crystals, the phonon compensation mechanism is dominant, while in
the liquid solutions of these mixed crystals the dephasing mechanism plays a larger role.”*** Our
recent energy gap dependent energy transfer experiments and theoretical derivations®™ suggest

that, at room temperature, the contribution from the phonon compensation is much smaller than

that from the dephasing mechanism for most nonresonant intermolecular vibrational energy
transfers in liquids with energy gaps smaller than the thermal energy (Aw,, < RT ~200 cm™).

In other words, these nonresonant energy transfers can be quantitatively described by eq.1. The
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phonon compensation mechanism is not significant in liquids because of the very fast molecular
motions. In liquids, molecular motions (e.g. rotations and translations of a few angstroms) are
much faster than the energy transfer process. Therefore, before the energy transfer occurs, the
fast molecular motions can cause the positions or phases of the donor and acceptor relative to the
phonons to fluctuate or even exchange. This significantly reduces the difference between the
phonon modulations on the donor and the acceptor, causing the efficiency of phonon
compensation for the D/A gap to diminish.*® Nonresonant energy transfers with larger gaps
(>200 cm™) are typically very slow (~> 1ns ), at times two or three order magnitudes slower than
intramolecular vibrational relaxations. Experimentally it is very challenging to detect such slow
energy transfers because of the extremely low signal levels.

As discussed above, for most cases in liquids, both resonant and nonresonant vibrational

energy transfers can be described by eq.l. In eq.l, there are two unknown parameters: the
coupling strength V,, and the dephasing line width 7' . To quantitatively determine both
parameters, the energy transfer rate constants (&, ) for at least two energy gaps (Aw,,,) must be

determined. The gap dependent measurements can be experimentally achieved by isotope
labeling of the donor or acceptor to shift their vibrational frequencies. This is considered a

perturbation-free label method, as the isotope substitution does not change the electronic

structure or intermolecular interactions.’**>** Once V), is determined from the experiments, the

D/A distance r,, can be obtained by plugging V,, into eq.2. For some systems, isotope labels
may not be immediately available and only one energy transfer rate constant for one energy gap

is available. In this situation, to obtain V,,, we need to estimate the dephasing line width 7',

According to the derivation of eq.1, the D/A coherence dephasing line width 7' must not be
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larger than the sum (z,'+7;') of the donor and acceptor line widths, ™' <7,' +7;'.** If D/A

1

dephasings are correlated, 7' <7,,'+7,'. If they are uncorrelated, 7' =7, +7,'. All of our

previous experiments on energy transfers among the nitrile stretches in thiocyanante solutions

show that the donor and acceptor dephasings are correlated. The D/A coherence dephasing line
width 77" is only 50%~80% of the sum (7, +7') of the donor and acceptor line widths. We

suspect that this is because the D/A distances in these systems are only about 0.4 nm which are
so short that the dephasing of the donor inevitably affects that of the acceptor, and vice versa.

Only at much larger distances where D/A dephasings are uncorrelated, the D/A coherence

1 -l -1
=7, +7,.

dephasing line width is equal to the sum of the donor and acceptor line widths, 7~
Under this condition, eq.1 becomes the Forster energy transfer equation - the energy transfer rate

is determined by the D/A spectral overlap.’? Therefore, based on our previous experimental
results, using 50% of the D/A homogenous line width sum for the D/A coherence dephasing line
width 77" for vibrational energy transfers with D/A distances smaller than Inm is probably a
reasonable starting point to estimate V,, from a measured value of &, .
3. Experimental Section

Vibrational energy transfer kinetics were measured in real time using the ultrafast
multiple-mode multiple-dimensional vibrational spectroscopy. The details of the technique were
described previously.”’”® Briefly, a ps amplifier (~1 ps) and a fs (~38 fs) amplifier are
synchronized with the same seed pulse from a 76 MHz oscillator. The output of the ps amplifier
pumps an OPA to produce ~0.8 ps IR pulses with a bandwidth of 10~35 cm™ in a tunable range
from 500 cm™ to 4000 cm™ with energy 1~40 J /pulse at 1 KHz. Light from the fs amplifier is

directed to generate a <100 fs ultra-broadband mid-IR and terahertz super-continuum pulse in the
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frequency range from <10 cm™ to >3500 cm™ at 1 KHz.>"'

In nonlinear IR experiments, the ps
IR pulse is the excitation beam of which the excitation power is adjusted based on need. The
interaction spot varies from 100 to 500 microns. The super-continuum pulse is the detection
beam. Its frequency is resolved by a spectrograph with a resolution of 1~3 cm™ which is
dependent on the central frequency, yielding the detection axis of a 2D IR spectrum. Two
polarizers are inserted into the detection path to selectively detect the parallel or perpendicular
polarized signal relative to the excitation beam. Excitation populations in nonresonant energy

transfer experiments and vibrational lifetimes are obtained from the rotation-free 0-1 (between

the ground state and the 1* vibrational excited state) or 1-2 (between the 1% excited state and the

2" excited state) transition signal £, = F +2x P, , where F, P, are parallel and perpendicular

data respectively. The reorientational motions and resonant energy transfers are monitored by
acquiring the waiting time dependent anisotropy values r(¢) =(F — P )/(F+2xP)) . This is

because the anisotropy values usually decay with waiting time ¢ as a result of two possible
molecular origins: the molecular reorientation and resonant energy transfers to molecules in
different orientations. Both dynamics contribute to the orientational randomization of vibrational
excitations and result in the decay of signal anisotropy.*’ For all experiments, the signal resulting
from vibrational relaxation induced heat is removed with the procedure described
previously.”’”?>* Viscosities of the samples were measured at room temperature with a Cannon—
Fenske kinematic viscosity tube.

4. Results and Discussions

4.1 Nonresonant Vibrational Energy Exchange between Thiocyanate Anions
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36 Figure 1. (4) A snapshot of a 1.8M KSCN aqueous solution obtained from MD simulation, with
38 O (red), H (white), C (light blue), N (deep blue), K (green) and S (yellow). Some water molecules
a1 are removed to better display the cluster structure. (B) FTIR spectrum of the CN and ?C”N
43 stretches of SCN™ and S CP N of a 10M KSCN/KSCPN~1/1 aqueous solution. (C) The waiting
time dependent 2D IR spectra of the 10M solution. As T, increases, the off-diagonal peaks
48 appear due to vibrational energy exchange between SCN and S”C”°N.? Reprinted with
50 permission from Reference 29 (Bian, H.; Wen, X.; Li, J.; Chen, H.; Han, S.; Sun, X.; Song, J.;
Zhuang, W.; Zheng, J. Ion Clustering in Aqueous Solutions Probed with Vibrational Energy

55 Transfer. Proc. Nat. Acad. Sci. 2011, 108, 4737-4742).
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The nonresonant vibrational energy transfer between two ions is measured with the
vibrational energy exchange method.””*>* Here we use a saturated (10 M) KSCN/KS"C"N ~
1/1 D,O solution at room temperature to demonstrate how to quantitatively obtain the vibrational
energy transfer rate constant.”” Fig.1B shows the FTIR spectrum of the CN and '*C'°N stretches
of SCN™ and S"*C"°N" in the solution.*” The isotope labeling shifts the CN stretch 0-1 transition
frequency from 2066 cm™ (SCN") down to 1991 cm™ (S"*C'*N"). In Fig.1C the time evolution of
2D-IR vibrational spectrum of these modes is presented. The two diagonal peak pairs 1~4
represent the anions that have not transferred their energy. At a very short waiting time 7, (200
fs), when a negligible amount of vibrational energy exchange has occurred, the spectrum
contains only diagonal peak pairs. Peaks 1 & 2 represent the 0-1 and 1-2 transitions of the CN
vibration of SCN". Peaks 3 & 4 correspond to the 0-1 and 1-2 transitions of the *C'*N" vibration
of SC”N". With the increase of T, an increasing amount of vibrational energy has been
transferred between the two anions. Cross peak pairs 5~8 begin to appear in the off-diagonal
position. These new peaks arise from the transfer of vibrational energy. The energy transfer from

SCN™ to S”C'"N" produces Peaks 5 & 6. These peaks are located at the excitation frequency

w, =2066 cm™', corresponding to the 0-1 transition frequency of the CN stretch of SCN', and the

detection frequencies @, =1991 cm™" and 1966 cm™' that correspond to the 0-1 and 1-2 transition

frequencies of the *C'°N” stretch vibration of S"*C'°N", respectively. Likewise, Peaks 7 & 8 are
produced by energy transfer from S"?C'’N" to SCN". At each waiting time, Peaks 5&6 are larger
than Peaks 7&8. The trend can be more clearly seen in Fig.2B. This is because of the detailed
principle which states that the energy transfer from one level to a lower one is faster than the

reverse process. The rate ratio of these two processes is the Boltzmann factor determined by the

energy gap (ky, / k,, =exp[(@, —@,)/ RT] ).
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To quantitatively analyze the energy transfer kinetics from the 2D IR measurements in
Fig.1C, we constructed a kinetic model. The solution is saturated, and therefore some ions
inevitably form clusters, as required by chemical equilibrium. The anions in the clusters are close
to each other and hence can transfer energy efficiently. Other anions in the saturated solution
solvated by water molecules are well separated and less able to transfer energy. Both clustered
and solvated anions are not frequency resolvable, and produce diagonal peak pairs together in the
2D IR spectra in Fig.1C. However, the cross peak pairs mainly originate from the clustered anion
since the clustered anions can exchange energy with a much higher efficiency due to the shorter
anionic distances in the clusters. Simultaneous analyses of diagonal and cross peaks provide not

only the energy exchange rate constants, but also the ratio of clustered to separated anions. Based

on the physical picture, a location-energy-exchange kinetic model has been developed.”*

Briefly, in the solution, some anions S”C'°N" and SCN™ form clusters (denoted as S"C"N~

and SCN™_, ), and the rest anions are separated by water (denoted as SC°N~, and SCN~, ).

clu

Both anions are in dynamic equilibrium. They can exchange locations with rate constants &

clu—iso

'k

clu—iso

and k.

iso—>clu *

The equilibrium constant K = £,

iso—clu

is determined by the principle of

microreversibility. The clustered anions S"”C'°N~, and SCN™, can exchange vibrational

clu

and &k

SCN~—8BCSN™

energy with the rate constants & The ratio

SBCB N> SCNT

D=k is determined by the detailed balance principle. The energy

SBCNT>SCNT /kSCN’aS”C'SN’
transfer rate for the separated anions is assumed to be negligibly small because of the relatively
long distance between them. In other words, the isolated anions cannot transfer vibrational

energy with other isolated anions or with the clustered anions. The vibrational excitations of

SC"N" and SCN" decay with each species having its own vibrational relaxation rate constant
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k and k___ . We simply assume that for each CN stretch, the vibrational lifetimes of

SBCHNT SCN™
clustered and isolated species are the same, because experimentally these two species are not

resolvable. By using rotation-free data ( F, =F +2xP, ) the model does not contain any
rotational component. The model is described in the following scheme

k305, - 13 15 A 7— Kisosclu 13 ,~15 A 7— kS”C‘SN’ﬁSCN* - Ketusiso - ko -
L gUCINT e SOCUNT e o e oy, e,
iso—>clu

clu—iso sen— 135y

k
kSl3C15A” SCN™

(Scheme 1. Location-energy-exchange kinetic model)

Based on the kinetic model in Scheme 1, four differential equations are derived.” There
are only three unknown parameters to be determined because the vibrational relaxation rate

constants can be experimentally determined, the ratio of the location exchange rate constants

(k

clu—iso

and £k

s ) 18 the equilibrium constant, and the ratio of the energy transfer rate
constants is determined by the detailed balance. By solving the equations, the energy transfer rate
constants, the clustered/separated ion equilibrium constant and the location exchange rate
constants are obtained. Simultaneous analyses of the time dependent intensities of peaks 1, 3,
5&7 according to the vibrational energy exchange kinetic model show that the energy transfer

time (1/k ) from SCN™ to S*C'*N"is 115+15 ps, the equilibrium constant K =19+3,

SCN~—SBCBN-

and the location exchange rate constants 1/k

iy =12%7ps . Detailed parameters of the
calculations can be found in the supporting materials of our previous publication.”’ Calculations
simultaneously well fit the four experimental curves, as shown in Fig. 2A and 2B. The

equilibrium constant K =19+ 3 indicates that more than 95% of anions form clusters in KSCN

saturated aqueous solution. The ion cluster ratio is surprisingly large.
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Figure 2. The waiting time dependent intensities of peaks 1, 3, 5, 7 in Fig.IC. Dots are
experimental data, and curves are calculated results based on the kinetic model.”’ Adapted with
permission from Reference 29 (Bian, H.; Wen, X.; Li, J.; Chen, H.; Han, S.; Sun, X.; Song, J.;
Zhuang, W.; Zheng, J. Ion Clustering in Aqueous Solutions Probed with Vibrational Energy

Transfer. Proc. Nat. Acad. Sci. 2011, 108, 4737-4742).

The distance between two anions cannot be immediately obtained from the energy

transfer rate constant kS v sty Yet because kS N> §B SN

determined from the experiments is
the total rate constant from one donor to all acceptors in one cluster. The size of the cluster needs

to be determined in order to convert k into the rate constant from one donor to one

SCN™ 25BN~
acceptor.
4.2 Cluster Size Revealed by Resonant Energy Transfer

The resonant energy transfer method is used to determine the cluster size. As mentioned
in the experimental section, on one hand, both the resonant energy transfer from one donor to
any acceptor and molecular rotations can cause the anisotropy of vibrational excitation to decay.
On the other hand, acceptors can also transfer energy back to the original donor, leading to the

recovery of the anisotropy. The probability of reverse transfer is approximately inversely
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proportional to the number of acceptors. Therefore, slower energy-transfer-induced anisotropy
decays are observed in smaller clusters in which fewer energy acceptors are available for one
donor (under our experimental condition, no more than one anion, which is the original energy
donor in one cluster, is excited by the laser in the majority of the clusters). Based on this physical

picture, a kinetic model is developed to analyze the resonant energy transfer kinetics for the 10M

aqueous solution:*°
R(¢ - 1 {1+ (my ~Dxel 1
(U P e U — 3)
R(0) 1+(ntot —-Dxc 1+(nt0t —Dxc

where 7, is the molecular rotational time constant of S C"’N in a cluster, ¢ is the fraction of

SBCN" (the energy carrier) among all the anions in the solution, 7, is the number of anions
(both S"C"°N™ and SCN") in an energy transfer unit, and z is the resonant one-donor-to-one-

acceptor energy transfer time constant. We experimentally determined z,, =10+1.0ps from the

anisotropy measurement of the 1% KS">C'°N 10M aqueous solution (Fig.3). Therefore, only two

parameters ( 7 and n, ) are experimentally unknown. Experimental resonant acceptor

fot
concentration dependent anisotropy decay of the "*C'°N stretch pump/probe signal of S”>C'°N" in
10M aqueous solutions with different KS">C'"N/KSCN molar ratios is displayed in Fig.3. In a
solution with very few resonant acceptors, e.g. the 1:99 solution, the anisotropy decay is slow. In
a solution with many resonant acceptors available, e.g. the 100:0 solution, the anisotropy decay
is fast. Calculations with the two adjustable parameters simultaneously well fit the experimental

results of six different isotope ratios (Fig.3). The two parameters were obtained as 7 =54+ 8ps
and n,, =18+3, indicating that about 18 anions are involved in an effective energy transfer unit

within a cluster. It is worthwhile to emphasize that a large cluster can contain more than one
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energy transfer unit. Only in dilute solutions where clusters are smaller, the size of an energy

transfer unit is identical to a cluster.

1.0+
I KS"®C"N : KSCN
.. 0.8}
2 A 1:99
2 06} 2:98
= I 10:90
< » 20:80
'§ 0.4 50:50
= 02' 100:0
g el
1 L
(=]
Z 00} 3
n
_02 1 1 1 1 1 1 1

0.10.20.30.40.50.60.70
Waiting Time (ps)
Figure 3. The anisotropy decay data (dots) of the *C'°N stretch pump/probe signal of S"*C"°N"
in 10M aqueous solutions with different KS"*C'"*N/KSCN molar ratios. Lines are calculated from
Eq.l.29 Reprinted with permission from Reference 29 (Bian, H.; Wen, X.; Li, J.; Chen, H.; Han,
S.; Sun, X.; Song, J.; Zhuang, W.; Zheng, J. lon Clustering in Aqueous Solutions Probed with

Vibrational Energy Transfer. Proc. Nat. Acad. Sci. 2011, 108, 4737-4742).

4.3 Average Anionic Distance Determined from both Nonresonant and Resonant Energy

Transfers

From both nonresonant vibrational energy exchange and resonant energy transfer induced
anisotropy decay measurements, the energy transfer time constants from one donor to all

possible acceptors for the 10M KSCN/KS"C'"N~1/1 aqueous solution are determined to be

1/k, . =6ps for the energy gap Aw,, =0 cm™ and 1/k, . =115ps for the energy gap

cm

1

Aw,, =75 cm™ . According to eq.1 and these two energy transfer time constants, the total
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1 32

" and the dephasing line width is 15 cm™".

coupling V,, is determined to be 4.1 cm™

—one—to—all

The one-donor-to-one-acceptor coupling is V., =V, .. . ./ J9=1.4cm™ where 9 is the

number of resonant acceptors in the 1/1 solution which is 50% of 18 - the number of total anions

n,, in the 10M pure KSCN solution.””*> The D/A distance 7., =5.1A is then obtained from
Vi, =l4cm™ and eq2 with parameters: n=15, u,=u,=033D, (x)=+2/3 > This

distance is larger than the shortest anionic distancein the KSCN crystal (4.0 A), but smaller than
the nominal anionic distance (5.6 A) of the solution if ion clustering doesn’t occur. This is
because the determined distance from energy transfer experiments is the average distance from
one donor to all possible acceptors at different distances. Surrounding one anion in the KSCN
crystal®, four closest anions exist at a distance of 4.0 A. The next two anions have distances of
4.8 A, and then two at 5.6 A, and so on. Therefore, within an energy transfer unit with 18 anions
in the 10M solutions, some anions must be located at distances much longer than the shortest 4.0
A because of the geometric constraint. In order to examine whether the closest anionic distance
in an ion cluster in aqueous solutions is the same as that in the crystal, what we need is to
measure the distance in a cluster with no more than four anions. This is experimentally
achievable. Required by chemical equilibrium, the ion clusters must become smaller and fewer
in a more dilute KSCN solution.
4.4 Anionic Distance in a Small Cluster Is the Same as in the Crystal

Both nonresonant and resonant vibrational energy transfers among the nitrile stretches are
measured in the potassium thiocyanate aqueous solutions of different concentrations.”’ Fig.4
displays the concentration dependence of the 2D IR spectra of 1/1 KSCN/KS"C'’N aqueous

solutions at three different waiting times.”’ As we can see, at the same waiting time, e.g. 50 ps,
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1

2

2 the vibrational energy exchange cross peaks are smaller for a more dilute solutions. This
5

6 indicates that the vibrational energy exchange is slower in a relatively dilute solution.
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35 Figure 4. The 2D IR spectra of 1:1 KSCN/KS>C"N aqueous solutions with different
36

37 concentrations at three different waiting times.” Reprinted with permission from Reference 29
38

28 (Bian, H.; Wen, X.; Li, J.; Chen, H.; Han, S.; Sun, X.; Song, J.; Zhuang, W.; Zheng, J. Ion
41 L . . o .
42 Clustering in Aqueous Solutions Probed with Vibrational Energy Transfer. Proc. Nat. Acad. Sci.
43

44 2011, 108, 4737-4742).

45

jg Quantitative analyses on both nonresonant and resonant energy transfer data based on the
48

49 procedure developed for the 10M solutions show that fewer and smaller ion clusters form in a
50

o1 more dilute solution. The results are listed in table 1. In the 1M and 1.8M solutions, the ion
52

gi cluster contains only three to four anions. Therefore, the average D/A distance in these small
55

56 clusters determined by the energy transfer method must be very close to the shortest anionic
57

58

59

60
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distance in the clusters. In the 1M and 1.8M solutions, the one-donor-to-one-acceptor couplings

v

', are determined to be 2.5 cm™' and 2.3 cm™', respectively. The D/A distances determined
from these two coupling strengths and eq.2 are 4.3 A and 4.4 A, very close to the shortest anionic
distance 4.0 A in the KSCN crystal.

Table 1. Experimental and MD simulation results of the cluster percentage, the number of

anions (n,,) in an energy transfer unit and the energy donor-acceptor distances rpy in KSCN

aqueous solutions at different concentrations.”*
Experimental MD Cluster " roa (A)
Cluster percentage percentage fot DA
KSCN (10M) 95+ 1% 99.7% 18+3 5.1
KSCN (8.8M) 92+ 1% 13+2 5.0
KSCN (6.5M) 70 £+ 4% 9+2 4.8
KSCN (4M) 67 + 4% 79.5% 5+£2 4.6
KSCN (1.8M) 35+ 5% 31.4% 4+1 4.4
KSCN (1M) 27 £ 6% 3+1 4.3

4.5 The Shortest Anionic Distance in the Crystal Determined by the Energy Transfer
Method is the Same as XRD Result

To our knowledge, no other experimental techniques exist which can determine the
anionic distances within the ion clusters in potassium thiocyanate aqueous solutions. Because of
this, from an experimental point of view, we cannot immediately conclude that the anionic
distances determined by the vibrational energy transfer method described above are reliable,

29,31

though the experimental distances are close to those from MD simulations. To benchmark the

vibrational energy transfer method, we require a sample in which the D/A distances can be
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characterized by other mature techniques, e.g. XRD. Accordingly, we measured both the
resonant and nonresonant vibrational energy transfers among the nitrile stretches in the KSCN
isotope mixed crystals.”” In the KSCN crystal, the relative orientations and distances among the
thiocyanate anions have been well characterized with XRD and neutron scattering.’>> The two

shortest anionic distances are 4.02 A and 4.03 A, as displayed in Fig.5.

Figure 5. Crystalline structure of KSCN crystal: (A) a full view, (B) a zoomed-in structure
highlighting the two shortest anionic distances. K (purple), S (vellow), C (gray), and N (blue).
Reprinted with permission from Reference 33 (Chen, H.; Wen, X.; Li, J.; Zheng, J. Molecular
Distances Determined with Resonant Vibrational Energy Transfers. J. Phys. Chem. A 2014, 118,
2463-2469). Copyright 2014 American Chemical Society.

Resonant acceptor concentration dependent anisotropy decay experiments are conducted
on the potassium thiocyanate crystals with different KS">C'"N/KSCN molar ratios. The results
are displayed in Fig.6.> The results are similar to those of the 10M solutions in Fig.3, with the
exception that the anisotropies measured in the crystals (see Fig.6) do not decay to zero because
the rotations in the crystals are hindered and the relative orientations of the anions are not

random.>® Analyzing the anisotropy decay data with a kinetic model that accounts for all possible
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vibrational energy transfer pathways and molecular wobbling in the crystal show that the

resonant energy transfer time between two closest anions in the crystals is 1/k,, =27+3 ps .

Combining this energy transfer time with the nonresonant energy transfer results,>” the

distance between two closest anions in the KSCN crystal is determined to be r,, =3.9+0.3 A,

which is identical to that determined by XRD within the experimental uncertainty.>> Calculations
based on the monopole theory show that the point dipole approximation used in the method
causes only negligible uncertainty in the distance determined. This is because the D/A distance is

about three times larger than that of the CN bond length.**

Normalized Anisotropy

Delay (ps)

Figure 6. Waiting time dependent anisotropies of KSCN/KS” C"°N mixed crystals with different
molar percentages of resonant energy donor species at room temperature. Dots represent
experimental results, and curves are calculated results. Each percentage value in the legend
represents the percentage of resonant energy acceptors in each sample. Reprinted with
permission from Reference 33 (Chen, H.; Wen, X.; Li, J.; Zheng, J. Molecular Distances
Determined with Resonant Vibrational Energy Transfers. J. Phys. Chem. A 2014, 118, 2463-

2469). Copyright 2014 American Chemical Society.
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The resonant energy transfer experiments confirm the validity of the energy transfer
method as an “angstrom molecular ruler”. At this stage, one point must be emphasized. In the
crystals, the nonresonant energy transfers in which the phonon compensation mechanism plays
an important role cannot be used as they are in liquids to determine the D/A distance with eq.1.
This is because the energy transfer equation for the phonon compensation is very difficult to be
quantified and quite different from eq.1.>> Although the nonresonant vibrational energy transfer

time in the KSCN/KS"*C"”N =1/1 mixed crystal (1/k =99 ps) is almost the same as

SCN™—SBCPN-

that of its saturated aqueous solution (1/ kS V- SIS

=115ps ), we consider this similarity as a
coincidence rather than clear evidence to support ion clustering in the solutions because the
energy transfer mechanisms in the crystals are distinct from the solutions.*® In fact, because of
the different mechanisms, the energy transfers of the same donors and acceptors in crystals and
in liquid solutions may depend on the energy gap in opposing ways. Such an example is
displayed in Fig.7.** Fig.7A&B display the 0-1 transition portions of 2D IR spectra of the
KSCN/KS"*CN=1/1 DMF 1/8 solution (gap ~ 48 cm™) and the KSCN/KS"*C'’N=1/1 DMF 1/8
solution (gap ~ 75 cm™) at a waiting time of 50 ps at room temperature. In the solutions, the
energy transfers are governed by the dephasing mechanism (eq.1). Therefore, the energy transfer
is slower with a larger gap. This is confirmed by that the energy transfer cross peaks 5&7 are
smaller with a larger gap (fig.7B). On the contrary, the phonon compensation mechanism
dominates the energy transfers in the mixed crystals at 80K (fig.7C&D).* In the mixed crystals,
the phonon density at 75 cm™ is much larger than that at 50 cm™.*® The energy transfer is faster

with a larger gap because of the larger phonon density, resulting in larger energy transfer cross

peaks 5&7 (fig.7D).
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(A) (B)

> 7 - A 7 -~
(©) A

Figure 7. 2D IR spectra of (4) the KSCN/KS"*CN=1/1 DMF solution (energy gap ~48 cm™) and
(B) the KSCN/KS"C"°’N=1/1 DMF solution (energy gap ~75 cm™) at a waiting time of 50 ps at
room temperature. 2D IR spectra of (C) a KSCN/KS>CN=1/1 mixed crystal (energy gap ~ 48
em™) and (D) a KSCN/KS">CPN=1/1 mixed crystal (energy gap ~75 cm™) at a waiting time of
150 ps at 80K. Only the 0-1 transition signals are plotted in all the figures. Reprinted with
permission from Reference 48 (Chen, H.; Zhang, Q.; Guo, X.; Wen, X.; Li, J.; Zhuang, W_;
Zheng, J. Nonresonant Energy Transfers Independent on the Phonon Densities in Polyatomic
Liquids. J. Phys. Chem. A 2014, DOI: 10.1021/jp511651t, in press). Copyright 2014 American
Chemical Society.
4.6 Cation Involved in Ion Clustering

All the conclusions about ion clusters in aqueous solutions mentioned above are solely
determined from the anion measurements. No information is available for the cation K because
it does not produce any vibrational signal. Therefore, from the experimental results presented

above, it is not clear whether the cation is involved in the ion clustering. Although, in principle,
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it should be involved in order to neutralize the charge in the clusters. In order to address this
issue, we use NH;" to replace K' so that the cation NH," can also generate a vibrational signal.
In a NH4SCN aqueous solution, we can measure the energy transfers not only between the anion
and water, but also between the anion and cation. This allows us to directly determine if cations
bind to anions in the solution.** Fig.8 displays the 2D IR spectra of a NH,SCN/H,O (1/10)
solution. The diagonal peak pairs 1°&2’, 3°&4’°, 5°&6’ belong to the 0-1&1-2 transitions of the
CN stretch of SCN™ anion, the OH bending of the water molecule, and the NH bending of the
NH," cation, respectively. The vibrational energy transfer from CN stretch to OH bending and
the heat-induced OH bending absorption change contribute to both cross peak pairs 7°&8’. Cross
peak pairs 9°&10’ arise from: (1) the vibrational coupling between the CN stretch and the NH
bending, (2) the vibrational energy transfer from the CN stretch to the NH bending, (3) the
vibrational coupling between a combination band of NH;" at ~2060 cm™ and the NH bending, (4)
the vibrational energy transfer from the combination band of NH," to the NH bending, and (5)
the heat-induced NH bending absorption change. Cross peak pairs 11°&12° are from (1) the
vibrational coupling between the NH bending and the OH bending, (2) the vibrational energy
transfer from the OH bending to the NH bending, and (3) the heat-induced NH bending
absorption change. After properly removing the contributions from the heat effect and the
vibrational coupling, quantitative analyses on the energy transfer kinetics presented in Fig.8
show that 49% of the CN excitation transfers to the OH bending, and 44% transfers to the NH
bending. The decrease of the CN/OH energy transfer efficiency (49%) compared with that in a
KSCN/H,O 1/10 solution (90%) indicates that, NH;  directly competes with water to bind to
SCN'. Nearly one half of the H,O molecules of the SCN/H,O binding sites in the KSCN

solution are replaced by the NH," cations in the NH;SCN solution. Further analyses on results in
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two relatively dilute (1/10 and 1/25) solutions show that the average NH,;'/SCN™ binding affinity
(compared to that of HO/SCN") is determined to be K = 18 +4. As a result, ~60% of the NH,"

cations directly bind to the SCN™ anions in the NH4sSCN/H,0 (1/10) solution.** This value is very
close to the ion clustering ratio - 67% of the SCN™ anions in a KSCN/D,O (1/10) solution
associated with other anions determined by measuring the nonresonant vibrational energy
transfer among the SCN™ and S3CN- anions. Although K" and NH," have different properties
and the definitions of ion associations in the two experiments are not exactly the same, the
similarity between the cation/anion association ratio 60% and anion/anion association ratio 67%

may suggest that the anion/cation ratio in an ion cluster is close to 1/1.
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Figure 8. Waiting time dependent 2D IR spectra of the NH,SCN/H,O (1/10) solution. Reprinted
with permission from Reference 34 (Li, J.; Bian, H.; Chen, H.; Wen, X.; Hoang, B.; Zheng, J.
Ion Association in Aqueous Solutions Probed through Vibrational Energy Transfers among
Cation, Anion and Water Molecules. J. Phys. Chem. B 2012, 117, 4274-4283). Copyright 2012

American Chemical Society.

4.7 The Effects of Cations on Ion Clustering
As discussed above, cations are involved in the ion clustering. This is consistent with MD

simulations, which also suggest that cations with different properties may affect ion paring and
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clustering.'*

To further explore the function of the cation in ion clustering, we investigate the
vibrational energy transfers among the nitrile stretches in the MSCN/MS"“C'"N aqueous

solutions with M = Li", Na’, K', and Cs". The ion cluster concentrations and sizes derived from

©CoO~NOUTA,WNPE

the measurements are displayed in Fig.9. As displayed in Fig.9, in the 4M solution with the
13 smallest cation Li", about 50% of the anions form clusters containing ~4 anions on average. In a
15 solution with a large cation, more and larger clusters form relative to a solution with a smaller
18 cation. In the solution with the biggest cation Cs’, about 70% of the anions form clusters
20 containing ~9 anions. This observation can be explained with the theory of “matching cation and
anion sizes”.*’ Briefly, small-small and large-large cation-anion pairs easily associate, while
25 small-large cation-anion pairs easily dissociate. Since SCN is large and polarizable, it is easier to

27 associate with the large and polarizable Cs" over the small Li".
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Figure 9. The cation dependence of the ion cluster percentage and the number of anions (n,) in
52 an energy transfer unit of 4M aqueous solutions of LiSCN, NaSCN, KSCN, and CsSCN.”

54 Reprinted in part with permission from Reference 29 (Bian, H.; Wen, X.; Li, J.; Chen, H.; Han,
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S.; Sun, X.; Song, J.; Zhuang, W.; Zheng, J. lon Clustering in Aqueous Solutions Probed with
Vibrational Energy Transfer. Proc. Nat. Acad. Sci. 2011, 108, 4737-4742).
4.8 The Clusters are more Melt-Like than Crystal-Like

As introduced above, there are several similarities between ion clusters in the KSCN
aqueous solutions and the KSCN crystal: (1) The nonresonant energy transfer times from SCN

to S"’C'°N" are very similar in both the saturated aqueous solution and the crystal (115ps vs.

99ps); (2) the SCN” anions rotate with the same reorientational time constant (7, =11£1 ps) in

both the saturated aqueous solution and the crystal; (3) the number of anions (n,, =18) in an
effective energy transfer unit in the saturated aqueous solution is equal to the number of the first
shell SCN™ anions in the crystal of any anion; and (4) the closest anion distance in the ion clusters
is the same as the closest anionic distance in the KSCN crystal (rpa~4.0+0.4 A). However, all
these similarities do not imply that the structure of the clusters looks like that of the crystal. In
fact, MD simulations predict that the clusters in the solutions look more like a melt, as shown in
Fig.10A.” Fig.10A is a snapshot from the MD simulation of a 10M KSCN aqueous solution.
Water molecules are removed to more clearly display the cluster structures. Very different from
the crystal (Fig.10B), the relative orientations of the anions in the clusters are random. No long
range order is observed in the clusters, which is characteristic of a melt. In addition, the structure
in Fig.10A depicts several empty channels interconnecting through the clusters. These empty
channels are actually where the water molecules reside. The structure indicates that the ion

clusters and water form some sort of microphase-separated interconnected network.
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Figure 10. (4) A snapshot from MD simulation for a 10M KSCN aqueous solution. Water
molecules are removed to more clearly show the structures of the ion clusters. (B) KSCN
crystalline structure. C (light blue), N (deep blue), K (green) and S (yellow).

While the structure depicted in Fig.10A does not necessarily contradict the similar
properties between the ion clusters and crystal mentioned above, there are additional
experimental results supporting the predicted melt-like cluster structure: (1) the CN excitation
signal anisotropy can decay to zero in the aqueous solutions (Fig.3) but it cannot decay to zero in
the crystal (Fig.6), indicating that the orientations of anions in the solutions are random but those
in the crystal are not. (2) The vibrational frequencies of the CN stretch in concentrated aqueous
solutions are close to those of the melts rather than those of the crystals. Fig.11 shows the central
frequencies of (A) the OD and (B) the CN stretches in MSCN (M = Li, Na, K, Cs) aqueous
solutions of different concentrations.”® The CN stretch frequencies of SCN” in molten MSCN
salts and in the crystals are displayed respectively at the assumed concentration of 25 mol/kg and
30 mol/kg in Fig.1 1B.265%60 1y Fig.11A, the OD frequencies blueshift in solutions with a higher
concentration, independent of the cations. This is probably because the OD frequencies are
mainly determined by the number of the anions rather than that of the cations as the anions can

directly form H-bonds with the OD but the cations can only interact with the electron pairs of O.
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In contrast, the CN stretch frequency of the anion SCN™ is highly dependent on the cations. As
displayed in Fig.11B, with increasing concentration, the CN stretch frequency in each MSCN

solution approaches that of the corresponding melt, but not that of the corresponding crystal.
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Figure 11. Central frequencies of (A) OD and (B) CN stretches in all MSCN (M = Li, Na, K, Cs)
aqueous solutions. The frequencies at 25 mol/kg in (B) are for the molten salts and at 30 mol/kg
in (B) are for the crystals (the LiSCN crystal is hydrated). Adapted with permission from
Reference 26 (Bian, H.; Chen, H.; Zhang, Q.; Li, J.; Wen, X.; Zhuang, W.; Zheng, J. Cation
Effects on Rotational Dynamics of Anions and Water Molecules in Alkali (Li+, Na', K, Cs+)
Thiocyanate (SCN") Aqueous Solutions. J. Phys. Chem. B 2013, 117, 7972-7984). Copyright
2013 American Chemical Society.
4.9 Consequences of Ion Pairing and Clustering
4.9.1 Different Concentration Dependences of Anion and Water Rotations in the same
Solutions

One natural consequence of the structural inhomogeneity (ion clustering) of the
electrolyte aqueous solutions is the dynamic inhomogeneity. The dynamic inhomogeneity in the

KSCN aqueous solutions can be clearly seen in Fig.12."' Fig.12A&B display the salt
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concentration-dependent rotational diffusion time constants (right axis) and viscosities (left axis)

of SCN™ anions and D,0O in KSCN aqueous solutions. At lower concentrations, the rotational

time constants of both SCN and D,0 and viscosity values remain virtually unchanged. With the

increase of concentration, the evolutions of rotational dynamics of anions and water are very

different. The viscosity gradually increases by about three times from pure water to the saturated

solution. Accordingly, the rotation of anions also slows down by about three times (Fig.12A).

However, in the same solutions, the water rotation slows down by only about 35% (Fig.12B).

The change is significantly smaller than that of SCN™ (~270%).
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Figure 12. (4) The rotational diffusion time constants of SCN anions (blue) and viscosities

(black) of KSCN aqueous solutions at different concentrations. (B) The rotational diffusion time

constants of DO (blue) and viscosities (black) of KSCN aqueous solutions at different

concentrations. The unit of concentration is mole (KSCN) per kilogram (water). Reprinted with

permission from Reference 31 (Bian, H.; Li, J.; Zhang, Q.; Chen, H.; Zhuang, W.; Gao, Y. Q.;

Zheng, J. lon Segregation in Aqueous Solutions. J. Phys. Chem. B 2012, 116, 14426-14432).

Copyright 2012 American Chemical Society.
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The different concentration dependence of the anion and water rotational dynamics
within the same solutions can be explained only by the formation of ion clustering. At lower
concentrations, the KSCN aqueous solution viscosity drops slightly with the increase of KSCN
concentration. This phenomenon is generally attributed to that both K™ and SCN™ are weakly
hydrated. The weak hydration leads to faster molecular motions and a negative B coefficient of
the Jones-Dole equation for KSCN aqueous solutions.®** Consistent with this explanation, the
rotational dynamics of SCN™ anions and water molecules at lower concentrations from 0 to 2
mol/kg slightly speed up with the increase of concentration. At higher concentrations, a
substantial fraction of KSCN ions form ion clusters, and the rotation of SCN™ slows down
significantly. However, the formation of ion clusters does not affect the water rotational
dynamics significantly, as most water molecules are located outside the cluster, in the “bulk”
state.

4.9.2 The Dynamic Inhomogeneity is Dependent on Cations
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Figure 13. Concentration dependent viscosity, SCN rotational time, OD rotational time of (A)
LiSCN solution, (B) NaSCN solution, (C) KSCN solution, and (D) CsSCN solution. Reprinted
with permission from Reference 26 (Bian, H.; Chen, H.; Zhang, Q.; Li, J.; Wen, X.; Zhuang, W;
Zheng, J. Cation Effects on Rotational Dynamics of Anions and Water Molecules in Alkali (Li",
Na', K', Cs") Thiocyanate (SCN") Aqueous Solutions. J. Phys. Chem. B 2013, 117, 7972-7984).

Copyright 2013 American Chemical Society.
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The dynamic inhomogeneity observed in the KSCN aqueous solutions also exists in other
MSCN solutions (M=Li, Na, Cs).*® As displayed in Fig.13A~C, in the LiSCN, NaSCN and
KSCN solutions, the concentration dependence of the anion rotational time is almost identical to
that of the solution viscosity, but the change of the water rotational time with increasing
concentration is noticeably smaller, especially at high concentrations. In the CsSCN solutions,
limited by its solubility, the measurements can only be conducted at concentrations up to 7
mol/kg. Therefore, the difference in the concentration dependence of anion and water rotations is
not as obvious as that in other solutions. However, following the trend of the other cations, it is
still perceptible that the anion rotation slows more than the rotation of water at concentrations of
5 and 7 mol/kg.

Two trends in the dynamics shown in Fig.13 are cation dependent. First, in the LiSCN
and NaSCN solutions, the anion rotation and the water rotation monotonically slow down with
the increase of concentration. However, in the KSCN and CsSCN solutions, they becomes faster
up to 2~3 mol/kg and then slow down with the increase of concentration. As discussed above for
the KSCN solutions, the rotational dynamic changes are the sum effect of the weak hydrations of
both K" and SCN” which facilitate their rotations and the ion clustering which slow down their
rotations.”**!** All K*, Cs”, and SCN" are weakly hydrated, therefore, in both KSCN and CsSCN
solutions, faster rotations at low concentrations are observed. In the LiSCN and NaSCN
solutions, although SCN is still weakly hydrated, both Li" and Na’ are strongly hydrated
because of their relatively small sizes and large charge densities. The strong hydrations slow
down water rotations. In addition, according to MD simulations, the stronger Na" and SCN
interaction than that between K" and SCN" leads to a slower SCN” rotation in a Na'SCN ion pair.

The slowing effect of Li" and Na" probably overwhelms the facilitating effect of SCN” on the
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rotational dynamics, resulting in the monotonic rotational slowdown with the increase of
concentration displayed in Fig.13A&B.

The second cation dependent trend is that the rotations of both water and anions at the
same concentrations are slower in a solution with a smaller cation, which will exhibit a larger
charge density. For example, at the concentration of 7 mol/kg, the anion rotation in the LiSCN
solution is ~2.7 times slower relative to that in more dilute solutions. The corresponding ratio for
the NaSCN solution is ~1.9, and for both KSCN and CsSCN solutions is ~1.2. Again, this trend
can also be explained with both direct water/cation/anion interactions as well as ion pairing and
clustering. In general, a larger charge density leads to a stronger cation/water interaction and a
stronger cation/anion interaction, resulting in slower water and anion rotations. However, MD
simulations offer another somewhat unexpected explanation for the slower water dynamics in the
NaSCN solutions (compared to that of the KSCN solutions). It is not the cation-bound water but
the water molecules clamped between cations and anions that are primarily responsible for the
slowed overall water rotation.”® The hydration of Na" (AH = —406 kJ / mol ) is stronger than that
of K" (AH =-320 kJ / mol ), so more water molecules are brought by Na' into the ion clusters in
the NaSCN solutions. These water molecules in the ion clusters are the major reason for the
overall slow water rotational dynamics that were experimentally observed at high concentrations.
The difference in the relative number of water molecules within the ion clusters in the NaSCN

and KSCN solutions is illustrated in Fig.14.
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o.° % : o.° :

Figure 14. [llustrations of the difference between ion clusters in (A) NaSCN and (B) KSCN
aqueous solutions. Water (red and white), cation (blue), anion (vellow). In the ion cluster of the
NaSCN solution, more water molecules are confined in the cluster.
4.9.3 Ion Clustering is Dependent on the Nature of Anions and Molecular Additives

The ion/water structural and dynamic inhomogeneity are also observed in aqueous
solutions of mixed salts.’! Fig.15A&B display the rotational dynamics of ions and water in
KSCN aqueous solutions with and without the addition of anions I' (weakly hydrated anion) and
F" (strongly hydrated anion). The rotational dynamics of SCN™ anions in a 5 mol KSCN/kg

aqueous solution slows down from 4.2+0.2 ps to 5.8 0.3 ps with the addition of 5 mol KIL

However, the addition of KI hardly affects the dynamics of water molecules. The results suggest
that I anions prefer to associate with SCN" anions rather than water molecules. This conclusion
is further confirmed by 2D IR vibrational energy exchange measurements (Fig.15C, D and E).
Compared with cross peaks produced by the vibrational energy transfer between SCN™ and
SC'"N" in the (2.5 mol KSCN + 2.5 mol KS"*C"’N)/kg aqueous solution (Peaks 5, 6, 7, and 8 in
Fig.15D), the addition of 5 mol KI into the solution produces smaller cross peaks with fewer

contours as shown in Fig.15E. It indicates that the addition of KI slows the energy transfers
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among the thiocyanate anions. According to the dipole/dipole approximation, slower energy
transfers result from the increase of the relative distances among the thiocyanate anions within a
cluster. In other words, it indicates that the anion population in close contact (clustered) in the
solution decreases with the addition KI. The quantitative calculation results show that’' the

energy transfer rate slowed by 10%=*2% in Fig.15E. This corresponds to either an increased

separation between the SCN™ ions or a ~10% concentration decrease of the closely contacted

anions.
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Figure 15. Logarithmic plots of normalized anisotropy dynamics of a (5 mol KSCN+ 5 mol
KI)/kg aqueous solution, a (5 mol KSCN)/kg aqueous solution, and a (5 mol KSCN+ 5 mol
KF)/kg aqueous solution measured at (A) the SCN frequency region and (B) the OD frequency
region. All the data are modeled with a single exponential (solid line). (C,D) 2D IR spectra of
the (2.5 mol KSCN + 2.5 mol KS">C”N)/kg aqueous solution at two waiting times. (E) 2D IR

spectrum of the (2.5 mol KSCN + 2.5 mol KS”>C”N + 5 mol KI)/kg aqueous solution at 50 ps. (F)
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2D IR spectrum of the (2.5 mol KSCN + 2.5 mol KS”>C°N + 5 mol KF) /kg aqueous solution at
50 ps. The growth of cross peaks 5, 6, 7, and 8 indicates how fast vibrational energy transfers
between SCN™ and S®CPN. Adapted with permission from Reference 31 (Bian, H.; Li, J.;
Zhang, Q.; Chen, H.; Zhuang, W.; Gao, Y. Q.; Zheng, J. Ion Segregation in Aqueous Solutions.

J. Phys. Chem. B 2012, 116, 14426-14432). Copyright 2012 American Chemical Society.

In contrast, the addition of 5 mol of KF slows down not only the dynamics of the SCN"
anions, but also the water rotational dynamics. As shown in Fig.15A&B, both water and SCN"
rotations are slowed down respectively from 2.6 0.1 ps to 4.0x0.2 ps and from 4.2+0.2 ps to

7.4%0.3 ps by the addition of KF. Unlike I" anion that is weakly hydrated, the hydration of F is

strong.65’66

The strong binding between F~ and water leads to a slow water rotation. On the other
hand, in the mixed solution, there are not sufficient water molecules to solvate each ion. F~ out-
competes SCN™ for water molecules, reducing the number of water molecules solvating SCN"
anions. As a result, the size and quantity of SCN™ clusters increase with the addition of KF,
leading to slower rotational dynamics of SCN™ anions. The formation of more and bigger SCN
clusters is further supported by the observed faster vibrational energy exchange among anions
(Fig.15F), compared to those (Fig.15D) of the solution without the KF addition. This result
indicates that the addition of KF facilitates the energy transfer between SCN™ and S"*C'°N-
anions, contrary to the effect of adding KI to the KSCN aqueous solution.

The above experimental results demonstrate that ions of high water affinities tend to
associate with water molecules, reducing the number of water molecules solvating the ion
clusters. The effect promotes the formation of more KSCN ion clusters. Additionally, ions of low

water affinities tend to associate with the existing clusters. We also observed that other strongly

hydrated anions, e.g., COs> and HPO,> have similar effects as F~.*' With the addition of CO3* or
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HPO,”, both SCN™ and water rotations slow down and vibrational energy exchanges among
anions become faster. These results indicate that the structures and concentrations of ion clusters
in the KSCN mixed solutions are determined by the nature of the additive anions. Because of the
ion clustering, the local viscosity of SCN’ anions is different from that of the water molecules.
The structural difference results in different rotational dynamics of the two components in the
seemingly homogeneous electrolyte aqueous solutions.

Similarly, adding molecules with different water affinities and SCN-binding affinities into
KSCN aqueous solutions also disrupts ion clustering.®” Using this phenomenon, the molecular
mechanism of SCN™ induced protein denaturation is investigated by adding model molecules that
represent the building blocks of proteins into KSCN aqueous solutions. It is found that
thiocyanate anions can directly bind to the charged ammonium group of amino acid in aqueous
solutions. The interactions between the amide groups and SCN are also observed. The binding
affinity between the charged amino acid residues and SCN™ is about 20 times bigger than that
between amino acids and water. It is about 5~10 larger than that between the neutral backbone
amide groups and SCN'. The experiments suggest that the chemical nature of ions and
molecules, rather than the dielectric constant, play a critical role in ion/molecule interactions in
aqueous solutions.

5. Perspectives
Historically, it has long been known that vibrational energy can transfer among different

: 52,53,67-72
molecules in a condensed phase.”*>*"”

However, in spite of its obvious advantages over the
electronic energy transfer method: (1) it is free of perturbative labels; (2) its chromophores are

chemical bonds themselves; and (3) its spatial resolution is 0.1~0.2 nm, ten times better than

FRET, intermolecular vibrational energy transfer was never previously used as a molecular ruler.
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There are several practical reasons preventing vibrational energy transfer from being applied to
measure molecular distances: (1) For most vibrational modes with frequencies achievable by fs
or ps IR lasers (> 800 cm™), intramolecular vibrational relaxations (a few ps) are typically much
faster than intermolecular vibrational energy transfers (tens or hundreds of ps or slower),
excluding some strongly H-bonded systems, e.g. water. As a result, intermolecular vibrational
energy transfer signals are typically very weak. (2) Resonant energy transfer, the fastest
intermolecular vibrational energy transfer, is typically measured with the anisotropy decay
method. However, because the anisotropy decay is also caused by molecular rotations which are
typically faster than the resonant vibrational energy transfer, it is difficult to quantify the minor
contribution from energy transfer to the experimental anisotropy decay signal. (3) The
nonresonant vibrational energy transfers in principle could be measured with two-color IR
pump/probe or 2D IR or IR/Raman methods by observing the growth of cross peaks. However,
even if the energy transfer rate constant could have been quantitatively determined, there were
not theories that could have quantitatively converted the rate constant into distance. This is
because previous theories about nonresonant vibrational energy transfers were either the
correlation formalism® or the phonon compensation mechanism,** both of which contain
parameters that cannot be experimentally quantitatively determined. (4) The vibrational
transition dipoles (0.2D~0.4D) are typically more than ten times smaller than those of the
electronic transition dipoles. Previously, IR detectors were significantly less sensitive than UV-
Vis detectors, and the fs or ps IR lasers were not sufficiently powerful. All these factors imposed
tremendous difficulties for the detection of the extremely weak intermolecular nonresonant
vibrational energy transfer signals. This is still the case even today. For example, energy can

transfer from the CN stretch of C¢HsSeCN to the C-D stretch of CDCl; through the
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CsHsSeCN...D-CCl; H-bond with a gap of only 97 cm™. However, the signal is so weak that
even the most powerful 2D IR technique developed so far, and specifically designed for this
purpose, can barely detect it.”

The thiocyanate system studied in this work is special. The nitrile stretch of the
thiocyanate anion is among the strongest vibrations in molecular systems. Its vibrational lifetime
in D,O and some organic solvents is tens of ps, almost one order of magnitude longer than the
typical vibrational lifetimes in liquids, partially because of the “heavy atom effect” of its S
atom.” Additionally, its vibrational frequencies can be easily tuned by isotope labels. All these
properties allow the thiocyanate system to be used as a model system to thoroughly investigate
intermolecular vibrational energy transfer in condensed phases and realize the possibility of
using intermolecular vibrational energy transfer as an angstrom molecular ruler. Although the
methodology and principle laid out from the thiocyanate studies are general for using vibrational
energy transfer to measure molecular distances in liquids, we expect the very few other high
frequency vibrational modes (> 800 cm™) can be used for the same purpose because of either
their relatively short lifetimes or relatively weak transition dipole moments. Some special
vibrational chromophores with long lifetimes and large transition dipole moments may be
required in order to use this vibrational energy transfer molecular ruler method, unless the laser
techniques or the IR detection methods are tremendously improved so that very weak IR signals
can be easily detected. Expanding the laser frequency and detection range to low frequencies,

below 800 cm'l, which is achievable®®”

can make the vibrational energy transfer method more
accessible. In this scenario the vibrational energy of high frequency modes ultimately relaxes to

low frequency modes, resulting in energy transfer to other molecules. Another way to apply

vibrational energy transfer to measure distances is to use the vibrational relaxation induced heat
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effect,”*’

in which one high frequency mode on one molecule is used as the energy source and
another high frequency mode on another molecule is used as the energy transfer reporter.”*”> The
energy source mode relaxes its energy to several low frequency modes from which the energy
transfers to other low frequency modes on the other molecule. The reporter mode on the other
molecule senses the excitations of the low frequency modes from the energy transfer.

In summary, the methodology and principle of the vibrational energy transfer molecular
ruler method demonstrated by the thiocyanate system are general, but several intrinsic properties
of molecular vibrations and limitations of experimental techniques have restricted its
accessibility and applications. However, we believe that with the developments of laser and
detection techniques and molecular designs, the vibrational energy transfer method will be more
accessible and find more applications beyond thiocyanate or the studies of ion pairing and
clustering.

6. Concluding Remarks

In this article, we introduced the principle of intermolecular vibrational energy transfer,
the experimental setup, and the procedure to quantitatively obtain the vibrational energy transfer
rate and convert the rate constant into the energy donor/acceptor distance in condensed phases.
The application of the method to the studies of ion pairing and clustering in strong electrolyte
aqueous solutions is demonstrated with MSCN aqueous solutions, where M = Li, Na, K, Cs, and
NHy4. The experiments suggest that ions in the concentrated aqueous solutions can form a
substantial amount of ion clusters in which both cations and anions are involved. More and larger
clusters form in more concentrated solutions, as well as in solutions with a larger cation. In
KSCN solutions, the shortest anionic distance in the ion clusters is the same as that in the KSCN

crystal. The rotational time of the anion and the nonresonant vibrational energy transfer time
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with a gap 75 cm™ in the ion clusters of the KSCN saturated solution are very similar to those in
the KSCN crystal. However, the structure of the KSCN ion clusters is very different from the
crystalline structure. The ion clusters more closely resemble the melt. They form an
interconnected network in the saturated aqueous solution. Because of ion clustering, the
dynamics of the anion and water in the same solutions have distinct behaviors. At high
concentrations, the anion rotation significantly slows down because of the size increase of ion
clusters, but the slowing of water rotation is very modest because many of the water molecules
still remain in the “bulk” state due to ion clustering. The rotational dynamics of both water and
anions are slower in a solution with a smaller cation. The smaller cation has a larger charge
density, causing a stronger cation/anion interaction and cation/water interaction which leads to
more water molecules confined in ion clusters. Adding ions or molecules into the KSCN
solutions can perturb the ion clusters. Weakly hydrated anions can participate in clustering and
form mixed ion clusters with KSCN, while strongly hydrated anions can reduce the effective
water molecules solvating KSCN, facilitating the formation of more and large KSCN ion
clusters. Similarly, molecules which can strongly bind to SCN prefer to participate into the
KSCN ion clusters. Molecules which are strongly hydrated prefer to remain hydrated and
facilitate the ion clustering of KSCN.
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