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ABSTRACT:Ilon molecule complex dynamics as well
water dynamics in concentrated lithium chloride (LCI

solutions are examined using ultrafast two-dimens

amics.

infrared (2D IR) spectroscopy with the CN stretching mode
of methyl thiocyanate (MeSCN) as the vibrational probe. | H,0 T._~ Probe
pure water, MeSCN has a narrow symmetric absorption line *,  Pump

shape. 2D IR spectral asion measurements of the G
stretch give the identical time dependence of water dyn
as previously observed using the OD stretch of HOMDIn

In concentrated LiCl solutions, the IR absorption spectry
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! Itic : V N=C-S-CH,
MeSCN displays two distinct peaks, one corresponding t

water H-bonded to the N lone pair of MeSCN (W) and the

other corresponding to‘lassociated with the N (L). These

two species are in equilibrium, and switching of the CN bonding partnet fmid,0i and vice versa was observed and
explicated with 2D IR chemical exchange spectroscopy. The-INfeG&fhplex dissociation time constany, and the

MeSCNH,0O dissociation time constany,, were determined. The observgg chemical exchange dissociation time

constant changes from 60 to 40 ps as the LiCl concentration decreass Trtom7.7 M, mainly due to the increase of the

water concentration as the LiCl concentration is reduced. The observed time constants are independent of the model for the
chemical reaction. With the assumption of a simple chemical equation:LiVieSE)D MeSCNH,0 + Li*, the

equilibrium equation rate constants were obtained from the observed chemical exchange time constants. It was determined the
the equilibrium rate constants barely change even though the viscosity changes by a factor of 2 and the ionic strength change
by a factor of 1.4. Extrapolation to dilute LiCl solution estimatgg tbdoe 30 ps. The orientational relaxation (anisotropy

decay) of both the W and L complexes was measured using polarization selective 2D IR experiments. The lithium-bonded
species undergoes orientational relaxaBidimes slower than the water-bonded species in each LiCl solution studied. The

di erence demonstrates the distinct interactions with the medium experienced by the neutral and charged species in the
concentrated salt solutions.

I. INTRODUCTION complexation in acetonitrile solution was studied using MeSCN

Aqueous salt solutions occur widely in systems ranging fréh the IR plrop’e?.HOD was USﬁddaS thet;”br;t'onﬁl probg In ;
industrial processes to biological materials. Prominent exam#8§e0us SO utlonslto exf'ir;]nne 3(1 rogenbon exfc ange times for
include batteries and the salt balance in living organisms. THBIE anion complexes; the exchange time was foundto be

properties of aqueous electrolyte solutions involve the dynamits , . . .
of water and the dynamics of ions. The dynamicsaeeded Polar organic molecules can dissolve in aqueous salt solutions.
by ion ion interaction and iormolecule interactiohsVater They can form H-bonds with water as well as associate with ions.

dynamics have been intensively examined by various techniglé&ter-associated molecules and ion-associated molecules will
including NMR, neutron scatterinigRaman spectroscdpy, be; in equilibrium. A molecule WI.|| undergo chemlca_l exchange,
and ultrafast IR spectroscopiéor ion dynamics, ultrafastIR - With a bound water molecule being replaced by an ion and vice
spectroscopies have also been applied to examine vari¥@gsa. To the best of our knowledge, there is no information on
important problems in theeld. For instance, ion pairs are the dynamics and concentration dependence of the chemical
common in electrolyte solutions, especially in concentrated s@fchange. The dynamics of moleguiter/moleculeion _
solution$. 1° The pairing dynamics among lithium cations andchemical exchange in concentrated salt solutions is becoming
thiocyanate anions in dimethylformamide solution were studid@creasingly important due to such solutiposential

with two-dimensional infrared (2D IR) spectroscopy using
thiocyanate anions as the IR probé.lon molecule  Received: September 6, 2018
interactions are important in many processésind have  Revised: October 24, 2018
also been studied with ultrafast IR spectroscopy. M&SCN Published: October 26, 2018
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applications in battery development and energy-storaged scaled subtraction of the two spectra yields the pure
system&>?* absorption line of the MeSCN in the solutions.

Among numerous aqueous salt solutions, lithium chloride II.Il. Two-Dimensional IR Vibrational Echo Spectros-
solutions have been extensively studied as a model systenc@ipy. The following is a brief description of the 2D IR
water dynamics for decades due to their extraordinaspectroscopy system used in this study. Details of the setup have
solubility>?? 2* In dilute lithium chloride solutions, lithium been reported previousfyA mid-IR optical parametric
cations are coordinated by water molecules and chloride amplier pumped by a Ti:Sapphire regenerative @mpli
anions are solvated bg water moleculé$in concentrated  produced 160 fs pulses with30 J pulse energy centered at
solutions, however, water is so scarce that ion paframd Li 2160 2170 cm' depending on the sample. The mid-IR pulse
Cl are common, and water also forms bridges betWwaad Li  was then split into a strong pump pulse and a weak probe pulse.
Cl #*** Molecular dynamics simulations have suggested theihe pump pulse passes through an acousto-optic mid-IR
the hydrogen bond number decreases as muci0as,  Fourier-domain pulse shapef, which forms it into two
although hydrogen bond lengths and strengths are similar ¢ollinear pulses with a variable time delay between them of
those found in pure wafér. After the pulse shaper, the energy in the two pump pulk2s is

In this paper, we examine iomolecule complexationin LiCl ~ J. The probe pulse crosses with the two pump pulses in the
solutions. The association of water arddwliih methyl sample after a waiting tifig and the echo pulse is generated
thiocyanate (MeSCN) is investigated using the CN stretch afollinear with the probe pulse. The probe pulse, pulse 3 in the
MeSCN as the vibrational probe. MeSCN is a small neutrecho pulse sequence, induces the polarization that gives rise to
molecule with a relatively strong CN stretch absorption banthe echo pulse and also serves as the local oscillator for
Compared to the usual OD or OH stretch of HOD moleculedheterodyne detection of the echo.
used to study water dynan"rﬁ:§,7the narrow bandwidth (full- To understand how 2D IR workst consider the vibrational
width at half-maximum (FWHM) 10.5 dinand long absorption spectrum with a single peak. Intermolecular
vibrational lifetime (35 ps) are very useful in distinguishininteractions between the molecules and the environment will
di erent bonding environments and tracking relatively sloi part determine the vibrational frequency of a mode that is
dynamics. First, it is shown that MeSCN is an excellent probe f¢ged as a vibrational probe. Becauseedi molecules have
water dynamics in pure water by using 2D IR to measure the Ghstinct environments, they will haveedint intermolecular
stretch spectral dision. The results give the same spectrainteractions and thus vibrational frequencies. This range of
di usion time constants as those found using the OD stretch wibrational frequencies is responsible for the inhomogeneous
HOD in water®?” broadening of the vibrational absorption line. However, the

The linear Fourier transform infrared (FT-IR) absorptionstructures of the environments of molecules in liquids and other
spectrum of the CN stretch of MeSCN in concentrated LiCmedia are constantly changing. This leads to time evolution of
solutions displays two absorption bands, which are assignediterational frequency, which is called specttaiain. Thus,
MeSCNH,O and MeSCM.i* complexes. Chemical exchange measurement of spectrabdion is a measurement of the time
between the two complexes was observed on the tens dsfpendence of the structure of the system. This information
picoseconds time scale by 2D IR spectroscopy through tegnnot be obtained from linear absorption spectrum, but can be
growth of o-diagonal peaks in the time-dependent 2D spectréneasured as spectrabdion via 2D IR.

The system was studied as a function of the LiCl concentrationQualitatively, 2D IR works as follows. There are four pulses in
to determine the concentration-dependent dissociation rate 6 pulse sequence, three input pulses that generate a nonlinear
the MeSCNLi* complex. It is shown that the dissociation ratepolarization that gives rise to the emission of a fourth pulse the
can be extrapolated to the dilute limit. In addition, thevibrational echo. Basically, tf¢two pulses label and store the
orientational relaxation time of both MeSTH and initial frequencies, which give to the horizontal axis of 2D
MeSCNLi* were measured. The orientational relaxation timgpectrum, . During the time between the second and third

of the two complexes are venedént, reecting the distinct pulsesT,, the structure evolves. The third pulse and echo read

interactions experienced by the neutral and charged species?ut the nal frequencies, which is the vertical gxis
Spectral dusion (vibrational frequency evolution) causes

Il. EXPERIMENTAL METHOD the gradual loss of correlation between the initial frequencies,
) o ) ) , and the nal frequencies,,. The 2D spectrum is elongated

[.1. Sample Preparation.Lithium chloride (LiCl) (anhy-  along the diagonal of the 2D spectrum, and it will become
drous, >99%) and methyl thiocyanate (>97%) (MeSCN) werencreasingly round &gis increased. The change in shape of the
purchased from Sigma-Aldrich and were used without furthgpectra witfT,, is analyzed quantitatively with the center line
puri cation. LiCl solutions were prepared by mixing LiCl andjope (CLS) method, which gives the normalized frequency
H,O based on mass to give the molar ratio between"the Lirequency correlation function (FFCF) fromiitheependence
cation and water molecules values of 1:4, 1:5, and 1:6. MeS@Nhe 2D spectral shapé? From the CLS decay curve and the
was added later to the desired concentration, 0.2 mol/L (M) iminear absorption spectrum, the full FFCF is obtained. The

H,0O, and 0.100.15 M in LiCl solutions. FFCF,C(t), is modeled as a multiexponential decay.
Densities were measured using a 5.00 mL pyknometer at the

IR experimental temperaturé @4Kinematic viscosities of the c(Y) = () () = izeXS( )

solutions with MeSCN were measured using an Ubbelohde i (1)

viscometer at 24C. Dynamic viscosities are obtained as the

product of the density and the kinematic viscosity. i Is the frequencyuctuation amplitude of each component

Infrared absorption spectra were measured using a Therraod ; is its associated time constant. Therefore, determining the
Scientic Nicolet 6700 FT-IR spectrometer with 0.24'cm FFCF gives the time constants and amplitudes of the various
resolution. Solutions with and without MeSCN were measuredynamical processes occurring in the medidri. Further
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Figure 1.(A) Linear IR absorption spectrum of 0.2 M MeSCN,{ (lack dots) and its Voigt (red line). Its Lorentzian FWHM is 9.2 ém

whereas the Gaussian FWHM is 3.6.¢B) Examples of 2D spectra of this system at two waitingTtjnég) The CLS extracted from the 2D IR
experiments (black dots) and its biexponenf@d line). (D) The anisotropy (black dots) at the peak center extracted from PSPP experiments and
its biexponentiak (red line).

details concerning the FFCF are given inSilngporting In terms of these, the population relaxation and reorientational

Information relaxation are
The main application of 2D IR spectroscopy in this paper is to _
observe chemical exchaliges., the interconversion of the PO =) +23) (4)
complexes MeSGNL,O and MeSCML* one to the other. .
Chemical exchange spectroscopy (CES) has been applied to SO S it

multiple studies, including the rate of isomerization around a "(9) = SOy +29 )
carbon carbon single borid,the switching between well- 3

de ned protein structural substéfemd ion water hydrogen r(t) is the anisotropy wittft) = 0.4C,(t).
bond switching™'® The observation of chemical exchange " |n the PSPP experiments, the input polarization of the probe
requires two spectroscopic absorption lines originating from thgys horizontal. A half wave plate and a polarizer set the
same probe molecular vibration. Here, the two lines originai®|arization of pump to #elative to horizontal. Following the
from two MeSCN complexes. In addition to spectiagidn ~ sample, the probe pulse was resolved either parallel or
within each line, the vibrational mode makes large frequeng¥rpendicular to the polarization of the pump using a polarizer
jumps from one line to the other. Theedent FT-IR spectra of in a computer-controlled rotation mount. Care was taken to
the two species produce two bands on the diagonal of the 2D }gake sure that the probe spectra in the parallel and

spectrum. The beginning of the pulse sequence labels therpendicular polarizations were identical in amplitude in the
complexes with their frequencies. When these complexes t4fisence of the pump pulse.

from one to the other, the CN stretch frequency changes, from

the frequency of one complex to the other. The exchangg EXPERIMENTAL RESULTS
produces c-diagonal peaks in the spectrum, which are read out
by the echo. As time proceeds, thdiagonal peaks grow in.

Detailed analysis of the growth of thediagonal peaks, as \é\/atelr. AIt_hougth MeSCN E)SI a nlfuﬂlal og%_?nic fmolerc]u(lje, it
presented below, gives the chemical exchang® times. ISSOIVEs In water reasonably well. 1he ability to form hydrogen

ILIII. Polarization Selective Pump Probe (PSPPThe bonds between the nitrogen lone pair and water helps the

PSPP experiments were performed using the same uItrafas?Watiqn' This bonding opens the_ window for detecting water
setup. PSPP tracks the decay of the probe transmission mﬁwafﬁ'gﬁlthrough CtN S:\r/letgélj‘i is the case for selin_o%yandate
polarizations parallel and perpendicular to the pump pul?é“otns'd ntpgi‘é;vi eé;n eth il asdzmarionvsl?/mme_ ricban
polarization. The parallel and perpendicular components of tfg" ﬁrl\(jl ?10 E ol b Wi A uh Wi h ta Va' —trlr]axm;]um
probe signal§(t) and S (t), can be expressed in terms of ( ) of 10.5 cm. Figure A shows that a Voigt line shape

: : ts the absorption spectrum well. 2D IR experiments were
opulation relaxatiof(t), and the second Legendre poly- .
ﬁo?nial orientational fér)relation functiost) 33399 poly conducted on 0.2 M MeSCN in water; two examples of 2D

spectra are shownkigure B. The red bands (positive going)
S(H) = R)[L + 0.8G(}] ) arise fro_n_1 the ground state tst ex_cited vibrational state (0 to
1) transition. The blue bands arise from the 1 to 2 transition.
. They are shifted to lower frequency along thaxis by the
S() = R)[L S0.4G()] ®3) vibrational anharmonicity. Small heating signals from water and

®)

lll.I. Linear and 2D IR Spectroscopies of MeSCN in Pure
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the probe were subtracted before CLS analysifgsating in pure water, the water-associated peak is a result of hydrogen
Informatiorfor details). bond formation between the nitrogen lone pair (H-bond
Figure € shows the experimental CLS data (points)acceptor) and the H of a water molecule (H-bond donor). The
obtained from analyzing many 2D spectra like those shownriitrogen will interact strongly with a lithium cation with its very
Figure B. The data aret very well with a biexponential high positive charge density. This strong interaction is
function. Because of the long CN vibrational lifetime, it wasometimes called“Bthium bond, and lithium catids high
possible to take data over the full time span of the dynamics. Ttlearge density plays a sigait rolé"*
biexponential gives the time constants9@.1 and 1.2 0.1 [11.11. Two-Dimensional IR Chemical Exchange Spec-
ps. These values are identical to the results obtained using ttescopy. As the LiCl concentration increases, ions are closer
OD stretch of HOD as the vibrational probe j@ Pf%%"32 together. Smith et al. found that beyond the dilute (Debye
Therefore, the CN stretch of MeSCN is a very useful probe ¢fuckel) regime, the screening length becomes longer as
water dynamics. The consensus is that the fast procezmcentration increadé3he longer screening length indicates
corresponds to the local hydrogen bamztuations, mainly  long-range interactions and likely slower dynamics due to more
length uctuations, whereas the slower process describes tigstrictive forces. This is partly evidenced by thecaigni
global hydrogen bond network randomizéfion. increase of viscosity of concentrated LiCl solutions compared to
PSPP experiments were also performed on the sample, e water, which is shownTimble 1
the vibrational lifetime was determined to be 35 ps. This is in We conducted ultrafast IR experiments on MeSCN in LiCl
contrast to the OD stretch, which has a lifetime of 327738> solutions and observed that the two populatioesteel in the
The long lifetime of the CN stretch is essential to thdinear IR absorption spectf@gure ¥ underwent chemical
experiments discussed bel@wientational relaxation of exchange, as showirigure 3Figure Jisplays data for three
MeSCN in pure water was obtained using The anisotropy ~ concentrations at three times. The data for each concentration
decay (points) is shown filgure D. The anisotropy was are a row in thegure. On the basis of simple inspection of the
with a biexponential decay (solid curve) with 1.2 and 4.6 ps gsowth of the cross peaks in the 2D spectra, chemical exchange
time constants. The 1.2 ps process is associated withhappens on the order of tens of picoseconds.
“wobbling-in-a-coheotion. The probe molecule can undergo  To quantify the dynamics, we need a kinetic model to analyze
angular uctuations within a restricted cone of angles on a shothe data. Take the results from LiCl 10 Bolution as an
time scalg “*° before the orientation fully randomiZeEhe example. Shownfingure £ left, at the earfly, = 0.6 ps, when
4.6 ps decay component corresponds to the complef@sically no chemical exchange has occurred, the spectrum has
orientational randomization of the MeSCN. In summary, wévo diagonal peaks, labeled Water-bound population) and
have shown that MeSCN is a faithful probe of water dynamiés: (lithium-bound population), corresponding to the vibra-
with a long vibrational lifetime. We also characterized iféonal echo emission at thelOtransitions, and two negative-
reorientational dynamics in pure water, which will be compar&@ing peaks corresponding to th2 fransitions, labeled; v
with the values in LiCl solutions. (not shown) and 1. The latter two peaks are shifted to lower
ILII. Linear IR Spectra of MeSCN in LiCl Solutiokvhen ~ frequencies along the echo emission (vertical)aistheir
MeSCN is dissolved in concentrated LiCl solutions, the line@nharmonicity (25 cm?). AsT,, increases, exchange peaks,
IR absorption spectra have an additional blue-shifted peakV¥to: (initial state is W anchal state is L) and Ly start to
2179 cm™. As LiCl concentration increases, the blue-shifte@row and become of almost equal amplitude to the diagonal
peak increases in amplitude, as shavimLire 2where the four ~ Peaks af,, = 60 ps Figure £ right). Exchange peaks in the 1
spectra are normalized at 21621queak center. This trend 2 region, for example \Wylalso grow at the same réte. _
enables us to assign the new peak to be ‘Hasddciated To connect the observed chemlcal ethar]ge data to chemical
component, whereas the 2162 ‘ceak corresponds to feactions, we assume the chemical equilibrium equation
MeSCN still associated with water. As showalife 1 the k )
FWHMs of the two peaks are larger than that in pure water, MESCN LT + H Oké MeSCN H G Li ©)
indicating more heterogeneous environments for the probe. As °
to model the process. The equation shows the switching of the

10F i bonding partner for MeSCN from water toard vice versa,
MeSCN-H,0 f: 3 . MeSCN-Li* with two rate constarkgandk, (belowgq 6will be shown to be
ogl P : y band a valid description of the system). The MeSCN concentration is
~r 0.10 0.15 mol/L, whereas the concentrations*cdnd HO
g [ } are at least 7.6 and 42 mol/L, respectively. ThereforandLi
E 06 LoeLild [H,0] are essentially constant in the samples, aad @oan
gt ; *LiLS be simplied toeq 7 which is convenient for kinetic model
g r s °Lil6 . .
S 04r " « Pure water analysis of the chemical exchange data.
o } 3
2 [ i 3 K
® ool } \ MeSCN Li 'R RWSCN b O
r ‘WL
kw= KHO, ky= KoLl (7)
frequency (cm™) MeSCNLi*is called L (lithium associated) and Me$GN is

called W (water associated). In the context of the 2D chemical
Figure 2.Background-subtracted linear IR absorption spectra of th@xchange spectra, all molecules in the W diagonallpgak at
CN stretch of MeSCN in water and LiCl solutions whose concentratiogan be in either W or the WL-diagonal peak at lafgy no
is labeled as the molar ratio between theatibn and water. matter how many exchange events occur. The-iagonal
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Table 1. Experimental Parameters

1.4
FWHM-W (cm?Y) 15.1+ 0.3
FWHM-H,0
FWHM-L (cm ) 15.8+ 0.3
w (pS)°® 25.6+ 0.8

w0 (pS)°

L (ps)® 49+ 4
wi (ps)” 92+ 9
ww (ps)° 59+ 5
ex(PS)® 35+ 2
ky (Ns %) 1+0.1
k (ns %) 0.40+ 0.04
dyn. viscosity (cP) 6.290.06
eq. conc. ratio (W/L)) 1.6+ 0.3
[Li*] (mol/L) 10.7
[H,0] (mol/L) 426
orw (PS)? 14.9+ 0.9
orH,0 (PS)?
orL (ps)? 54+ 2

1:5%
14.% 0.3

152 0.3
30.5 0.8

47+ 4
126+ 10
50+ 5
35+ 2
0.9+ 0.07
0.4% 0.05
4.0% 0.06
25 04
8.98

45.0

10.2 0.6

41+ 2

1:6*
13.5% 0.3

14.8 0.3
31.% 0.7

51+ 6
154+ 15
41+ 4
32+ 2
0.8& 0.06
0.5% 0.06
3.1% 0.05
3.8 0.7
7.72

46.3

8.4 0.5

36+ 2

H,0P

10.5+ 0.2

35.0+£ 0.2

0.94 0.03

55.4

4.6+ 0.2

ALiCl/H ,0 ratio.®Pure HO. CN stretch vibrational lifetimez= 1/k. dExchange timeg; = 1/k;. € o= Lk + kL) qu. conc. ratio (W/L):
the equilibrium ratio of the W and L components concentr&iggs.the orientational relaxation time constant oittheomponent.

A LiCl1:4
~ T,=0.75 ps
g
Q
\—
S
S
B LiCl 1:5
T,,=0.8 ps
o
g
Q
——
S
3
C LiClL1:6,
T, =7 st )
g
2
s
S
w, (cm!)

T,=17.5ps

T,,=17 ps

7 o)

o, (cmr)

T,,=45 ps

T,=45ps

= 45 o

o, (cn')

Figure 32D spectra (isotropic) examples of LiCl solution at three concentrations. Rows (A), (B), and (C) correspond to molar ratiarmbtween Li

H,0O being 1:4, 1:5, and 1:6, respectively.

peak arises from MeSCN molecules that started as W aMdand WL. The process of reaching equilibrium between L and
became L. When they become L, the amplitude is increased W is observed in the same way by growth of tdegonal

the WL o -diagonal peak not the L diagonal peak. Therefore, 2DW peak.

IR spectroscopy is watching the progression from all of theA quantitative model was developed to account for the source
molecules in W peak,{ = 0) to eventual equilibrium between and drain for the corresponding populations in the 2D spectra. A
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Figure 4 MeSCN in LiCl 1:4 KD solution. (A) The linear IR absorption spectrum of MeSCN in LiCLD:4dlution (black dots) and the red
curves are thes using two Voigt functions. (B) The peak volumes extracted from the 2D spectra (dotdpdrdlitieurves) using the kinetic
model. (C) Two examples of 2D spectra of LiCl 3&ilustrating the eect of chemical exchange. (D) A schematic representation of the kinetic
model.

schematic for equilibration between W and WL is shown in s= k,+ k,+ ku*+t k
Figure &. The time-dependent population of W diagonal peak
Nw(t) will decrease because of the vibrational relaxation and = \/5';é Aok kv K ga)

conversion from W to WL. At the same time, back conversion m= k,+ kyS kuS k

from WL to W will repopulate W with some of the lost

population. Vibrational relaxation to the ground state is reducifiyt = 0) is the initial value of the diagonal population and is

. . . just a scaling factor in the analiisndN,, are calculated in
the population of all peaks. Thediagonal peak WL time- the same way. Note that due to the nature of chemical

dependent populatioNy, (t), is described similarly, the only equilibriumNy,(t = 0)ky, = N, (t = 0)k \ is valid becaus(t
notable dierence is that the vibrational relaxation rage is = 0) andN,(t = 0) are equilibrium concentrations with equal

rather thark,. The relations described above can be written agumping of the two absorption bands. The relation between
them connects the two equilibria between a diagonal peak and

(k. + k the corresponding aliagonal peak in the 2D spectra, which
W 1: A i(LW {ﬁw i results in only one scaling factor. Additiodjjy,= N, is
WL WL Sk + ko) ANPwL ®) valid at all’,, because of the relation. That is the twdiagonal

peakspopulations are the same at all time. Therefore, there are
where a dot indicates time derivative. Hgyeand k_ are three independent poputati evolutions with time, two
vibrational relaxation time constants for W and L spggies. diagonal peaks and onediagonal peak.

. The population is directly proportional to the peak volumes in
andk, are exchange rates from W to L and L to W, which arg,q 5p spectra. We use 2D Gaussian functions to model a single

connected by chemical equilibrium. peak and use multiple 2D Gaussianisth® entire 2D spectra
With the initial condition beird,, (t = 0) = O, the solutions  to extract the peak volumes. However, there are a number of
ofeq 8are other necessary considerations to relate the peak volumes to the
populations of derent species. First, the polarizations of the IR
Ny (t = 0) B 1 pulses will a&ct the signal levels because of orientational
Ny = 2 +m exp% 5(5 ) ti relaxation, which in turnect the peak volum&sgs in a PSPP
B ° 1. iE experiment. To avoid the complication of including the time
+(S m)ex%—(s ) t dependence of orientational relaxation of the species, we
2 conducted vibrational echo experiments in both the parallel

Ny(t = 0) 1 and perpendicular polarization gamations. Here, parallel and
NwL = —kwe expﬁ—(s+ ) ti perpendicular have the same meaning as in PSPP, i.e., the pump
2 pulsespolarization is either parallel or perpendicular to the
+ expﬁl(sé ) t’g probe and echo pulspslarization. The isotropic signal can be
2 9) obtained with the weighted average of the parallel and
perpendicular signals with weighting ratio 1:2. In this way,

with orientational relaxation will not be involved inttivey routine,
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thus increasing the robustness of the proced(r&he Ny,(0)
polarization consideration will be clear from the material in Ny =
Section lll.IMvhere the mathematical expressions for the peak

volumes with parallel and perpendicular polarizations are \ _ Nw(0)

(kew* kwi exp6 sb)

presented. Furthermore, transition dipole momgraed | L™ g (kS K €XPE SD)
could be dierent, and they will act the relation between peak _
volumes and population§/ 2 was determined to be 070 Nw + NL= Nw(0), = kwt ke (11)

0.07 (details of the determination process are given in t
Supporting Informatign

Using the kinetic model with the considerations discuss
above, the three populatieslution data as a functiomgf
were t. Note that there are only fodting parameterst,(t =

0), Whi(.:h .is just a scaling factw,,_k,_, andky_ (or k). As for the three concentrations are givérairie 1
shown irFigure 8, the modelt (solid curves) the three sets of Il.IV. Polarization Selective 2D IR Experimentin a

data (points) for the LiCl 1:4 8 solution exceedingly well. Eﬁtem involving chemical exchange, simply doing polarization

hIenese equations describe the relaxation to the chemical
equilibrium state if all of the molecules were W initially or if a
dden perturbation moved the concentration away from the
equilibrium concentrations. For any initial condition, the
relaxation time constant is = 1/(ky, tK.w). These values

One set of parameters put the solid curves through all three sglg. e pump probe (PSPP) is not enough to extract the

of data. This procedure was applied to two other LiChientational dynamics of the two species because chemical

concentration samples, and the peak voltimg results are exchange mixes the two lifetimes and orientational relaxation
presented iRigure 5Again, thets are excellent. The extracted 41651937 To disentangle the orientational dynamics from the

time constants are summarizelthile 1 The rate constarks  chemical exchange, polarization selective 2D IR was used. As
andk; were also calculated usingrand are given ifable 1

was mentioned Bection II1.1l) the 2D IR signals in the parallel
and perpendicular cajurations were measured at the same
A 025 LiCl 1-5 solution time in the same setup as used for the PSPP experiments. An
) example of 2D spectra of LiCl 1 OHolution afr, =45 psis
0.020 e Water-bonded diag presented irFigure &. The most obvious dirence is the
o : A Li*-bonded diag di erent intensity of W diagonal peak between parallel and
§ 0.015 | v Off-diagonal perpendicular spectra, which demonstrates unequal orienta-
§ : tional relaxation for the W and L species. Theeteof
A 0010 F
s r
o

0.005 F

0000 BEETL e i T
0035 g,  LiCl 1:6 solution

0.030§ ® Water-bonded diag
A Li*-bonded diag

0.025 F
3 Vv Off-diagonal

0.020 E

0.015

peak volume

0.010

0.005 [

0.000 B
0 10 20 30 40 50 60 70

T, (ps)

Figure 5(A) and (B) are the peak volume evolutions of the 2D spectra
collected in LiCl 1:5 and 1:6,@ solutions, respectively.

With the knowledge of the kinetic parameters, the chemical
equilibrium independent of the spectroscopic observables is
considered=quation &an be moded intoeq 10for in nite
vibrational lifetime. Heri,, andN, are the population of W  Figure 6 (A) Examples of polarization selective 2D spectra of LiCl 1:4

and L species that are in chemical equilibrium H,0 solution at waiting time 45 ps. (B) The population evolution of 2D
' spectra in the polarization selective 2D IR measurement done in LiCl

1:4 H,O solution. W and L: water and lithium-bonded components,

gw 1_ E:WL Kiw iﬁw{ respectively. Gdiag means ediagonal or cross peak in the 2D

S k. spectra. The sx para and perp indicate measurement done in parallel
L L WANL (10) and perpendicular cogurations, respectively. Note that the
population here is obtained by factoring out the transition dipole
with the initial conditioN (t = 0) = 0, the solutions are moment ratio from the peak volumes.
10588 DOI:10.1021/acs.jpch.8b08743
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polarization control in 2D IR CES experiments has beeooncentration decreases. The ionic strength also changes by a
described previousf?’ and we presented theal results€g factor of 1.4. However, the consistenciek, @ndk; with
12) that describe the population evolutions of diagonal and o concentration demonstrate that ionic strength and viscosity
diagonal peaks under parallel and perpendiculgucations.  have little or no impact on the rate of chemical exchange in the
Here kw, ki, kwi, andk \ have the same meaning asjm/and concentration range studied. The complexation dynamics can be
8.DyandD, are the orientational dision constants for species extrapolated to dilute concentrations. Considering the exper-
W and L, respectively. Note tlet 12 assumes that the imental error bar, it is reasonable to keatdk, as constants
reorientational relaxation of both species is single exponentiald use them for dilute conditions where the water
without wobbling-in-a-cone behavior. For the systems discussethcentration is 55.4 mol/L. Then,, = 1/ky = 1/
here, this assumption works well as will be shown below.  (k{H,O]) = 39 ps, which should be an upper limit. The other
limit is to linearly extrapolatekpfigainst water concentration

w(Tw _ b, 4.st) 1 WO regardless of the error bar. The extrapolation gjwe22 ps. It
(T.) B MA + Ee ix 3 0) is plausible that the changedsofiill become slower as water
wiL para WL bara concentration approaches 55.4 mol/L. Therefore, 22 ps is likely
a lower limit for the dissociation time constant. Therefore, we
w(Tw - Mg 28T ix 1 fw(©) estimated,y to be 30 ps in dilute conditions.
(T.) - MQ 5 3 0) The vibrational probe is the CN stretch of the MeSCN. The
WELTW Therp W e dominant interaction is between the nitrogen lone pair and a
- water molecule or a lithium cation. As can be séayuire 2
A= (kw + kwt)  kew i there is at most a very small shift in the MelS&Nspectrum
L Sk + kw in going from pure water to the high concentration LiCl

solutions. The shift is 0.6 cpwhich is almost within the error

F(ky + kyt 6Dy ko 1 bars of the measurement of the peak position. The concentrated
B= . solution does broaden the band, but on\209% at the highest

EWL S(k.+ kw+ 6D) concentration and the broadening decreases as the concen-
(12) tration is lowered. 2D IR spectraldion measurements show

that this broadening is caused by an increase in the

Both the parallel and perpen.diculr.;\r 2D IR spectra timﬁqhomogeneous linewidth. In contrast, MeSCN in the non-
depEndence can be chalracter||(zed n terms” OI] two d'agqrﬁ?fldrogen bonding solvent methylimidazole shifts the spectrum
_peda y agd tone Iﬁdlalgona pelat_, antslkoverak1 there are sy |ower frequency by 8 cinThis shift is consistent with the
lr:]aveeptzrllreearzj p%%e\éog&:iﬁgg %Io?h% Mgfé'eé‘ﬁ’r: n(;’éLsVéribe d niwodel that has been put forward for the ion Sel@at shows
Section I |||y d dh yD 8 Il scali vy a water hydrogen bonded to the N lone pair blue shifts the
ection lll.llland are xed hereD, D and an overall scaling - o\ gyyerch frequenéy The model states that the blue shift is
factor are the only variablesttithe six curves simultaneously. caused by an increase in the electron density in CN nominal

ISrE\)/eps(;aelt(renguorcgi due:;aér;glrnttﬁé %Tcihtgﬁ?cﬁgiztgﬂ!d triple bond. The nonaxial interactions, including those tyith Li
1:4. The data ands(fJ for the other concentrations are similar Cl , and water molecules, contribute to more diverse set of
T “solvent corgurations in salt solution and thus increase the

'I_'he model reprO(_:iuces the polarization sglective data exc?r?ﬁomogeneous linewidth of W component. A similar argument
tionally well. The}tmg (esults are pre senteﬂfaﬂnle 1as orw applies to L complexes, whefddrins an axial interaction with

and or.. The orientational relaxation tinmgy .0, measured e hitrogen lone pair. Lis very small with a high positive

for MeSCN with standard PSPP experiments is also given. Téigarge density. This interaction will further increase the electron
orientational relaxation time is related to the orientationaiensity in the CN bond by moving electron density from the S

di usion constant by = 1/6D.. As the LiCl concentration ¢ hond, giving rise to the observed blue shift relative to the W
increases, the viscosity of the solution increases substantigihplex.

(seeTable ). Both orw and ogy increase as well, and they  As discussed abovgy is the MeSCNLI* complex lifetime,
roughly follow the StokeRinstein Debye relation. However, e  the time for a MeSCN initially bound to*ad_become

atall concentrations, the orientational relaxation time dfthe Lipound to a watery, is the time for an MeSCN initially bound
associated MeSCN is much longer than f@adsociated o a water to become bound to‘altis important to note that a
species. The dirence shows that the neutral and chargeqeSCN initially bound to a water might switch water partners to
complexes experience distinct friction for rotation in thenother water one or more times before it becomes bound to a

solutions, as is discussed further in the next section. Li*. The exchange experiment is insensitive to water to water
switches. Such water to water switches can occur particularly as
IV. DISCUSSION the Li* concentration is reduced. The same could occurwith Li

The MeSCN and ticomplex exchange is important as theto Li* switches, although this is less likely as the Li
exchange provides an example ofnmmtecule interaction concentration is lower than the water concentration.
dynamics in aqueous solution. As would be expected, as the LiCThere is a substantial @ience in the orientational relaxation
concentration decreases from 1:4 to J;6ncreases angy times of the MeSCNi* and MeSCMNH,0 complexesgr, is
decreases (s&able ). But this trend mainly originates from 4 times slower thaggy at all concentrations studied. The
the change of [t and [H,0] ask, remains the same within rotational relaxation generally depends on the size of the
experimental error, wher&abas only a slight increase with molecule as in Stokdsinstein Debye relation, which has the
decreasing concentration, just outside of error. In addition, orientational relaxation time proportional to the volume of the
remains the same for the three concentrations, although thetating species. Using Gaussian18A@S8calculated the van
solution viscosities decrease from 6.3 to 3.1 cP as the Li@r Waals volumes of the MedGNand MeSCM,0O
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complexes following the method published previbastgpt  factor of 1.4. This demonstrates that chemical exchange is at
that the complex geometry is optimized and volume imost weakly dependent on these two factors. Thus, we can
determined at the M062X/6-311+G(d,p) level. A solventextrapolate this result to dilute salt solution and estjpate
model for water is used in all calculations. The volume oflze 30 ps.

complex is deed where the electron density is greater than Finally, orientational relaxation dynamics of both the water-
0.001 e&® wherea is the Bohr radius. The calculation showedbonded and lithium-bonded complexes were measured. The Li
that the volumes of W and L complexes are 1.34 and $.10 nroomplex undergoes orientational relaxatbtimes slower
respectively. Given this volumesténce, the SEC equation than the water complex in each LiCl solution examined,
would indicate that the L complex should rot2@% faster  although the Eicomplex is 20% smaller in volume than the
than the W component. However, orientational relaxation alseater complex. The slower reorientation of theohiplex is
depends on the type of interaction between the rotating speclédsely due to strong electrostatic interactions with the
and the surrounding liqdidlin strong electricelds, charged  surrounding salt solution. It is interesting to note that the
and neutral species with a permanent dipole will experienagter complex orientational relaxation time is much faster than
di erent resistances to rotation. The MeSCN is either a neutra),, whereas the "Lorientational relaxation time is approx-

or charged complex depending on its bonding partner. Thamately the same ag,. Thus, the water complex randomizes its
di erent orientational dynamics demonstrates distinct inteprientation much faster than exchanging watef fargreas
actions with the surrounding salt solution. lon pairs formethe Li" complex exchanges for water without necessarily
between Liand Cl are common at the high concentrations having randomized its orientation.

used in the experimentsThe slow orientational relaxation of

the Li" complex compared to the water complex is likely due to ASSOCIATED CONTENT

the stronger electrostatic interaction betwektrard the *  Supporting Information

surrounding ions. The Supporting Information is available free of charge on the
ACS Publications websateDOI: 10.1021/acs.jpch.8b08743
V. CONCLUDING REMARKS

_ ) Frequencyfrequency correlation function (FFCF);
In this study, we have shown that methyl thiocyanate (MeSCN)  getermination of transition dipole ratio; heating back-
is an accurate probe for reporting water dynamics in aqueous  ground subtraction metho@jP)

environment. It has a narrow symmetric absorption line shape
and has a long vibrational lifetime, 35 ps in pure water. CLS
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