7 PHYSICAL

CHEMISTRY

2005,109,9388-9392
Published on Web 10/01/2005

Physical Properties and Intermolecular Dynamics of an lonic Liquid Compared with Its
Isoelectronic Neutral Binary Solution

Hideaki Shirota* and Edward W. Castner, Jr.*

Department of Chemistry and Chemical Biology, Rutgers, The Stateskdity of New Jersey,
610 Taylor Road, Piscataway, New Jersey 08854-8087

Receied: August 18, 2005; In Final Form: September 13, 2005

In this study, we address the following question about room-temperature ionic liquids (RTILS). Are the
properties of a RTIL more dependent on the charges of the molecular ions or on the fact that the liquid is a
complex mixture of two species, one or both of which are asymmetric? To address this question and to better
understand the interactions and dynamics in RTILs, we have prepared the organic ionic liquid 1-methoxy-
ethylpyridinium dicyanoamide (MOEPYDCA™) and compared this RTIL with the analogous isoelectronic
binary solution, comprised of equal parts of 1-methoxyethylbenzene (MOEBz) and dicyanomethane (DCM).
In essence, we have created a RTIL and a nearly identical neutral pair in which we have effectively turned
off the charges. To understand the intermolecular interactions in both of these liquids, we have characterized
the bulk density and shear viscosity. Using femtosecond optical Kerr effect spectroscopy, we have also
characterized the intermolecular vibrational dynamics and diffusive reorientation. To verify that the shape,
polarizability, and electronic structure of the RTIL ions and the components of the neutral pair are truly quite
similar, we have carried out density functional theory calculations on the individual molecular ion and neutral
species.

Introduction CHART 1: RTIL (MOEPy */DCA-) and Isoelectronic

L . Molecules of the Neutral Binary Solution (MOEBz/DCM)
Room-temperature ionic liquids (RTILs) are of great interest

for a variety of immediate and future applicatidn8 Substantial g_}N-/\/O\ o O

effort has been devoted to developing new RTILs for specialized [(+) ( )

applications, but much less attention has been given to obtaining b S ey

a detailed understanding of their physical chemistry. MOEPy" MOEBz
The fundamental question we attempt to address in this letter

is to understand what fraction of ionic liquid properties are )

accounted for by the dynamical properties of a binary solution N H‘ :\H

of asymmetric, polar, and polarizable species of different sizes o ~c &

and what fraction of these properties arise from the charge N~ N f,C/ \‘Cb

interactions between the molecular ions. In this study, we . N” “N

compare the physical properties and intermolecular vibrational DCA DCM

and orientational dynamics of the RTIL 1-methoxyethylpyri-

dinium dicyanoamide (MOEPYDCA ") with the properties and  are considered in the context of the measured liquid densities.
dynamics of the analogous isoelectronic (and nearly isostruc- We compare the measured collective reorientation lifetimes with
tural) neutral pair 1-methoxyethylbenzene/dicyanomethane (MOE-the shear viscosities to learn that hydrodynamic theories may
Bz/DCM), shown in Chart 1. Details of the orientational be relevant for understanding diffusive dynamics in ionic liquids.
relaxation and of the strength of the intermolecular interactions

are obtained from analysis of femtosecond optical heterodyne- Experimental Section

detected Raman-induced Kerr effect spectroscopy (OHD- ]

RIKES) experiment§:l! The results of this analysis are ~ Femtosecond OHD-RIKES experiments measure the depo-
discussed within the context of an understanding of the larized Raman spectrum as a free induction decay of the
electronic structure obtained from density functional theory birefringence introduced into the optically transparent sample
(DFT) calculations for the RTIL cation and anion and for the by a femtosecond pump pul$é% The OHD-RIKES apparatus
two components of the neutral pair liquid. Electrostatic proper- used here has been described previotstyAll OHD-RIKES

ties for the molecular species that are obtained from DFT results Measurements were made at 2362 K. The instrument
temporal response, measured with a 200 KDP crystal, was

* Corresponding authors. E-mail: shirota@rutchem.rutgers.edu (H.S.); & 40+ .3 fs full width at half-maximum. Scans with high time
castner@rutchem.rutgers.edu. (E.W.C.). resolution of 4096 points at 0,Am/step were recorded for a
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TABLE 1: Formula Weights (fw), van der Waals Volumes (V), Vis
and MOEBz/DCM

J. Phys. Chem. A, Vol. 109, No. 42, 2008389

cosities §), and Densities ¢) at 295 K of MOEPy*/DCA~

liquid fw? (g mol?)

Ve (A9 " (cP) ¢ (gmL )

MOEPY/DCA~ 19

MOEBz/DCM

204.1 (C, 138.1; A, 66.0)
202.3 (C, 136.2; A, 66.1)

199.3 (C, 138.0; A, 61.3)

65.1
2.24

1.17
0.98

2.0 (C, 136.6; A, 55.4)

aC and A denote cation and anichValues are calculated by the sum of van der Waals incremefitss 5%. ¢ £3%.

time window of 13.66 ps. The slower orientational dynamics
were captured in 110 ps scans with )/step and in 743 ps
scans with 5@im/step. The Kerr transients measured in the time-
domain data are converted to the low-frequency depolarized
Raman spectrum by direct Fourier transform deconvolution over
the range from 0.02 te- 700 cn11.61516For the longer 743 ps
scans recorded for MOEPYDCA™, the 5.0um/step data from

—2 to 102 ps were patched with the data from 102 to 743 ps
recorded at 5@um/stept’

The synthesis of MOEPYDCA™ is based on standard
procedured®—20 summarized in the Supporting Information.
MOEBz (liquid, TCI) and DCM (solid, Sigma-Aldrich) were
used as received and were mixed to obtain a mole fraction of

0.5 for each component. Viscosity measurements were made

using a temperature-controlled viscometer (Cambridge Applied
Systems, ViscoLab 4108§.The MOEPY/DCA™ ionic liquid
was dried for 12 h in a vacuum oven prior to viscosity and
OHD-RIKES experiments.

DFT geometry optimization and normal mode calculations
for MOEPy", DCA~, MOEBz, and DCM were performed at
the B3LYP/6-31#G(d,p) level of theory using the Gaussian
03 program (revision B.03). The atom-centered charges were
obtained using the CHelpG algorithm.

Results and Discussion

Shear viscositiesy) and densitiesd) at 295 K for both
MOEPY"/DCA~ and MOEBz/DCM are summarized in Table
1, along with the formula weights and molecular volumes
(V).2228 The volumes for the cation and anion components of
the RTIL are slightly smaller than those for the neutral pair by
about 4%. However, the density ratio of MOEPRCA™ to
MOEBz/DCM is nearly 1.20. We conclude that the packing
density is greater in the RTIL than in the neutral binary solution.
The viscosity of MOEPY/DCA™ is about 30 times larger than
that of MOEBz/DCM. The increased density and viscosity of
the RTIL relative to the neutral pair are both indications that
the intermolecular interactions are stronger in the ionic liquid
than in the neutral pair liquid. This is not surprising, because
the Coulombic and higher order terms to the electrostatic energy
for the MOEPY/DCA™ interactions should cause stronger
intermolecular interactions than those for the neutral MOEBz/
DCM interaction.

Figure 1 shows the charge distributions for MOEPRCA-,
MOEBz, and DCM. The coordinates and charges are sum-
marized in the Supporting Information. The atom-centered
charge distribution of MOEPY is quite similar to that of
MOEBz, but the charge distribution of DCAelative to DCM
is somewhat different. The cyano group bond dipoles for DCA
are about twice the value of those for DCM. The physical
properties of RTILs such as viscosity, melting point, and density
are dramatically affected by anion substitut®di®Likely, this
results from a combination of anion sizes, electronic properties,
and symmetries relative to the cation.

Figure 2a shows the Kerr transients of MOERYCA™ and
MOEBz/DCM with the short time window, and Figure 2b shows
those with the long time window. The MOEPYDCA~ Kerr
transients are qualitatively similar to those previously reported
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Figure 1. Charge distributions of MOEBz, MOEPYDCM, and DCA
at the optimized structure calculated by B3LYP/6-303(d,p). The
convergence criterion used for the geometry optimization is “tight”.

The atom-centered charges were obtained using the CHelpG algorithm
to fit the electrostatic potential.
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Figure 2. OHD-RIKE transients for MOEPYDCA~ (red) and
MOEBz/DCM (blue): (a) short time window+0.3 to 5 ps); (b) longer
time window (—2 to 740 ps). The fit curves to the orientational
relaxation are also shown in part b by black lines.

for imidazoliumt”-26-29 and pyrrolidinium ILs3® The MOEBz/
DCM Kerr transients are in turn qualitatively similar to those
reported for neutral aromatic liquids and binary soluti&hg?
Figure 2b also shows the fit curves to the dataT183 ps for
MOEPyY'/DCA~ and 3-101 ps for MOEBz/DCM). A four-
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exponential function is used for the MOERPCA~ Kerr + =
transient, and a three-exponential function is used for the .. () MOEPy” / DCA
MOEBz/DCM Kerr transient. Cang, Li, and Fayer showed that 3 0.6+ —— Data
the orientational relaxation for the ethylmethylimidazolium > = gf;(a_"?
nitrate ionic liquid can be best fit to a function comprised of a 2 0.4- Ga:;lc
sum of two power law relaxations multiplied by a longer a Gaw?
exponential decay assigned to theelaxatior?® Our MOEPY'/ £ — Lor1
DCA~ Kerr relaxation data fit nearly as well to the function ;ﬁ’ a2 Lor2
used by Cang, Li, and Fayer, but we do obtain a slightly better
fit to a four-exponential relaxation. The neutral pair liquid data 0.0+ : s - : . Llur
require a sum of three exponential fit functions to obtain the 0 100 200 300 400 500 600 700
best fit. For the purposes of comparing the two liquids, we have 0.74
chosen to fit the data to the sum of exponentials for both liquids. (b) MOEBz / DCM
The orientational relaxation lifetimes (and the normalized = L — Data
amplitudes) are 2.30 (0.643), 12.20 (0.201), 71.21 (0.103), and £ 054 —— Fit (all)
1081 ps (0.053) for MOEPYDCA~ and 1.86 (0.495), 7.58 2 0.4 —— Ohmic
(0.277), and 29.3 ps (0.228) for MOEBz/DCM. The estimated § 034N gaU;
errors aret5% for each of the time constants except the longest E OO s L:r‘;
value of 1081 ps for MOEPYDCA ™, which is expected to be ¢ 9 \‘J; Lor2
substantially larger because the time window extends to only D g4
743 ps, and the amplitude is smallest for this component. 0.04—=2 -

The picosecond reorientation lifetimes for the RTIL and for 6 100 200 ;.2,0 400 500 600 700
the neutral molecular mixture are very different, as shown in
Figure 2b. MOEPY/DCA~ shows a nanosecond relaxation (c)
component, while the MOEBz/DCM relaxation is complete in 5 06
100 ps. Our previous work on the Kerr spectroscopy of ionic 8
liguids with both pyrrolidiniuni® and silicon-substituted imi- = — MOEBz/ DCM
dazolium#” cations has shown that the intermediate time § o9 L
constants in the 220 ps range do not correlate with viscosity. % sl Bl
Because the viscosity ratio between MOERYCA~ and B pod
MOEBz/DCM is about 30 and the molecular volume ratio §
between MOEP{/DCA~ and MOEBz/DCM is 1.04223Stokes- -

Einstein—Debye (S-E—D) hydrodynamic theory would predict PRy T T T T 1
a value of 30.2 for the ratio of the reorientation lifetimes. The 0 50 1°Ff’requegg3 (cm_?fo 250 300
ratio between the slowest observed lifetimegMOEPY"/

_ . : s _ Figure 3. OHD-RIKE spectra obtained by Fourier transform decon-
DCA")/73(MOEBz/DCM) is 37, which considering the uncer volution analysis for (a) MOEPYDCA- and (b) MOEBZ/DCM. (c)

tainty in 7J(MOEPY'/DCA") is within the bounds of the  gpectral components assigned to intermolecular vibrations, the sum of
estimated errors. Because the constituents of RTILs are mo-the Ohmic function plus the two antisymmetrized Gaussian functions,
lecular ions, the collective reorientation lifetimes obtained from are shown for MOEBz/DCM (blue) and MOEPYCA™ (red).
analysis of the Kerr transients are likely to be sensitive to the
presence of any clusters, provided that the cluster lifetime The pyridyl ring deformation mode is observed at 647 &m
exceeds the jump diffusion lifetime. Singly charged cluster for MOEPy", and the phenyl ring deformation mode is observed
signals are observed in the electrospray ionization mass spectrunat 621 cni! for MOEBz. The 364 cm! mode in MOEBz/DCM,
of MOEPY"/DCA-, in addition to each of the masses for the absentin MOEPY/DCA™, is assigned to the doubly degenerate
constituent anion and catid®3>Thus, we believe that diffusive =~ CH, rocking and twisting modes.
reorientation for both the MOEPYDCA™~ and MOEBz/DCM The broad low-frequency spectrum of a molecular liquid in
liquids likely obeys hydrodynamic scaling laws and that the the 0-250 cnv? frequency range contains contributions that
presence of clusters in the RTIL may increase the observed Kerrarise from both intramolecular normal modes and intermolecular
relaxation lifetime to a value greater than that predicted by vibrational motions. The intermolecular dynamics include
S—E-D theory. interaction (dipole-dipole)-induced, collision-induced, and li-
As shown in Figure 2a, the Kerr transients of MOERYCA™ brational motion$%-4° The inter- and intramolecular dynamics
and MOEBz/DCM contain multiple periodic oscillations arising overlap in this spectral region and cannot be distinguished
from the depolarized intramolecular Raman modes. Parts a andunambiguously, so we attempt to gain further insight into these
b of Figure 3 show the Kerr spectra for MOEPRCA~ and spectra via line shape analyses. The low-frequency spectra are
MOEBz/DCM, respectively, obtained from the transients by fit to a composite line shape comprised of the sum of an Ohmic
Fourier transform deconvolution. The spectra have the contribu- function and two antisymmetrized Gaussian functions, with two
tion from the picosecond relaxation subtracted to emphasize theLorentzian functions added to fit the narrower bands assigned
vibrational dynamic4’-3° The Kerr spectra are well resolved to intramolecular normal modés.Figure 3 shows the low-
to >700 cntL. The intramolecular vibrational modes observed frequency Kerr spectra over the frequency range from 0 to 700
in the MOEPY/DCA~ and MOEBz/DCM Kerr spectra are  ¢m * and the line shape fits over the-800 cnt* range, for
assigned on the basis of the DFT calculation results and (&) MOEPY/DCA™ and (b) MOEBz/DCM. The fit parameters
presented in the Supporting Information. The intense bands atare summarized in Table 2.
183 cntt for DCA™ and 161 cm? for DCM result from the The gas-phase vibrational frequencies obtained from DFT
NC—N~—CN and NC-CH,—CN bending modes, respectively. calculations for MOEPY, DCA~, MOEBz, and DCM are
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TABLE 2: Fit Parameters for the Low-Frequency Kerr Spectra (0—300 cnt?) of MOEPY*/DCA~ and MOEBz/DCM
Intermolecular Spectral Lineshape Functions

liquid M2 (cm™)  aonmid?  wommi®€ (cm™)  ag:1®  wei®9 (cm)  Awg: M (cm™)  agS  we X (cmh)  Awe Pk (cml)
MOEPyY'/DCA~ 78.8 0.0554 15.7 0.682 78.0 110.0 0.086 106.0 44.2
MOEBz/DCM 65.9 0.0664 13.7 0.618 62.9 88.8 0.128 103.2 56.9
Intramolecular Spectral Lineshape Functions
liquid a w1 (cm™) Aw 1 (cm™) a ; w2 (cm™) AwL 7 (cm™)
MOEPY'/DCA~ 18.54" 182.8" 15.1m 1.497 246.9 16.4
MOEBz/DCM 13.49 163.° 16.2 1.312 234.8 14.%

aM; = fol(w) do//1(®) dw. ® lommid®) = 0onmiw eXpEal/wonmig). © le(w) = Si asi{expl2 — we)¥(2 IN(2)(Aws)?)] — expl2w — we)¥(2
IN(2)(Awe)d)]}- @ £5%. € +2%. f +5%. 9 +3%. " +£3%. ' +5%.1 £3%. % £6%.' I (w) = (1/m)3i a.ill(w — wii)? + (Aw;)?]. "DCA- (C—-N——C
bending)." MOEPY" (MOE—Py" bending). DCM (C—CH,—C bending)? MOEBz (MOE-Ph bending).
tabulated in the Supporting Information. The lowest frequencies In conclusion, we have created a binary neutral solution to
for the smaller DCA and DCM are the bending modes at 164 mimic the shape, charge distribution, and mass of an analogous
and 148 cm?, respectively. The MOEPYycation modes are  isoelectronic ionic liquid, so as to have a model for the ionic
predicted at 36, 66, 80, and 95 chwhile the MOEBz modes  liquid with the net charges on the molecular ions effectively
are predicted at 35, 81, 81, and 103 énThough depolarized,  turned off. The densities, viscosities, and intermolecular vibra-
the Raman cross sections are predicted to be rather smaller thational frequencies are all higher for MOERDCA~ than for
the DCA~ and DCM bending modes. The PR bending MOEBz/DCM, indicating stronger interactions for the ionic
frequencies for alkylbenzenes and halogenated benzenes deliquid than for the neutral pair. The slowest lifetimes obtained
crease from 100 to 220 crhas the mass of the alkyl or halogen from analysis of the OHD-RIKES transients are 1.08 ns for
group increase¥:*1 The present DFT calculation results also MOEPy"/DCA~ and 29 ps for MOEBz/DCM. The ratio of these
predict that the bending mode frequencies of M@y and reorientational lifetimes scales with the ratio of the measured
MOE—Bz are about 80 cri. However, clear intramolecular  viscosity values, indicating that hydrodynamic scaling theories
vibrational bands are not observed in the low-frequency Kerr may be relevant for describing orientational friction. Many
spectra shown in Figure 3 for the frequency range from O to promising experimental opportunities are available to compare
150 cntl. Figure 3c shows the low-frequency Kerr spectral the ionic liquid and the isoelectronic neutral binary solutions
components from the sum of an Ohmic function and two to further elucidate the structural, dynamical, and thermody-
antisymmetrized Gaussian functions in order to focus on the namic properties of RTILs. Continuing work on this system
broadintermolecularspectral features. includes temperature dependent OHD-RIKES, NMR, and time-

As shown in Figure 3c, the low-frequency Kerr spectrum of resolved fluorescence probe studies.
MOEPy'/DCA™ has a much broader width and higher frequency
peak than that of MOEBz/DCM. The full width at half- Acknowledgment. We gratefully acknowledge funding
maximum values from the broad low-frequency Kerr spectra support from the National Science Foundation (CHE-0239390)
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Generally, the value of the spectral peak frequency for the low- presented. Results from the electronic structure calculations are
frequency Kerr spectra of amorphous solids and supercooledtabulated for each of the four molecular species, including
liquids is larger than that for molecular liquid$ntermolecular atomic coordinates, atom-centered charges, and vibrational
vibrational frequencies have been shown to increase with frequencies. This material is available free of charge via the
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