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Abstract 

Room temperature molten salts consisting of 1-ethyl-3-methylimidazolium chloride (MEICl), AQ and NaCl are 
of interest as electrochemical agents. Results of “Al and 13C NMR dual spin probe (DSP) relaxation studies 
of these ionic ligands support the existence of interactions between MEI+ and AlC14-. The dual spin probe 
method is used to determine liquid state quadrupole coupling constants of 0.821 and 2.10 MHz for the neutral 
(MEICl =AlCl,) and neutral buffered (Na+(l.uMEI+o.7sAIC14-) melts. 

Introduction 

Room temperature molten salts consisting of mixtures 
of AlCI, and 1-ethyl-3-methylimidazolium chloride 
(MEICl), Fig. 1, are of considerable interest as aprotic 
solvents for studying a wide range of organic and 
inorganic solutes [l-7]. These chloroaluminate molten 
salts offer considerable potential as battery electrolytes 
and various types of electrochemical agents [g-lo]. 

The composition of the chloroaluminate melt, i.e. 
the relative proportions of AlCl, and MEICl, has a 
considerable effect on its physical properties. The vari- 
ations in physical properties of the melt are due to a 
combination of factors including ion-ion interactions 
[4] and Lewis acid-base properties. Chloroaluminate 
melts with AlCl, present in excess (apparent mole 
fraction AlCl, (N) > 0.5) are termed acidic with AlCl,- 
and Al&l,- the predominant anions. At neutral 
(MEICl = AU,) composition [ 1 l] the only detectable 
anion is AlCl,-. The addition of NaCl as a ternary 
component to an acidic chloroaluminate melt buffers 

Fig. 1. MEI cation (positions are labeled). 
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the medium to neutrality, producing AlCl,- as the only 
anion [12]. Thus, a neutral buffered melt is composed 
of MEI+, Na+ and AlCl,-. The proportions of MEI+ 
and Na’ in the ionic liquid are determined by the 
composition of the AlCl,-MEICl binary to which NaCl 
was added. A 0.55 melt buffered with NaCl has the 
composition Na fo.22MEI ‘,,,AlCl, -. 

The use of 13C NMR relaxation studies yields con- 
siderable information about the dynamics and structure 
of chemical systems in general and the chloroaluminate 
melts in particular [13]. The basic equation for 13C 
dipolar relaxation in which the 13C nucleus is relaxed 
by ‘H is given by [14] 

Kdd =KIV%XJ%, -%rr (I) 

where Rldd( = l/Tldd) is the dipolar relaxation rate, NH 
is the number of hydrogens attached directly to the 
carbon atom, yc and yH are magnetogyric ratios and 
r cH = 1.09 X lOWa cm. T,~ is the effective correlation time 
and varies exponentially with temperature. 

Equation (1) is operative under the ‘extreme nar- 
rowing condition’ (~7,~ -=x 1) which is usually applicable 
for small molecules including the chloroaluminate melts 
[13]. The determination of Rldd as a function of tem- 
perature provides activation energies (E,) which are 
indicative of a molecule’s ability (or inability) to move 
through the medium [15]. Consequently, the E, results 
can support the existence of interactions between an 
ion such as MEI’ and its nearest neighbors (Cl-, 
AlCl,- or A&l,-). 

In a similar manner, a nucleus of spin greater than 
l/2 that relaxes primarily through a quadrupolar mech- 
anism can also be used as a NMR ‘probe’ to monitor 
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isotropic molecular tumbling. If there is a distortion 
from cubic symmetry, nuclei such as “Al will be under 
the influence of an electric field gradient which produces 
the quadrupole interaction. The quadrupole interaction 
is affected by the reorientation motion of the “Al 
containing molecule (complex ion in our case) and the 
quadrupolar relaxation rate in the ‘extreme narrowing 
region’ is given by [14, 161 

R, = l/T, = [(3/10)+Z+3)82(21- l)][l + (2’/3)] 

x [e’Qq/h]‘r, (2) 

where 1=5/2 for “Al, eQ is the nuclear electric quad- 
rupole moment, eq is the maximum component of the 
electric field gradient tensor, and z is the asymmetry 
parameter of the electric field gradient tensor. The 
quadrupole coupling constant (QCC) is the collection 
of terms given by eqn. (3). 

QCC = e’Qq/h (3) 

There are several problems associated with the deter- 
mination of QCC, particularly in the case of “Al, for 
which there are few reports of compounds in the liquid 
and solid state [17]. If, however, a secondary spin probe 
such as 13C is available in the complex, it is possible 
to equate reff from eqn. (1) and rc from eqn. (2), 
providing that the motion is isotropic within the ‘extreme 
narrowing region’ [18, 191. This allows the calculation 
of QCC, assuming that z2 approaches zero. 

A previous 13C NMR relaxation study [13] supports 
the existence of MEI(AICl,),(“-‘)- complexes in chloro- 
aluminate melts. In this study, the dual spin probes 
13C and “Al are used to further detail the molecular 
dynamics and possible structure of these chloro- 
aluminate complexes. 

Experimental 

Materials 
The 1-methyl-3-ethylimidazolium chloride and chloro- 

aluminate molten salts were prepared as previously 
described [l]. All materials were stored under anhydrous 
helium gas atmosphere in a dry box. All molten salt 
preparations and manipulations were performed in a 
dry box. Samples were loaded into 5 or 10 mm samples 
tubes, capped and sealed with parafilm. They were then 
removed from the dry box and sealed immediately with 
a torch. Viscosity and density measurements have been 
described elsewhere [13]. 

NMR measurements 
27A1 and 13C spectra were recorded on a JEOL FX90Q 

(23.29 and 22.49 MHz) spectrometer as described pre- 
viously [13]. Temperature measurements were calibrated 

against methanol or ethylene glycol and are accurate 
to within 0.5 “C. Pulse widths were typically 15.7 (“Al) 
and 18.5 (“C) ps. Longitudinal relaxation times were 
measured by the inversion-recovery method (180”~r- 
90”-T) with T> 5T,. For all melt samples the experiments 
used at least 12 delay times (7) and relaxation times 
were obtained from least-squares fits of the magneti- 
zation as a function of T. NOE (7’) measurements 
were made using the gated decoupler method [20] in 
which the fully decoupled spectrum is compared with 
one in which decoupling is present only during the 
acquisition time. It is likely that the error in the NOE 
measurements is in the 5-10% range [20]. 

Results 

“Al relaxation mechanisms 
The change in “Al relaxation rates over the tem- 

perature range of O-70 “C is shown in Figs. 2 and 3 
for 0.50 (MEICl=AlCl,) and 0.55 NaGbuffered 
(Na+,,,MEI+,~,,AlCl,-) melts. The anion in these 
melts is AlCl,- . The “Al Arrhenius plots contain distinct 
(linear least-squares regression coefficients are 0.999 
for Figs. 2 and 3) exponential temperature regions 
(Table 1) as is the case for the 13C relaxation results 
in the Na+,,,MEI + ,.,,AlCl,- melt [13]. Table 1 con- 
tains a summary of the activation energies which are 
indicative of the interactions between the 27A1 containing 
moiety and the surrounding medium. Previous evidence 
[6, 13, 211 supports the existence of hydrogen bonds 
involving Cl- or AlCl,- in the chloroaluminate melts 
as evidenced by results of solid state, 13C NMR and 
viscosity studies [13, 211. 

2.60 3.00 3.20 3.40 3.60 3.60 

Fig. 2. Relaxation rates (*‘AI) vs. 1000/T (in K) for 0.50 melt 
(MEICl = Al’&). 
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Fig. 3. Relaxation rates (“Al) vs. 1000/T 
Na+ o.22MEICo,78A1C14- melt. 
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TABLE 1. Activation energies and related temperature ranges 
for chloroaluminate melts at 23.29 MHz 

Melt 

0.50 (MEICI =AlCIJ Naf,,22MEIt,,8AlCI,- 

Temperature O-40 
range (“C) 

& WJ) 18.4 

Temperature 4cb70 
range (“C) 

J% @J) 12.6 

o-21.5 

26.4 

27.5-70 

20.1 

Determination of the 27AI QCC 
There are few reports in the literature of QCC for 

27A1 complexes or compounds in the liquid state. The 
apparent distortion from octahedral symmetry has pro- 
duced a range of values such as 32.9 MHz for 
alumichrome [22], 23.3 MHz for triethylaluminum [18] 
and 0.49 MHz for Al(acac), [19]. These results were 
obtained by either using the solid state QCC [22], 
assuming an effective correlation time [lS], or by using 
a dual spin probe method [19]. The dual spin probe 
(DSP) method requires that the molecular tumbling is 
isotropic and the 7,1T in eqn. (1) is identical to T= in 
eqn. (2). If this is true, then QCC is determined from 
13C Rldds and from “Al R,s, assuming that z = 0. This 
last assumption may introduce a small error into the 
determination of QCC, however, the known tetrahedral 
symmetry of AlCl,- provides good support for this 
assumption. 

In this study, we will assume that the 
MEI(AlCl,),‘” - I) - complexes [13] provide a basis for 
the use of the DSP method. If this assumption is valid, 
the combination of 13C relaxation data from the nucleus 
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of MEI+ can be used to determine the QCC( =x) for 
the associated AlCl,- species. This is accomplished by 
plotting the 13C dipolar relaxation rates at each tem- 
peratures versus the Al relaxation rates over the tem- 
perature range O-70 “C. If T,~= T,, then from eqns. (1) 
and (2) 

R,dd/N,(hy,y,)2r,,-6 = R,(27A1)laXZ 

where LY= [37?(21+3)/1012(2Z- l)][l +z2/3] 

(4) 

Consequently, a plot of Rldd versus R,(27Al) will have 
a zero intercept and a slope, S, equal to eqn. (5) 

s =KI(%W~)2&- “/ff/$ (5) 

or the QCC (=x) equals eqn. (6) 

QCc=~=(Arc~H)(N,l~)‘“rc,-~ (6) 

The 13C NMR dipolar relaxation rates, Rldd were de- 
termined from NOE (77’) measurements using eqn. (7) 
[231 

R, dd = $R,/1.988 (7) 

The results for the melts are plotted versus “Al R,s 
in Figs. 4 and 5 for the C4 (= C5) and C2 monoprotic 
carbons in the MEI+ ring over the temperature range 
20-70 “C. The validity of eqn. (4) is verified with near 
zero intercepts and similar slopes for C4 (= C5) and 
C2 carbons. Use of eqn. (6) while assuming that z= 0, 
yields QCC values given in Table 2. 

Once the quadrupole coupling constants for the 27A1 
in the anions have been determined, either 27A1 or 13C 
relaxation rates may be used to evaluate the tumbling 
of the associated cations and anions. The average of 
the QCC values, i.e. those determined by relaxation of 
C2 and C4 in the MEl+ cation, (CZ+C4)/2, for each 
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Fig. 4. “C Rldds vs. 27A1 R,s from 20 to 70 “C for 0.50 melt: 
(O)=C2; (A)=C4(=C5). 
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Fig. 5. 13C R % vs. *‘Al R,s from 20 to 70 “C for 
Na+ ,,.zMEI + 0,78~lC14- melt: (0) = C2; (A) = C4( = C5). 

TABLE 2. “Al quadrupole coupling constants (MHz) and rc 
(ps) values for chloroaluminate melts 

ME1 + 
carbon 

Melt 

0.50 (MEICl = AlCl,) 

C4( =5) 
c2 
Av. QCC 
Temperature 

range (“C) 
rc 
Temperature 

range (“C) 
r, 

0.789 1.99 
0.852 2.20 
0.821 2.10 
O-40 G27.5 

48-18 80-27 
4@70 27.5-70 

18-11 27-10 

melt was used to calculate “Al correlation times, r_ 
over the temperature range t&70 “C, as shown in Table 
2. The higher average value of the “Al QCC (2.13 
MHz) in the Na’,,,ME1+,,,,A1C1,- melt is to be 
expected, considering the ability of Nat to interact 
strongly with Cl-, therefore distorting the tetrahedral 
symmetry around aluminum [24]. 

At 70 “C, the 0.5 (MEICl =AlCl,) and Nat,,,- 
MEI+ O,,,AICl,- melts have similar correlation times 
(lo-11 ps), consistent with their similar compositions 
and mobility. As further evidence of their relative 
mobilities, measured viscosities for these melts between 
0 and 70 “C are 42-6.7 and 57-0.20 CP for the 0.5 
(MEICl =AlCl,) and Na+,.,MEI’,,,AlCl,- melts, re- 
spectively. 

Despite the apparent success of the DSP method as 
applied to these systems, caution should be exercised 
as there are undoubtedly several circumstances that 
would lead to similar results despite a lack of interactions 

in the melts. The most obvious case would occur when 
the individual species have the same correlation time 
fortuitously, rather than due to actual complexation 
between them. 

Conclusions 

In a previous study [13], agreement between 13C 
relaxation times and a corrected stokes radius obtained 
from diffusion measurements [25] supported the ex- 
istence of MEI(AIC1,),(Cl),~“+“-l’- species in the 
Na+ o.&=I + ,,,AlCl,- melt. The results of this study, 
which includes the successful application of the DSP 
method in neutral and NaCl-buffered melts, supports 
the existence of a 27A1 and 13C containing species. 

Acknowledgements 

The authors thank Mrs Linda E. Pukajlo for her 
patience in preparing this manuscript. W.R.C. thanks 
the National Research Council for a Senior Associ- 
ateship. 

References 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

J. S. Wilkes, J. A. Levisky, R. A. Wilson and C. L. Hussey, 
Inorg. Chem., 21 (1982) 1263. 
J. S. Wilkes, J. S. Frye and G. F. Reynolds, Inorg. Chem., 
22 (1983) 3870. 
A. A. Fannin, L. A. King, J. A. Levisky and J. S. Wilkes, 
J. Phys. Chem., 88 (1984) 2609. 
A. A. Fannin, D. A. Floreani, L. A. King, J. S. Landers, B. 
J. Piersma, D. J. Stech, R. L. Vaughn, J. S. Wilkes and J. 
L. Williams, J. Phys. Chem., 88 (1984) 2614. 
K. M. Dieter, C. J. Dymek, N. E. Heimer, J. W. Rovang 
and J. S. Wilkes, J. Am. Chem. Sot., 110 (1988) 2722. 
C. J. Dymek and J. J. P. Stewart, Inorg. Chem., 28 (1989) 
1472. 
J. A. Boon, J. A. Levisky, J. L. Pflug and J. S. Wilkes, J. 
0%. Chem., 51 (1986) 480. 
C. J. Dymek, J. L. Williams, D. J. Groeger and J. J. Auborn, 
.I. Electrochem. Sot., 131 (1989) 2887. 
C. J. Dymek and L. A. King, .I. Electrochem. Sot., 132 (1985) 
1375. 
C. L. Hussey, T. B. Scheffler, J. S. Wilkes and A. A. Fannin, 
J. Electrochem. Sot., 133 (1986) 1389. 
M. Lipsztajn and R. A. Osteryoung, .I. Electrochem. Sot., 130 
(1983) 1968. 
T. M. Melton, J. Joyce, J. T. Maloy, J. A. Boon and J. S. 
Wilkes, J. Electrochem. Sot., 137 (1986) 3865. 
W. R. Carper, J. S. Pflug, A. M. Elias and J. S. Wilkes, J. 
Phys. Chem., 96 (1992) 3828. 
A. Abragam, Principles of Nuclear Magnetism, Oxford Uni- 
versity Press, Oxford, 1961, Ch. 8. 
G. C. Levy and G. L. Nelson, Carbon-13 Nuclear Magnetic 
Resonance, Wiley, New York, 1980, p. 211. 



93 

16 B. Lindman and S. Forsen, in P. Diehl, E. Fluck and R. 
Kosfeld (eds.), NMR Basic Principles and Progress, Vol. 12, 
Springer, New York, 1976, p. 22. 

17 J. W. Akitt, in J. Mason (ed.), Multinuclear NMR, Plenum, 
New York, 1987, p. 259. 

18 V. Vestin, J. Kowalewoki and U. Henriksson, Org. Magn. 
Reson., 16 (1981) 119. 

19 J. J. Dechter and U. Henriksson, J. Magn. Reson., 48 (1982) 
503. 

20 D. Neuhaus and J. Williamson, The Nuclear Overhauser Effect 
in Structural and Conformational Analysis, VCH, New York, 
1989, p. 56. 

21 C. J. Dymek, D. A. Grossie, A. V. Fratini and W. W. Adams, 
.l. Mol. Struct., 213 (1989) 25. 

22 M. Llinas and A. DeMarco, J. Am. Chem. Sot., 102 (1980) 
2226. 

23 K. F. Kuhlman and D. M. Grant, J. Am. Chem. Sot., 90 
(1968) 7355. 

24 W. R. Carper, J. L. Pflug and J. S. Wilkes, Inorg. Chim. 
Acta, 193 (1992) 201. 

25 R. T. Carlin and R. A. Osteryoung, J. Electroanal. Chem., 
252 (1988) 81. 


