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Abstract 

The microdynamics of a room temperature molten salt system consisting of 1-methyl-3-ethylimidazolium chloride 
(MEICI), AlCl, and NaCl is investigated by 13C, =Na and “Al NMR relaxation methods and viscosity measurements. 
This study supports the existence of a complex containing MEI+, AK&- and Na+. The dual spin probe (DSP) 
method is extended to =Na, which has a liquid state quadrupole coupling constant of 1.0 MHz in this complex. 

Introduction 

Room temperature molten salts consisting of mixtures 
of l-methyl-3-ethylimidazolium chloride (MEICl) and 
AlCI, are potential aprotic solvents for studying a wide 
range of inorganic and organic solutes [l-7]. These 
solvents are of definite interest as battery electrolytes 
and other types of electrochemical agents [S-lo]. 

The composition of these MEICl-AICl, ionic liquids 
has a considerable effect on its Lewis acid-base and 
general physical properties. Melts with excess AlCl, 
are termed acidic and those with excess MEICl are 
Lewis basic. In acidic melts the predominate anions 
are AU,- and A&Cl,-, while in basic compositions 
Cl- and AlCI,- are present. At neutral composition 
(N = 0.5, where N is mole fraction AU,) electrochemical 
[ll] and spectroscopic probes [2,5] indicate that AlCl,- 
is the only detectable anion. We have recently shown 
that the addition of NaCl as a ternary component 
buffers the medium to Lewis neutrality, where AU,- 
is the only anion [12]. 

It is important to understand the microdynamics of 
these molten salt systems if they are to be developed 
as electrochemical and solvent systems in the future. 
The use of 13C NMR relaxation studies provides useful 
information about the dynamics and structure of various 
chemical systems and chloroaluminate melts in partic- 
ular [13]. In a previous work [13], 13C relaxation mea- 
surements were used to investigate the motion and 
interactions of the ME1 cation as a function of tem- 
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perature and magnetic field. The results [13] indicate 
that AK&- in a NaCl buffered N =0.55 melt (Al- 
Cl,- > MEI+) forms a complex by interacting with the 
C-2, C-4 and C-5 hydrogens on the MEI+ ring shown 
in Fig. 1. This report [13] was followed by a study [14] 
in which the dual spin probe (DSP) method [15] was 
used to verify the existence of ME1 (AICl,),-(“-l) com- 
plexes in basic (N = 0.33) and neutral (N = 0.50) binary 
MEICl-AlCl, composition, plus a ternary 
MEICl-NaCl-AlCl, melt that has the ionic composition 

Na0.22 ME&.,, AC&. *‘Al and 13C NMR relaxation 
results confirmed the existence of the chloroalumi- 
nate-MEI+ complexes and yielded “Al liquid state 
quadrupole coupling constants. 

Application of the DSP relaxation method usually 
involves 13C dipolar relaxation rates which are defined 
by eqn. (l), the basic equation in which the 13C nucleus 
is relaxed by ‘H [16]: 

Rldd=Nh(AYc~~Y2r,h-6T,f~ (1) 

where Rldd - ( - l/Tldd) is the dipolar relaxation rate, N,, 
is the number of hydrogens attached directly to the 
carbon atom,. ‘yc and y,, are gyromagnetic ratios and 
rch = 1.09 X lo-* cm. 7eff is the effective correlation time 
and varies exponentially with temperature. 

Fig. 1. ME1 cation (positions are labeled). 
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Equation (1) is operative under the ‘extreme nar- 
rowing condition’ (OTT,< 1) which is usually applicable 
for small molecules including the chloroaluminate melts 
[13]. The determination of R,dd as a function of tem- 
perature provides activation energies (E,) which are 
indicative of a molecules ability to move through the 
medium [17]. The E, results can indicate the strength 
of interactions between an ion such as MEI+ and its 
nearest neighbors (Cl-, AU,- or A&Cl,-) [13, 141. 

In a similar manner, a nucleus of spin greater than 
l/2 that relaxes primarily through a quadrupolar mech- 
anism can be used as a NMR ‘probe’ to monitor isotropic 
molecular tumbling [15]. If there is a distortion from 
tetrahedral or octahedral symmetry, nuclei such as =Na 
and “Al will be under the influence of an electric field 
gradient which produces the quadrupole interaction. 
The quadrupole interaction is affected by the reorien- 
tation motion of the 23Na or “Al containing molecule 
(complex) and the quadrupolar relaxation rate in the 
‘extreme narrowing region’ is given by [16, 181: 

R 

t2) 
where I=312 for =Na and 512 for 27Al, eQ is the 
nuclear electric quadrupole 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 
given by: 

QCC= y 

There are several problems associated with the de- 
termination of QCC, particularly in the case of “Al 
and to some extent 23Na, for which there are few reports 
of compounds in the liquid and solid state [19-211. If 
however, a secondary spin probe such as 13C is available 
within the complex, it is possible to equate retf from 
eqn. (1) and TV from eqn. (2), providing that the motion 
is isotropic within the ‘extreme narrowing region’ [16, 
221. This allows the calculation of QCC, assuming that 
z2 approaches zero. This latter assumption has been 
shown to be correct in the case of AlCl, [23]. In this 
report the multiple spin probe relaxation times of 13C 
(dipolar), “Na and 27Al will be correlated and used 
to study the molecular dynamics of the 0.55 
AU,-MEICl-NaCl melt over the temperature range 
of O-70 “C. 

Experimental 

Materials 
The l-methyl-3-ethylimidazolium chloride and chlo- 

roaluminate 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 the 
dry box. Samples were loaded into 5 or 10 mm sample 
tubes, capped and sealed with a torch. 

NMR measurements 
=Na, 27Al and 13C spectra were recorded on a JEOL 

FX90Q (23.65, 23.29 and 22.49 MHz) spectrometer as 
described previously [13]. Temperature measurements 
were calibrated against methanol or ethylene glycol and 
are accurate to within 0.5 “C. Pulse widths were typically 
15.5 (23Na), 15.7 (27Al) and 18.5 (“C) ps. Longitudinal 
relaxation times were measured by the inver- 
sion-recovery method (180”~r-90”-T) with T> 5T,. For 
all melt samples the experiments used at least 12 delay 
times (r) and relaxation times were obtained from least- 
square fits of the magnetization as a function of 7. 
NOE (7’) measurements were made using the gated 
decoupler method [24] in which the fully decoupled 
spectrum is compared with one in which decoupling 
is present only during the acquisition time. The esti- 
mated error in the NOE measurements is in the 5-10% 
range [24]. 

Vicosity measurements 
Viscosities were measured as reported earlier [4]. 

Results 

“Na relaxation mechanisms 
The change in ZNa relaxation rates over the tem- 

perature range of O-70 “C is shown in Fig. 2 for the 
NaCl buffered N=0.55 melt (AU,- >MEI+). The 
anion is AU,- and the cations are ME1 + and Na+. 
The 23Na Arrhenius plot contains three distinct ex- 
ponential regions (O-30, 30-55, 55-70 “C) whose E, 
values (23, 18 and 13.4 kJ) decrease by approximately 
4.6 kJ with increasing temperature. A previous study 
[14] of the 27A1 quadrupolar relaxation rates in the 
same NaCl buffered melt yielded two exponential re- 
gions (O-27.5, 27.5-70 “C) with E, values of 26 and 20 
kJ, respectively. 

Determination of the “Na QCC 
As is the case for 27Al, there are few reports in the 

literature for 23Na complexes in the liquid state [20, 
21, 251. A NMR study of 23Na cryptates in metha- 
nol-D,O (95/5) using the dual spin probes 23Na and 
13C produced 23Na QCC values from 1.01 to 2.20 MHz 
[25]. The =Na QCC values in the cryptate complexes 
decrease as the number of oxygens increase around 
the 23Na, forming a more symmetrical electrical field 
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Fig. 2. In relaxation rates (“Na) vs. 1000/T for N%,= MEI,,, 
AK& melt. 

environment. The dual spin probe (DSP) method re- 
quires that the molecular tumbling is isotropic and that 
7,K in eqn. (1) is identical to rc in eqn. (2). If this is 
true, then &CC is determined from 13C Rldd values 
and from 23Na R, values, assuming that z2= 0. This 
last assumption may introduce a small error into the 
determination of QCC. 

In this study, we will hypothesize that ME1 (Ah&),, 
Na, complexes provide a basis for the use of the DSP 
method. If this is valid, the combination of 13C relaxation 
data from the nucleus of MEI+ can be used to determine 
the QCC for the associated Na+. This is accomplished 
by plotting the 13C dipolar relaxation rates at each 
temperature versus the Na relaxation rates over the 
temperature range O-70 “C. If reff= T,, then from eqns. 

(I) and (2), 

R,dd/Nh(hy,y,)2r,,-6=R1(23Na)l~x2 (4) 

where 

3?T2 (21+3) 22 

(y= X12(21-1) l+ 3 ( 1 

Consequently, a plot of Rldd versus R, (23Na), will have 
a zero intercept and a slope, S, equal to (5): 

s = N,(hy,yJ2r,, - 6/Lyx2 (5) 

Consequently, the QCC (=x) equals (6): 

QCC=x=(h~c~h)(NhIa)~)~~rch-~ (6) 

The 13C NMR dipolar relaxation rates, Rldd were 
determined from NOE (7’) measurements using eqn. 

(7) WI: 
Rldd = q’R,/1.988 (7) 

The results for the Na,,, MEI,,, AlCl, melt are plotted 
versus =Na R, values in Fig. 3 for the C4 (= C5) and 
C2 monoprotic carbons in the MEI+ nucleus over the 
temperature range O-70 “C. The validity of eqn. (4) is 
verified with near zero intercepts and similar slopes 
for C4 (Z 0) and C2 carbons. Use of eqn. (6), (assuming 
that z2=O), yields QCC values of 1.03 (C2) and 0.97 
(C4 = C5) MHz. 

The average of the two QCC values, 1.0 MHz, was 
used to calculate 23Na correlation times, T,, from eqn. 
(2) over the temperature range O-70 “C. 

The relationship between “Na NMR correlation times 
and temperature in the viscosity dependent region is 
given by eqn. (8) [27]: 

rc= TO+(%d/T) (8) 

where T,,~ = V/k, and 7. is often equated with free 
rotation times [27], rtr = (2d9)(l,/kr)ln. This latter 
relationship represents an extrapolation from the hy- 
drodynamic region, through the kinetic region and into 
the inertial limit of a completely free rotor model [28]. 
The 7,ed value obtained from eqn. (8) is equated with 
a temperature and viscosity independent value of mo- 
lecular volume (y), and consequently a determination 
of the Stokes radius for a given complex [13, 271. In 
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Fig. 3. 13C Rldd (A=C2, + =C%, C5) vs. “Na RI from 0 to 70 
“C for N%.= MEI,,,s AlCh melt. 
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the case of anisotropic rotation, the correlation time, 
r,, of a spherical molecule obeying classical mechanics 
is given by eqn. (9): 

rC=4m3q13kT= VqIkT (9) 

where Vis the molecular volume and the other quantities 
have their usual meanings. The theoretical basis for 
eqn. (9) is certainly oversimplified, as the theoretical 
r,values are often ten times larger than the experimental 
values in cases where there are solute-solvent inter- 
actions [13, 271. 

Figure 4 is a plot of rc versus (v/T) from 0 to 70 
“C. The 7c values for “Na vary from 14 to 83 ps between 
70 and 0 “C, indicating that the ‘extreme narrowing 
condition’ (wr,d 1) is met for this system. The free 
rotation time, rO, of 5.9 ps is obtained from the cor- 
relation time intercept for 23Na, and may be compared 
with r,, values of 1.82 and 0.85 ps for SnI, and PbCl, 
obtained by extrapolation of (I,,,/kT)ln values to infinite 
temperature [13, 271. 

The two linear regions, O-15.0 and 15.0-70 “C have 
slopes of 427 and 346 ns K cp-l which yield unrealistic 
stokes radii of 1.10 and 1.03 8, from eqn. (9). These 
results for the Stokes radii are typical underestimates 
[13, 28, 291 for these and other systems similar in size, 
and are far removed from a value of 9.56 A for MEI’ 
determined from diffusion measurements [13, 301. 

Quadrupolar spin probe correlation 
Previous [14] (27Al-13C) and present (ZNa-13C) dual 

spin probe studies support the existence of a complex 
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Fig. 4. T, (“Na NMR) vs. -q/T for N%,z MEI,,,, AK& melt. 

containing these nuclei. These results indicate that a 
plot of 27Al quadrupolar R, values versus 23Na quad- 
rupolar R1 values should be linear with a slope equal 
to eqn. (10): 

(0.24)X2(a) 1+ [ +)]/x’(b)[ I+ $)] (10) 

where a refers to 27Al and b to “Na. 
Figure 5 contains a plot of 27Al R, values versus 

“Na R, values for the Na0.22 MEL,,, AlCl, melt from 
0 to 70 “C. There are two distinct linear regions (O-30, 
30-70 “C) with the lower temperature region having 
a near zero intercept and a slope of 1.12 for the 30-70 
“C results. Substituting values of 2.13 (27Al) and 1.00 
(23Na) MHz for x in eqn. (10) yields a theoretical slope 
of 1.09, a value that is close to the average slope ( = 1.07) 
for the entire temperature range. 

Conclusions 

Results of this and previous studies [6, 13, 14, 30, 
311 support the existence of a complex containing MEI+, 
AK&-, Cl- and Na+ in NaCl buffered MEICl-AlCl, 
ionic solutions. The composition of this complex is 
consistent with MEI’ attached to at least three AU,- 
ions (through H bonds at C2, C4 and C5) which are 
also coordinated to an unknown number of Na+ ions. 
The fact that 27Al and “Na undergo simultaneous 
changes in relaxation mechanisms at 30 “C [14] suggests 
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Fig. 5. nAl R, vs. =Na RI from 0 to 70 “C for N+.zz MEI0.78 
AlC& melt. 



that Na’-AlCl,- interactions change in a manner 
similar to the packing of ions in various types of crystal 
lattice. At the same time, the change in QCC of 23Na 
relative to 27Al (Fig. 5) indicates a change in symmetry 
at approximately 15 “C for one or both species and 
suggests the existence of isomeric complexes. 
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