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Determination of the Aluminum-27 Spin-Lattice Relaxation
Rate and the Relative Number of Each Chloroaluminate
Species in the Molten 1-n-Butylpyridinium Chloride/AICl,

System
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Abstract: Al longitudinal magnetization recovery curves were measured by using the inversion recovery method on molten
1-n-butylpyridinium chloride/AICl; mixtures at various components of 39-80 mol % AICI; and between 30 °C and 75 °C.
The recovery curves did not show single exponential decays at the components located between the two stoichiometries (e.g.,
between 50 and 67 mol % AICl,), in contrast with the single exponential decays observed in melts at less than 50 mol % AlCl,
and at 67 mol % AICl;. The composition dependence of the individual relaxation rates R, , and the individual concentrations
X, of each main chloroaluminate species, o, such as AICl;~, AL,Cl;~, AL,Cly4, or ALL,Cl, were obtained by fitting a model
associated with the chemical exchange process from species A to B into the observed nonlinear logarithmic recovery curve.
The remarkably slow exchange rate (i.e., the long exchange lifetime) was comparable with the relaxation rates in magnitude,
and it gave rise to the nonlinear nature in the logarithmic recovery curves. The chemical exchange from species A to B promotes
the individual relaxation of Al in each species o. This is because the relaxation rate is the minimum in magnitude for the
melt at the BPCl-rich side of 50 mol % AICI, or at the stoichiometric composition, in which the chemical exchange from species
A to B does not take place. Over all the compositions, the empirical rule among each R, , is as follows: R, oy - < Ryancnn
Ry a0 < Ryancyem and Ryacl, < Riana,~ Here the NMR relaxation of the Al nucleus in the melts originates mainty
from the interaction between the quadrupolar moment and the electric field gradient fixed at a central Al nucleus by sharing
electrons with the chlorines of the nearest neighbors in each species. The dependence of the mole fractions X(AlCl;") and
X(A1,Cly") of the AIC,” and Al,Cl;™ species on the formal composition was consistent with the potentiometric and Raman
spectra investigations. Above 67 mol % AlCl,, the other Al;Cl,;” and Al,Cl, species are present as the main species: a probable
peak in the X(Al;Cl;,") values locates near the stoichiometry BPAI;Cly, (or 75 mol % AICl;), and above 75 mol % AICI,,

the Al,Clg species becomes a main species upon successive additions of the AICl; component.

Considerable interest has been shown recently in chloro-
aluminate melts such as AICl;/MCl (M = Li, Na, etc.) and
AlCl;/alkylpyridinium halide because of their special properties
as acid—base solvents.! Raman spectroscopic studies have shown
that AICl,~, Al,Cly, ALCly,4” (2 3), and Al Clg are present
in their melts.>? The anionic species equilibrium for the disso-
ciation reaction

2A1C14_ = A12C17_ + CI-

(1) Boston, C. R. “Advances in Molten Salt Chemistry”; Braunstein, J.,
Mamantov, G., Smith, G. P., Eds.: Plenum Press: New York, 1971; Vol. 1,
p 219. Jones, H. L.; Osteryoung, R. A. “Advances in Molten Salt Chemistry”:
Plenum Press: New York, 1975; Vol. 3, p 121. Chum, H. L.; Osteryoung,
R. A. “Ionic Liquid”; Inman, D., Lovering, D. G., Eds.; Plenum Press: New
York, 1981: p 407.

(2) Gale, R. J.; Gilbert, B.; Osteryoung, R. A. Inorg. Chem. 1978, 17,
2728.

(3) Rytter, E.; @ye, H. A,; Cyvin, S. J.; Cyvin, B. N.; Klaelboe, P. J. Inorg.
Nucl. Chem. 1973, 35, 1185.

has been investigated by potentiometry.*> ?’Al nuclear magnetic
resonance studies on chloroaluminate melts have examined the
characteristics of these melts, which consist of the AICI,” and
Al,Cl;" ions.® To our knowledge, the relaxation phenomena on
the 2’Al longitudinal and transverse magnetizations have not been
investigated, though the "Li and 2*Na spin-lattice relaxation rates

“have been obtained in molten LiAICl, and NaAICl,, respectively.’

This paper describes an examination of the formal composition
dependence of the individual relaxation rates, R, ,, and of the mole
fractions, X, of the main species such as AICl;", AL,Cly~, Al,Clg
and a high polymer assigned tentatively to Al;Cl;;~ by measuring
the ?’Al longitudinal magnetization recovery curves for the
room-temperature meit of 1-n-butylpyridinium chloride (BPCl)
+ AICl; mixtures and by reproducing the experimental recovery

(4) Gale, R. J.; Osteryoung, R. A. Inorg. Chem. 1979, 18, 1603.
(5) Torsi, G.; Mamantov, G. Inorg. Chem. 1971, 11, 1439.

(6) Gray, J. L.; Maciel, G. E. J. Am. Chem. Soc. 1981, 103, 7147.
(7) Matsumoto, T.; Ichikawa, K. Bull. Chem. Soc. Jpn. 1982, 1100.
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Figure 1. Longitudinal magnetization recovery curves at 45 mol % AlCl,.
The main species is denoted as AlCl,, and the melts at less than 50 mol
% AlCl, are characteristic of the basic solutions.
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Figure 2. Nonlinear logarithmic recovery curve at 62 £ 2 mol % AlCl,
and 35 °C. The melt consists of the major AICl;~ and AlL,Cl;™ species.
The dashed line is a fit using the nonlinear least-square method.

curves using the model associated with the chemical exchange of
27Al under the equilibrium condition among the main chloro-
aluminate species and ClI".

Experimental Section

Materials. BPCl was prepared by the method outlined by Gale,
Gilbert, and Osteryoung.? The sample of aluminum trichloride used was
crystalline. The manipulations of all materials were performed under an
argon gas atmosphere in a drybox. The samples were sealed under
vacuum into approximately 0.5-cm? cross-sectional Pyrex cells for the
NMR measurements. The compositions were determined by atomic or
electronc absorption spectrochemical analyses for aluminum, by precip-
itation titration analyses for chlorine, and by the thermal conductivity
method for carbon.

NMR Measurements. The NMR measurements were carried out at
various compositions of 39-80 mol % AICl; between 30 °C and 75 °C.
The longitudinal magnetization recovery curves were obtained by using
the inversion recovery (or 180°, 7, 90°) method. The instrument used
was a Bruker CXP-100; the resonance frequency of aluminum-27 was
ca. 23.44 MHz.

Results

The typical logarithmic recovery curves are shown in Figures
1-5 for 45,62 £ 2, 67, 72 + 1, and 79 mol % AICl,, respectively.
The inversion recovery method leads to the observed magnetization
M, at 7 as follows:

M (1) = M°.(1 - 2¢77/TY) ey

where M,(7) was measured for ca. 30 values of 7. Figure 6
illustrates the dependence of the spin—lattice relaxation rates R,
(=T,™) on the temperature at 45 and 67 mol % AICl;, where the
R, values were obtained from the single exponential decays in the
logarithmic recovery curve vs. 7 (see Figures | and 3). The
relaxation rate R, of the species AICl,” is about 55 + 5s7! at 35
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Figure 3. Longitudinal magnetization recovery curve shows the single

exponential decay at 67 mol % AlCl; (i.e., at the stoichiometry BPALCl;:
there exists the Al,Cl,™ species as a main species) and at 65 °C.
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Figure 4. Nonlinear logarithmic recovery curve at 72 £ 1 mol % AlCl;
and 35 °C, at which the melt consists of the major Al;Clyy” and Al,Cly™
species. The dashed line is a fit using the nonlinear least-square method.
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Figure 5. Nonlinear logarithmic recovery curves at 79 mol % AlCl;. The
melt consists of the major Al;Cl,y" and Al,Cl, species. Each dashed line
is a fit using the nonlinear least-square method.

°C for melts at less than 50 mol % AIlCl;; this is because the
dominant aluminum species in the basic melts is AICl,~. The
recovery curve also shows a single exponential decay at 67 mol
% AICl;, which corresponds to the stoichiometry BPAL,Cl4, as
shown in Figure 3. Since the Al,Cl;™ species exists in the melt
as a main chloroaluminate species, as far as the available NMR
sensitivity permitted us to observe, its R, value is equal to ca. 1000
s7!at 35 °C.

On the other hand, the recovery curves do not show single
exponential decays for the many samples having their formal
composition located between the two stoichiometric compositions,
i.e., (i) at 62 = 2 mol % AICl; between 50 mol % AICl; (or at
the stoichiometry BPAICl;) and 67 mol % AICI; (or at the
stoichiometry BPAL,Cl,) (see Figure 2), (ii) at 72 & 1 mol % AICl,
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Figure 6. Temperature dependences of the spin-lattice relaxation rates
at 45 mol % AlCl,; (O) and 67 mol % AICI, (®). They are obtained from
the single exponential decays of the longitudinal recovery curves as shown
in Figures 1 and 3.

(see Figure 4) between 67 and 75 mol % AICI, (or at the stoi-
chiometry BPAL;Clyg), and (iii) at 79 mol % AICl; (see Figure
5) between 75 and 100 mol % AICl;. The observed free induction
decay (FID) consists of two signals, which result from the different
magnetization components for each main species, because each
relaxes to the equilibrium state at different rates. The non-sin-
gle-exponential recovery curve obtained by means of the accu-
mulation of FID at the time interval 74 between the last 90° pulse
and the onset of data acquisition does not give any individual
spin-lattice relaxation rates for each chloroaluminate species.?

Discussion

The relaxation rate of 2’Al in each chloroaluminate species is
determined by the NMR relaxation mechanism for spin transition
in each species and the probability of chemical exchange from
one species to another.

The NMR relaxation mechanism for an aluminum-27 nucleus
(spin I = %/,) is expressed in terms of the local electric field
gradients (efg), which show that the time dependence is caused
mainly by the reorientational motion of each chloroaluminate
species in the BPCI + AICI, melt. The local efg. established at
ZTAl nucleus originates chiefly from the electrostatic potential
arising from all of the charges in each chloroaluminate species
as well as from the unlike and like ions around the species of
interest.” On the way to the relaxation process, the chemical
exchange takes place under the equilibrium condition among the
CI” ion and chloroaluminate species such as AlCl,~, Al,Cl;,
ALClyy, and AL Clg in the molten BPCl + AICl; mixtures. The
probability for spin transfer from one species to another promotes
the NMR relaxation. The nonlinear nature of the recovery curve
(see Figures 2, 4, and 5) results from the sum of the magneti-
zations, which undertake the time evolution, for the individual
chloroaluminate species.

On the basis of the vibrational spectral results of the molten
BPCl + AICl; mixtures for the 50~66.7 mol % AICl;, the main
chloroaluminate species were assigned to the AICl,” and AL,Cl,~
jons.? In the basic melts up to 50 mol % AICl,, an equilibrium
constant for the dissociation

2AICHL = ALCL + CIF (2)

was determined to be of the order of 107134 there were no Raman
vibrational frequencies due to Al,Cl;™ present in the spectra of

(8) Hayashi, S.; Hayamizu, K.; Yamamoto, Q. J. Chem. Phys. 1982, 76,
4392,
(9) Ichikawa, K. J. Chem. Soc., Faraday Trans. 1 1979, 75, 113.

Matsumoto and Ichikawa

these metals. In the 2A1Cl;:BPCl melt (or the BPAL,Cl; melt),
the AICl,” ion is converted virtually completely to the Al,Cl; ion.?
In the melts from 50 mol % AlCl; to 67 mol % AlCl;, aluminum
undergoes a chemical exchange from the AICl,” ion to the ALCl,”
ion. The relaxation process of 2’Al in AICl,” changes itself into
the relaxation process in the Al,Cl;™ ion by the chemical exchange,
and vice versa. In the melts which consist of the main A and B
species, the relation between each number density of Al (IN°,
and N°;p) and each chemical exchange lifetime (7, and 73) is
expressed as'’

TAN®g = 73N°, (3)

because the predominant equilibrium reaction, such as eq 2, is
established for the media containing the BP cation. Hence, it is
necessary to investigate the relative importance of chemical ex-
change dynamics to the observed magnetization recovery curves.
In order to account for the non-single-exponential decays ob-
served in the recovery curves for the compositions located between
the two stoichiometries, we assume, for simplicity, the following
conditions: (i) If each of two or more overlapping resonances in
the 27 Al NMR spectra criginates from each chloroaluminate i
species, each distinct relaxation rate R,; can occur under the
individual time scales. (ii) The Bloch equation holds separately
for the recovery of the longitudinal component of magnetization
M, for each i species. By invoking the master equations for
populations, the coupled expressions for the time evolution of the
magnetization at sites A and B can be given as follows:!!

d(MZ,A - M°z,)/dr =
“(Rya* + WPap)(Mzp — M7 ,) + WPpa(Mzp— M°z5) (4)

and

d(Mzp - M°zp)/dr =
=(Ryp* + WPpa)(Mzp — M°7p) + W°,p(Mza— M°z,) (5)

Here, M, , and M3 are the time-dependent magnetizations in
a given site. The constants M°; , and M°;p indicate the equi-
librium values of the magnetization in each site. Furthermore,
R, »* and R, p* stand for the spin—lattice relaxation rates of each
site in the absence of chemical exchange from site A to B. Finally,
W® ap (WP3,) is the probability from site A to B (from site B to
A) and is defined in eq 3 because W°, g (W°3p,) is equal to the
inversion of 7, (7). Under the initial condition Mz, (r = 0)
= -M° , for the inversion-recovery sequence, the formal solution
of the differential equations 3 and 4 is given as

Mza(7) = M®7,(1 = 2 exp(=R) o7)) (6)

where « stands for A or B; R, , is expressed in terms of the
relaxation parameter R, ,* and the chemical exchange lifetime
7a (see Appendix). That is, R, 4 denotes the spin—lattice relaxation
rate of site A in the presence of the chemical exchange, where
R, 5 is equal to R o* when 7, is infinite, as shown in eq A1-A3.
The total longitudinal magnetization M of 7Al in the melt, which
consists of the main aluminate species of A and B, has the form

M;= 2 Mz, (7

a=AB

A three-parameter nonlinear least-squares analysis of the data
for the logarithmic recovery curves vs. 7, which show the non-
single-exponential decays (see Figures 2, 4, and 5), yields the
relaxation rates Ry 5 and Ry g and M°z,/(M°z4 + M°zp). Here,
parameters reproduced the experimental points as shown by each
dashed line in Figures 2, 4, and 5. The mole fraction X, of the
A sites is determined from the ratio of M°z ,/M°z3, in which
the correction of the time interval #; (100 us to ~300 us) has been
carried out. The assignment of the main ionic and molecular
chloroaluminate species in the melt was carried out with the aid
of the dependence of the apparent 2’Al line width Avy/, and the

(10) E.g.: Carrington, A.; McLachlan, A. D. “Introduction to Magnetic
Resonance”: Harper & Low: New York, 1967; p 204.

(11) Ellis, P. D.; Yang, P. P.. Palmer, A. R. J. Magn. Reson. 1983, 52,
254.



Aluminum-27 Spin-Lattice Relaxation Rate

A
104 —
E gt a n
+ . 4 .
o N [ ]
— . % a ]
L . -
b= / —
—0— P'a*
ot . A
08 ) .
K
—— ‘s
103_—' <] _:
Tk 3
§ - .
B B
I‘— -
e B
10°— / 3
- o 3
— 0.0 1
- 1
10 1 { 1 il J 1
30 40 50 60 70 80 30
mol % AlCly

Figure 7. Dependence of the individual spin-lattice relaxation rates R, ,
of each chloroaluminate « species on the formal composition at 35 °C.
The open and solid marks have been obtained from the nonlinear least-
square method: (O) AICl,", (@) ALCl;, (A) Al,Clyy, and (A) ALCls.
The three vertical arrows correspond to the BPAICI,, BPAI,Cl,, and
BPAI,Cly, stoichiometric compositions, respectively.

1.0 .
\_ / \
o/ B
o
|/ ‘A
\ e \
0=l
038 2 1\ 7
o ag /
=< \ ‘[‘
/ -
<
L \ \J /
|
005 40 50 eo 7 80 90
mol °fe AlCly

Figure 8. Dependence of the individual mole fractions X, of each «
species on the formal composition. Each mark is defined in Figure 7.

Raman frequency shifts on the formal compositions. Thus, we
can summarize as follows: (1) AICl,” and AL, Cl,™ exist between
51 and 66 mol % AlCL, (2) ALCl;"and AL, Cly™ between 68 and
74 mol % AICl,, and (3) AL;Cly,” and Al,Clg above 76 mol %
AlCl;. Figures 7 and 8 show the appreciable dependence of R, ,
and X, on the main ionic and molecular species, AlCl;", AL,Cly,
ALClyy, and ALClg, and on the formal compositions. The
magnitude of R,, is affected by the pair A and B and their
concentrations. the chemical exchange from site A to B and vice
versa promotes the relaxation of 2’Al, because the magnitude of
R, .* in the melt, which consists of a main chloroaluminate species
(i.e., Ryaicy,* = 55 s7! at the AlCl;-rich side of 50 mol % AICl;
and Ry aj,cr,-* = 1000 s at the stoichiometry BPALCl, or 67
mol % AlICly), is the minimum of R, for all the melts, which show
the predominant equilibrium reaction, such as eq 2. Up to 67
mol % AICl, the X, values of the AICl,” and Al,Cl; species are
qualitatively consistent with the potentiometric and Raman spectra
investigations. Near the stoichiometric composition (i.e., 67 mol
% AlICl,), the chloroaluminate anion is converted virtually to the
ALCl; ion. For compositions of less than 53 mol % AICl;, the
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FID intensity resulting from the Al,Cl;™ ion is almost absent.
Above 67 mol % AICl;, new results on the other Al,Cl,,” and
ALClg species were obtained. A probable peak in the X(AL;Cl;)
values locates near the stoichiometry BPAIL;Cly, (or 75 mol %
AIClLy): the Al Clq species is present in the AICl;-rich side of 75
mol % AICl,; as the main species.

At a given set of Ry 5, R, p, and 7,/7p values calculated from
eq 3 and after the assignment of each species, it is necessary to
determine the parameters R, ,*, R, 3*, and 7, (or 7p) using each
of the equations Al-A3 for sites A and B. In the present study,
the magnitude of the exchange lifetime 7, ranged above 5 X 107
s for the main species and was large enough in comparison with
the NMR time scale, which was equal to the inversion of the
resonance frequency (ca. 5-107%s). The chemical exchange rates
Wag® (i.e., the inverse of 7,) are comparable with the relaxation
rates, which ranged from 5 X 10' to 2 X 10*s™' (see Figure 7).
In the chloroaluminate melts, a remarkably slow exchange took
place between the two different species. There exist a number
of « species with a larger X, value which may not take part in
the chemical exchange process during 5T, while it takes ca. 5T
for the magnetization to relax until the equilibrium state.

The negative temperature coefficients of the relaxation rates
(see Figure 6), which are not affected by the chemical exchange
from one species to another, may be equivalent roughly to the
dependence of the experimental viscosity /T on the temperature,
because the 27Al nucleus in the complex ions relaxes to the thermal
equilibrium through molecular reorientation. We confirmed the
agreement between the temperature dependences of /T of the
molten AICl; and Inl, and R, of ¥Al in molten AICl; and !'¥In
in molten InI,,!? wherein their melts consist of the dymers AL, Cl,
and In,l, as the main species. The temperature dependence of
R, for the nucleus in the molecular species can be interpreted in
terms of the temperature dependence of 7. or n/7. This is because
the correlation time 7. characterizing the time scale of the fluc-
tuation of the local electric field gradients in nuclear quadrupolar
relaxation can be roughly evaluated from

47r}
T T ®
B

by assuming a rotating spherical molecule with radius 7,.'>  Our
conclusions concerning the individual relaxation rates are sum-
marized as follows: (i) R*(AICl,") =~ 5557 and R,*(AL,Cl;")
= 1000 s at 35 °C. (ii) The R, , values increase with increasing
the number of 2’Al nuclei in each species which has the same
charge at the given concentration (i.e., AlICl,~ < ALCl;, ALCl”
< ALClyg, and ALCl, < ALClg). (iii) The chemical exchange
from one species to another promotes the individual relaxations.
From the point of view of the available NMR sensitivity, the
typical species formation upon successive additions of AICl,, as
well as equilibria i-iii, can by summarized as follows.!*

<50 mol % AICl; AlCl,; (BPAIClL)
>50 and <67 mol % AICl; 2AICI,” = ALClL, + CI° (i)
=67 mol % AlCl; ALCl; (BPALCL)
>67 and <75 mol % AICl; 3A1,Cl;” = 2AL,ClL,; + CIm (ii)
=75 mol % AlCl; AlLClLy; (BPAILCL)
>75 and <100 mol % AICl; 2A1,Clyy~ = 3ALClg+ 2C1-  (iii)
=pure AlCl, ALCl,
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Appendix
R, 4 is the spin—lattice relaxation rate in the presence of

chemical exchange from A to B. It is given as follows:
D+ E'?

RI.A 2

(A1)

J. Am. Chem. Soc. 1984, 106, 4320-4324

where
1 1
D=R\*+Rp*+ —+— (A2)
TA 7B

and

E = (Rip* - Ryp*)* + (A3)

TATB
Under the condition that the probability for spin transfer from
site A to B (or B to A), W°,p (or W°y,), is equal to zero, Ry 5
is equal to R ,*. Because of this reason, if Ry ,* is larger than
Ryp*, Ry 4 is given as (D + E'/2)/2. The other way, if Ry p* is
larger than R 4*, Ry 4 is given as (D - E'/%)/2.

Registry No. Al, 7429-90-5; AlICl;, 7446-70-0; BPCI, 1124-64-7.
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Abstract: The methano! solution of 7-hydroxyflavone (7-HF) exhibits dual fluorescence (Ane; 410 and 530 nm) with very
short lifetimes at room temperature, and the 530-nm fluorescence shows two exponential decays at ~200 K (= = <0.2 and
0.7 ns). The long-wavelength fluorescence was ascribed to the excited-state tautomer generated by the excited-state proton
transfer in the hydrogen bonding complex of 7-HF with two methanol molecules (1:2), which was confirmed by the methanol
concentration dependence in tetrahydrofuran of the 530-nm fluorescence intensity. The transient absorption spectra of this
solution exhibit two transient absorption bands at 380 and 420 nm with short and long decay times (~400 ns and ~60 us)
in addition to the triplet-triplet absorption band (A, ~ 370 nm). These transient absorptions were attributable to two ground-state
tautomers generated by the excited-state proton transfer and relaxation. The first laser excitation of 7-HF in methanol induces
the formation of two unstable ground-state tautomers. The second dye laser excitation of the transient absorption bands delayed
from the first one affords two considerably different two-step laser excitation (TSLE) fluorescence spectra (Ap,, 525-530 and
515-520 nm) of the tautomers. Further, when delay times between the first and second laser pulses were varied (a variable
delay technique), the decay times of two ground-state tautomers were determined to be 450 ns and 50-60 s, which are consistent
with those obtained by the transient absorption spectroscopy. These TSLE fluorescence and transient absorption spectra
demonstrate that the excited-state proton transfer in the methanol solution of 7-HF may take place, forming two types of
phototautomers in the excited state and also in the ground state.

Two-step laser excitation (one or two colors) fluorescence as
one of the recent developments of the laser spectroscopy provides
us with the reaction kinetics and dynamics of unstable molecules.
Recently, a Bell Laboratories group reported the spectra and
kinetics of naphthylmethyl radical by means of two-color laser-
induced fluorescence experiments.! Further, Sitzmann, Wang,
and Eisenthal have also determined reaction rate constants of the-
triplet diphenylcarbene with alcohols by the two-pulse experiment
with UV picosecond pulses (one color).? At the almost same time,
Itoh et al.? have reported transient absorption and two-step laser
excitation (TSLE, two colors) fluorescence studies of the excit-
ed-state and ground-state proton transfer in the methanol solution
of 7-hydroxyquinoline (7-HQ).

Numerous investigations of the intra- and intermolecular ex-
cited-state proton transfer of the hydrogen bonding systems were
reported by nano- and picosecond fluorescence spectroscopy as
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well as conventional steady-state spectroscopy.*!!  On the other
hand, the transient absorption study that may provide us with
valuable information on the proton transfer not only in the excited
state but also in the ground state has only been reported in a few
papers.!21* Recently, Huston et al.!* have reported that 2-(2-
hydroxy-5-methylphenyl)benzotriazole in several solvents shows
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