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Extensive studies have been made of the absorption spectra
of dilute solutions of uranium(IV,VI) compounds in various
solvent media.1-5 These studies provide structural information
concerning the coordination environment of a uranium species
in different solvent systems. It is known that the electronic
f-f and charge-transfer transitions of uranium(IV) hexahalide
and uranyl halide complexes are very sensitive to variations in
the properties of a solvent system.1c,6 Since these electronic
transitions are electric-dipole forbidden in nature,4 the observed
electronic absorption bands arise from (a) magnetic-dipole
transitions; (b) electric-multipole transitions; and/or (c) relax-
ation of the selection rule for electric-dipole transitions.
Relaxation of the selection rule can be thought of as either a
static or a vibronic interaction. Hydrogen bonding between
uranium(IV) and -(VI) halide complexes and solvent is an
example of the static interaction, which can induce a distortion
of the symmetry of the uranium ion thereby resulting in the
relaxation of the selection rule. Relaxation of the selection rules
as described above is considered to be one rationale for the
sensitivity of the vibronic absorption bands of uranium(IV,VI)
compounds to variation in the hydrogen-bonding properties of
different solvents.
In the case of uranyl halide complexes, the linear oxo group

(UO2
2+) is directly involved in the hydrogen bonding via the

uranyl group (UdO) with H-X groups (e.g., H-O; H-N) of
the solvent.1c The high oxidation state of the uranium center
(+6) makes these hydrogen bonds derive appreciable thermo-
dynamic stability. Recently, H-N hydrogen bonding has been

employed in the design of new ligands which are capable of
discriminating and sequestering the uranyl ion from other metal
ions in solution.7 The oxo group is “recognized” using an
intramolecular hydrogen bond from the ligand to the uranyl oxo
group. This new ligand-design principle has been described as
stereognostic coordination chemistry by Raymond and co-
workers.7

The importance of hydrogen bonding in an ambient-temper-
ature melt composed of aluminum chloride and 1-ethyl-3-
methylimidazolium chloride (EMIC) has been described in the
literature.8 On the basis of IR measurements, Osteryounget
al.8a proposed that two-species, ion-pair interactions occur in
the basic melt, possibly involving distortion of the imidazolium
ring with hydrogen bonding between the hydrogen on the C(2)
carbon atom (Scheme 1) of the ring and the counteranions. The
strong hydrogen-bonding capability of the hydrogen covalently
bonded to the C(2) is due to the formal positive charge of C(2).9

The first objective of the present work is to verify the importance
of the hydrogen on C(2) of EMIC in hydrogen-bond formation
between the room-temperature melt and uranyl solutes. The
substitution of this hydrogen with a CH3 group should signifi-
cantly reduce the hydrogen-bonding capability of the melt. This
variation in the hydrogen-bonding capability should influence
the optical spectrum of uranyl ion dissolved in the melt.
Accordingly, we propose to use the optical spectrum of uranyl
ion to probe the variation of the hydrogen-bonding capability
of the different ambient-temperature melts. Our second objec-
tive is to investigate what effect this variation of the hydrogen-
bonding capability has on the thermodynamic properties of melts
(in our case, the solubility of UO3 in melts). We seek to
demonstrate the use of hydrogen bonding to tailor the solubility
of the uranyl compounds in nonaqueous molten salts. The melts
chosen for our investigations are composed of either EMIC or
1,2-dimethyl-3-propylimidazolium chloride (DMPIC, Scheme
1) mixed with AlCl3.
Uranium trioxide was prepared according to a standard

literature procedure.10 AlCl3 was purified as described previ-
ously.11 1-Ethyl-3-methylimidazolium chloride (EMIC) was
synthesized according to the procedure of Smithet al.12 DMPIC
was synthesized according to the procedure of Peirsma and
Wilkes13a and Gifford and Palmisano.13b All molten salt
solutions were prepared under a helium atmosphere in a drybox
with <1 ppmmoisture. All melt solutions were evacuated under
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vacuum overnight to remove potential proton impurities.14a

There were no differences between the spectrum measured using
the melt with phosgene pretreatment and that without phosgene
pretreatment.14b Crystals of Cs2ZrCl6 doped with UO2Cl42-

were grown by the Bridgeman technique from melts at 850°C
containing a stoichiometric mixture of ZrCl4 and CsCl with 1
mol % of Cs2UO2Cl4.5c UV-visible spectra were measured at
room temperature with a Cary 14H scanning spectrophotometer
interfaced to a PC for data collection and analysis via On-Line
Instrument Systems (OLIS) software and hardware. Samples
were loaded into a quartz cuvette (1 cm path length) with a
threaded glass cap.
Figure 1 shows the UV-visible spectra obtained by dissolving

UO3 into basic melts composed of EMIC/AlCl3 (AlCl3:EMIC
) 48:52) and DMPIC/AlCl3 (AlCl3:DMPIC ) 48:52), along
with that of UO2Cl42- doped in a Cs2ZrCl6 single crystal (Figure
1a). The spectra obtained by dissolving UO3 into the two basic
melts are normalized to the same maximum intensity and
overlaid together in order to highlight the differences between
them.
A basic melt is defined as one containing a molar excess of

the organic salt relative to AlCl3 while an acidic melt contains
a molar excess of AlCl3.15 Excess chloride ion in melts acts as
a Lewis base. The spectra obtained by dissolving UO3 in either
melt (Figure 1b,c) are independent of the pCl as long as the
mole ratio of AlCl3/EMIC or AlCl3/DMPIC is less than 1.
Furthermore, the general band patterns observed in the two
spectra (Figure 1b,c) are very similar to that of UO2Cl42- in

polar solvents such as concentrated HCl solution.1c Accord-
ingly, we assign the spectra in Figure 1b,c to those of uranyl
chloride species in these basic melts.
Although the spectra for the melts are similar to that of

UO2Cl42- doped into Cs2ZrCl6 (Figure 1b,c vs 1a), the relative
intensity of the vibronic bands changes greatly between the two
sets of spectra. UO2Cl42- is located in perfect octahedral sites
in the Cs2ZrCl6 crystal and experiences only weak Coulombic
interactions with its surroundings. The intensities of vibronic
transitions involving the simultaneous excitation of the uranyl
symmetric stretch during electronic transitions are expected to
be weak due to the forbiddenness of electric-dipole transitions.4a

The observed intensities are mostly induced by magnetic-dipole
transitions.4a However, these groups of vibronic transitions can
become electric-dipole allowed via a symmetry distortion (static
coupling) induced by intermolecular interactions such as
hydrogen bonding.4a,6,16 Accordingly, they are very sensitive
to the local environment of the uranyl ion.1b The selection rule
concerning electric-dipole transitions can also be relaxed via
intramolecular vibronic coupling (dynamic coupling) through
simultaneous excitation of unsymmetric vibrations during
electronic transitions.17,18 The intensities of the corresponding
vibronic transitions are relatively insensitive to the variation of
solvents because of the intramolecular nature of the dynamic
mechanism. Thus, the intensityratios of vibronic bands
involving excitation of the uranylsymmetricstretch to those
involving unsymmetricstretches in the single crystal should be
much smaller than vibronic bands in melt systems where the
interaction is expected to be much stronger and to involve not
only Coulombic interactions but also interactions with solvent
molecules. As is clearly seen in Figure 1, this assertion is
consistent with the experimental observation that the spectrum
of UO2Cl42- in the single crystal has a group of vibronic
transitions (marked with arrows in Figure 1) with lower relative
intensities than those in the spectra of UO2Cl42- in the room-
temperature melts. Accordingly, the above comparison between
the spectrum of the single crystal where no strong intermolecular
interactions exist and those of the melts where strong interaction
may exist identifies the vibronic bands associated with the
simultaneous excitations of the symmetric (e.g., p1 and p2 in
Figure 1) and unsymmetric vibrations (p3 and p4 in Figure 1).
Due to the broad line width and overlaps of several electronic
transitions, it is very difficult to identify the origins of the
transitions in these room-temperature spectra. However, we can
assign the bands in the range from 22 000 to 25 000 cm-1 to
transitionsΣg

+ f Φg andΣg
+ f ∆g, while the bands lower

than 22 000 cm-1 can be attributed to the transitions ofΣg
+ f

Πg andΣg
+ f ∆g. These assignments are based on detailed

low-temperature spectral studies by Denning.4a

The intensity ratios of vibronic bands involving only simul-
taneous excitation of symmetric vibrations to those involving
unsymmetric vibrations can be used as a gauge to measure the
strength of the interaction of UO2Cl42- with its surroundings.1c

This interaction scale is, to some extent, analogous to the PY
scale used to probe solvent polarity in organic chemistry.18,19

The greater the values of the ratios, the stronger the interaction
of UO2Cl42- with its surroundings. Accordingly, a qualitative
measure of the difference in hydrogen bonding between AlCl3/
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Figure 1. UV-vis electronic absorption spectra of UO2Cl42- in (a) a
Cs2ZrCl6 single crystal, (b) an AlCl3/EMIC melt, and (c) an AlCl3/
DMPIC melt.
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EMIC and AlCl3/DMPIC melts can be determined by a defined
parameter which is a function of these ratios. Since the origin
of the intensity variation in our uranyl spectra is the same as
that of the PY scale in organic chemistry,18,19we use the similar
intensity ratio formulaIp1/Ip3 or Ip2/Ip4 as the PY scale to measure
the degree of the interaction, whereIp1, Ip2, Ip3, and Ip4 are
adsorption intensities of bands p1, p2, p3, and p4. The parameter
determined from intensity ratios of the band p1 to p3 and band
p2 to p4 for spectrum b in Figure 1 are 1.088 and 1.084, which
are larger than the corresponding values (1.002 and 1.031) for
spectrum c. This indicates that UO2Cl42- interacts much more
strongly with EMI+ than DMPI+. The enhancement in the
interaction for EMI+ can be attributed to its ability to form
hydrogen bonds through the hydrogen at C(2).
The UV-visible spectrum of UO2Cl42- can also be used to

quantitatively determine the solubility of UO3 in AlCl3/EMIC
and AlCl3/DMPIC melts. Molar absorption extinction coef-
ficients for UO3 dissolved in these melts were measured for
samples made to ensure complete dissolution of the solute. With
the absorption coefficients thus determined, the solubilities of
UO3 in the melt at various temperatures can be accurately
determined via the Lambert-Beer law and are listed in Table
1. The solutions used in the solubility determination were
equilibrated with solid UO3 for 48 h before measurement. As
seen from Table 1, the solubility of UO3 in the DMPIC/AlCl3
melt is much smaller than that in the EMIC/AlCl3 melt at all
temperatures investigated. This difference in solubility of UO3

correlates well with the difference in hydrogen-bonding capa-
bilities for these two melt systems. Enhancement of the
solubility of a solute through tailoring of the hydrogen-bonding
properties of solvents is, to some extent, identical to the strategy
used by Raymond and co-workers7 to increase the complexation
constants of ligands via the introduction of hydrogen bonding.
The above countercation effect on the solubility of the anionic
solute species in the room-temperature melts is a further
extension of our recent observation that the solubilities of oxides
in inorganic high-temperature ionic chloride melts strongly
depend on the interaction between the solute chloride complex
and the solvent cation.5b
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Table 1.Solubilities of UO3 in AlCl3/EMIC (48/52) and AlCl3/
DMPIC (48/52) Melts at Two Temperatures

solubility (M)

temp,°C AlCl3/EMIC AlCl3/DMPIC

55 1.716× 10-2 nondetectable
65 2.458× 10-2 1.010× 10-2
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