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Tris-carboxylate complexes of uranyl [UO2]
2� with acetate and benzoate were generated using

electrospray ionization mass spectrometry, and then isolated in a Fourier transform ion
cyclotron resonance mass spectrometer. Wavelength-selective infrared multiple photon disso-
ciation (IRMPD) of the tris-acetato uranyl anion resulted in a redox elimination of an acetate
radical, which was used to generate an IR spectrum that consisted of six prominent absorption
bands. These were interpreted with the aid of density functional theory calculations in terms
of symmetric and antisymmetric �CO2 stretches of the monodentate and bidentate acetate,
CH3 bending and umbrella vibrations, and a uranyl O–U–O asymmetric stretch. The comparison
of the calculated and measured IR spectra indicated that the predominant conformer of the
tris-acetate complex contained two acetate ligands bound in a bidentate fashion, while the third
acetate was monodentate. In similar fashion, the tris-benzoate uranyl anion was formed and
photodissociated by loss of a benzoate radical, enablingmeasurement of the infrared spectrum that
was in close agreement with that calculated for a structure containing one monodentate and two
bidentate benzoate ligands. (J Am Soc Mass Spectrom 2010, 21, 719–727) © 2010 Published by
Elsevier Inc. on behalf of American Society for Mass Spectrometry

The structure and reactivity of uranyl (UO2
2�)

carboxylate complexes have been subjects of on-
going experimental and theoretical investigations

because these species influence uranium disposition in
industrial processes, in the environment, and in biolog-
ical systems. Compounds like oxalic acid and ethyl-
enediamine tetraacetic acid are used to coordinate ura-
nium in industrial settings, while carboxylate functional
groups in humates and siderophores coordinate with
uranium in natural environments. The widespread
importance of the carboxylate functional group has
spurred detailed binding investigations that have fre-
quently utilized acetate and benzoate as model com-
pounds for carboxylates found in more complicated
systems.
The mode of acetate coordination is highly depen-

dent on the chemical environment of the coordination
complex. The antisymmetric (�asym) and symmetric
(�sym) O–C–O vibrations, together with the difference
��asym-sym, have been shown to be indicative of the
strength of coordination, and the mode of binding,
which can be monodentate or bidentate. In aqueous
solution, the majority of values reported for these

frequencies were indicative of bidentate acetate coordi-
nation, with �asym ranging from 1527 to 1538 cm�1, �sym
from 1467 to 1466 cm�1, and ��asym-sym from 72 to 60
cm�1 [1–4]. However, additional �asym and �sym vibra-
tional frequencies have been measured that range from
1595 to 1603 and 1389 to 1390 cm�1 (��asym-sym �
206–213 cm�1) and are indicative acetate coordinated in
a monodentate [1, 2], or “pseudobridging” coordina-
tion, in which one O atom of OAc was coordinated to
the U metal center, while the second was hydrogen
bound to a geminal H2O [4]. For the UO2(OAc)3

� in an
organic solvent (CH2Cl2), the �asym and �sym values
were similar to those in aqueous media, at 1548 and
1461 cm�1, respectively, and ��asym-sym � 87 cm�1,
indicative of bidentate coordination [2]. Bidentate coor-
dination is also seen in the IR spectra of crystalline
uranyl acetate compounds: the �asym and �sym values for
Na[UO2(OAc)3] were 1537 and 1472 cm

�1 (��asym-sym
value of 65 cm�1), [5] and in this salt the binding mode
was confirmed by the crystal structure [6]. The inter-
pretation of the IR spectrum of crystalline UO2(OAc)2-
2H2O also indicates bidentate coordination (�asym and
�sym at 1513 and 1477 cm

–1 (��asym-sym of 36 cm
�1)) [2].

The crystal structure revealed that half of the acetate
was coordinated in a bidentate form, and the rest of the
acetate bridges between adjacent uranyl molecules [7],
which suggests that the carboxylate frequencies for a
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bridging monodentate differ from monodentate ligands
found in solution-phase complexes. These prior studies
of the carboxylate stretches show the utility of IR for
evaluating coordination mode, and also show that the
chemical environment of the uranyl acetate exerts a
strong influence on the nature of acetate coordination.
Changes in the acetate O–C–O frequencies are mir-

rored by those seen in the uranyl moiety, which exhibits
a strong, sharp asymmetric O–U–O vibration (�3) be-
tween 900 and 1000 cm�1. The �3 frequency inversely
trends with ligand binding strength, viz., the stronger
the ligand binding to the uranyl metal center, the lo-
wer the �3 value. The uranyl moiety also displays a
symmetric stretching mode (�1), but because of the
pronounced tendency of this molecule to be linear, the
�1 vibration is not usually seen in the IR spectrum. On
account of the chemically diagnostic value of the uranyl
frequencies, measurements have been widely reported.
Solution phase measurements tend to produce values
between 919 and 930 cm�1, with higher values corre-
sponding to complexes containing a monodentate ace-
tate, while the lower values contained only bidentate
acetates [1–4]. The tetrabutylammonium [UO2(OAc)3]

�

salt dissolved in methylene chloride gave a slightly
lower value at 922 cm�1 [2]. While the variations in the
�3 stretch tend to be small, they also indicate the
presence of multiple isomeric complexes in solution, a
conclusion consistent with the findings of Nguyen-
Trung et al., who studied the symmetric uranyl stretch
(�1) for the uranyl-acetate system. The spectra indi-
cated the presence of species having bidentate and
monodentate acetate ligands, and that the relative
concentrations of these species varied depending on
the total solution concentration and pH [8]. In com-
paring coordination in solution with the crystalline
phase, the spectrum of crystalline NaUO2(OAc)3 pro-
duced a �3 value of 931 cm

�1 [2], suggesting slightly
weaker binding.
As in the case of acetate, infrared spectroscopy of

metal coordinated benzoate is consistent with bidentate
coordination, with C6H5CO2

� carboxylate �asym and �sym
values that range from 1552 to 1554, and 1395 to 1413
cm�1, respectively, and ��asym-sym values ranging from
139 to 158 cm�1 [9–13]. A sharp peak at 1599 cm�1 is
attributed to aromatic C–C stretching [10].
Uranyl acetate complexes in which the ligands were

both monodentate and bidentate have been observed
using X-ray absorption spectroscopy [14]. Extended
X-ray absorption fine structure spectroscopy (EXAFS)
showed that monodentate and bidentate coordination
in solution can be differentiated on the basis of differ-
ences in the U–Oaxial bond distances, and that the
coordination mode was influenced by the solution
chemistry and complex stoichiometry. Bidentate coor-
dination is favored in mono-acetato complexes [15], low
OAc/UO2 ratios, and low pH [16]. For bis-acetato
complexes, EXAFS has also indicated bidentate coordi-
nation [17], however not all studies have reached defin-
itive conclusion regarding these complexes [15]. Mono-

dentate complexes tend to be formed at higher pH
values and higher OAc concentrations [16]. Signifi-
cantly, in solution multiple complexes are always
present, which complicates interpretation.
In a more complicated biological molecule, mono-

dentate coordinated carboxylate can be favored as in-
dicated by EXAFS and IR studies of uranyl–humic acid
complexes [18] that were compared with results from
tris-acetato and tris-benzoato solids. Comparisons of the
U-Oequatorial distances and the ��asym-sym splitting were
interpreted in terms of monodentate coordination in the
humic acid complexes, bidentate coordination in solid
Na[UO2(OAc)3], and benzoate coordination that is
bridging monodentate in solid [UO2(OBz)2]; in the
latter, one of the carboxylate O atoms is bound to a U
atom, while the other is bound to an adjacent U atom in
the crystal structure [16]. The bidentate coordination
concluded for Na[UO2(OAc)3] agreed with the previ-
ously measured X-ray crystal structure [6, 19]. Interest-
ingly, EXAFS of crystalline [UO2(OAc)2•2H2O] showed
both monodentate and bidentate coordination: one ac-
etate is bidentate, while the other two are bridging
monodentate [7, 15].
Uranyl carboxylates have also been the subject of

several computational studies that have produced fre-
quency trends for uranyl �3 values that were consistent
with those expected based on ligand nucleophilicities.
Ray and coworkers used DFT to study uranyl com-
plexed with benzoate and four H2O ligands [20], and
showed that the monodentate complexes were pre-
dicted to have energies slightly lower than the biden-
tate, as a result of stabilizing hydrogen bonding be-
tween the non-coordinating benzoate O atom and
adjacent H2O. However, when entropy changes were
included, bidentate coordination was preferred. More
recently, de Jong and coworkers calculated structure
and frequencies of the [UO2(OAc)3]

� complex [21], in
which all the acetate ligands are attached to the uranyl
metal center in a bidentate fashion producing a coordi-
nation complex of D3h symmetry. The DFT calculations
can provide excellent insight into the prior experimen-
tal measurements, yet in general they do not yet ac-
count for the highly varied chemical neighborhoods in
which the measurements were made, and so compari-
sons with the condensed phase are frequently difficult
to make.
By moving the uranyl complexes into the gas-phase,

the influences of neighboring molecules can be miti-
gated, which can enable a cleaner measurement of the
vibrational spectra of uranyl complexes. Charged ura-
nyl coordination complexes can be formed using
electrospray-ionization (ESI), which has proven to be a
highly versatile means for introducing these species
into the gas phase. Recent research by our group
[22–26], that of Moulin [27, 28], and Pasilis [29] have
demonstrated the great utility of ESI for forming a
variety of dioxouranium V and VI complexes. ESI
usually produces multiple species, however, complexes
of interest can be isolated on the basis of mass-to-charge
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ratio using selective ion ejection/storage capabilities of
a trapped ion mass spectrometer. Once discrete com-
plexes are isolated, infrared spectra can be measured
using an action spectroscopy approach in which photon
absorption can be monitored by measuring the yield
of fragmentation products formed from wavelength-
selected infrared multiple photon photodissociation
(IRMPD) [30–32]. IRMPD requires deposition of a suf-
ficient number of photons into the uranyl carboxylate
complexes to effect photodissociation, and for this, a
high-intensity free electron laser that is tunable across
the mid-IR is needed. In these studies, the IR photons
are provided by a free electron laser (FELIX), which is
capable of delivering an intense IR beam to a Fourier
transform ion cyclotron resonance mass spectrometer
[33–37] that was used to trap and isolate the uranyl
carboxylates. This experimental combination has been
used to measure IR spectra of discrete metal–ligand
complexes [33–35, 38, 39] by recording complex disso-
ciation as a function of wavelength. The IRMPD spectra
that are produced usually bear close resemblance to a
conventional linear absorption measurement.
Several prior studies of uranyl complexes have shown

that quantitative measurements can be made that reflect
changes in ligand binding, specifically the effect of the
number of ligands, and the relative nucleophilicity of
the ligands [40–42], while a later study focused on
the influence of formal reduction of the uranyl moiety
from the VI oxidation state to U(V)O2

� [43]. In the
present study, we describe the IR spectra of uranyl
tris-acetate and tris-benzoate complexes together
with complementing DFT studies.

Experimental

Generation of Nitrate Complexes by ESI

The complexes studied were generated in a Fourier
transform ion cyclotron resonance mass spectrometer
that was designed and constructed for use with the free
electron laser (see below). The mass spectrometer was
equipped with a commercial Z-spray electrospray ion-
ization source (Micromass, Manchester, UK) that pro-
duced ions at atmospheric pressure in a spray plume
orthogonal to a sampling cone. The operating parame-
ters of the ESI source were very similar to those used in
the recent investigations of the tris-nitratouranyl com-
plexes [44]. The solutions used in these experiments
were 2 mM uranyl nitrate in water (Aldrich, Milwau-
kee, WI, USA), diluted 1:1 dilution with methanol, such
that the metal concentrations were �1 mM. The solu-
tions were further amended with a few microliters of
acetic or benzoic acids, which resulted in formation of
the tris-carboxylate anions as a result of their stronger
nucleophilicity compared with nitrate. Spray rates were
between 10 and 25 �L/min.

Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (FT-ICR-MS) [33–35]

Ions were accumulated in an external hexapole for
about 500 ms before being injected into the ICR cell.
Abundant ions corresponding to [UO2(OAc)3]

� or
[UO2(OBz)3]

� (where OAc and OBz represent acetate
and benzoate) were formed at m/z 447 and 633, respec-
tively, and isolated for IRMPD study using a stored
waveform inverse Fourier transform (SWIFT) pulse
[45], which ejected all species except those having the
desired mass.

Infrared Multiple Photon Dissociation (IRMPD)

In general, infrared spectra of the tris-carboxylate coor-
dination complexes were collected by monitoring the
efficiency of IRMPD as a function of photon energy. In
this experiment, isolated ionic complexes were irradi-
ated using two FELIX macropulses (60 mJ per macro-
pulse, 5 �s pulse duration, bandwidth 0.2%–0.5% of
central �). When the laser frequency matches that of a
normal vibrational mode of the gas-phase ion, energy is
absorbed and subsequently distributed throughout the
ion by intramolecular vibrational redistribution (IVR).
The IVR process allows the energy of each photon to be
“relaxed” before the absorption of the next, and thus
allows promotion of the ion’s internal energy to the
dissociation threshold by multiple photon absorption
[46]. The exact number of photons absorbed by the
trapped complexes is not known, but is estimated to be
about tens to hundreds, delivered over a 10 �s time
frame. This is long enough for rearrangements to occur,
however, prior studies have shown that the infrared
spectra obtained using the IRMPD method presented
here are comparable to those obtained using linear
absorption techniques [35, 39, 44].
To produce infrared spectra, the free electron laser

was scanned in 0.01 to 0.04 �m increments between 6
and 12.5 �m, measuring product ions and undissoci-
ated precursor ions using the excite/detect sequence of
the FT-ICR-MS [47] after each IRMPD step. The IRMPD
yield was normalized to the summed fragment ion
yield and corrected for variations in FELIX power over
the spectral range, then plotted as �log(1-photofragment
yield) versus wavelength.

Molecular Structure, Energetics, and Frequency
Calculations using Density Functional Theory

DFT calculations of structures, energies, and harmonic
frequencies for both [UO2(OAc)3]

� and [UO2(OBz)3]
�

were performed with the NWChem [48, 49] software
running on the Chinook Supercomputer at the EMSL.
No symmetry was applied to the structures during the
optimization calculations. The hybrid B3LYP density
functional [50] was chosen, and no scaling was applied
to the presented frequencies. For uranium, the small
core Stuttgart RSC ECP and associated Stuttgart orbital
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basis sets [51–58] were utilized, while Dunning’s aug-
mented correlation consistent valence triple zeta (aug-
cc-pvtz) [59] were used for the hydrogen, carbon, and
oxygen atoms. In all cases, spherical basis sets were
employed.

Results and Discussion

IRMPD of [UO2(OAc)3]�

The negative ESI mass spectrum of the millimolar
uranyl nitrate amended with acetic acid produced
an abundant ion at m/z 447 that corresponded to
[UO2(OAc)3]

�, the formation of which reflects the stron-
ger affinity of acetate for uranyl compared with nitrate.
In addition, lower abundance peaks at m/z 450 and 453
were seen, which represented substitution of one and
two nitrate ligands for the corresponding number of
acetates. Isolation of the tris-acetate was accomplished
using a SWIFT pulse sequence, which eliminated all
other ions from the FT-ICR-MS. IRMPD of the tris-
acetato complex resulted in elimination of an acetate
radical to formm/z 388, along with other significant ions
at m/z 346, 344, and 327 that arose from serial fragmen-
tation reactions during IRMPD (Figure 1). The m/z 388
photofragment was used to generate the IR spectrum
(Figure 2).
The IRMPD spectrum is indicative of a structure

containing two bidentate ligands, and a single mono-
dentate ligand (the (mono,bis-bi)dentate complex). The
conclusion is principally based on the presence of two
sets of peaks that are attributable to �asym and �sym
stretches in both bidentate and monodentate coordi-
nated acetate. Possibly, there is a contribution from a
conformer in which all three acetate ligands are biden-
tate, as the �asym and �sym peaks from bidentate acetate
are at about the same frequency in both conformers.
However, if this were the case, then the bidentate
stretches would be expected to be more intense (i.e.,
what would be produced by a linear combination of the
spectra in Figure 2b and c), and this is not the case.
Therefore, any contribution from a tris-bidentate con-
former is at most minor. The bidentate carboxylate
peaks are observed at 1565 and 1450 cm�1 (Figure 2a,
Table 1), as suggested by their proximity to the �asym
and �sym stretches in the IR spectra of condensed phase
acetate-uranyl complexes, and by DFT results (vide

infra). Comparing the gas-phase spectrum with prior
condensed phase IR frequencies [1–4, 60, 61], the �asym
is about 30 cm�1 higher in the gas phase, and the �sym is
about 15 cm�1 lower. The ��asym-sym value of 115 cm

�1 is

Figure 1. Mass spectrum generated by IRMPD of [UO2(OAc)3]
�

that was isolated and stored in the ICR cell. Photodissociation was
carried out by irradiation at 1450 cm�1.

Figure 2. (a) IRMPD of [UO2(OAc)3]
�. (b) DFT-generated spec-

trum for the mono-,bis-bidentate complex (see Figure 3a). (c)
DFT-generated spectrum for the tris-bidentate complex (Figure
3b). Computed harmonic frequencies are unscaled.

Table 1. Calculated frequencies and mode assignments of the
most intense vibrations in the IR spectra of [UO2(Oac)3]

–. A
complete listing of calculated frequencies is found in Table 1S

IRMPD

DFT

Vibrational mode(mono, bis-bi) tris-bi

1680 1704 n/a Monodentate OAc, CO2
asymmetric stretch � HCC
bend

1565 1589 1606 Bidentate OAc, CO2
asymmetric stretch � HCC
bend

1574 1605 Bidentate OAc, CO2
asymmetric stretch � HCC
bend

1450 1488 1489 Bidentate OAc, C-C stretch �
CO2 symmetric stretch �
HCC bend

1486 1487 Bidentate OAc, C-C stretch �
CO2 symmetric stretch �
HCC bend

1466 1462 Bidentate OAc, C-C stretch �
CO2 symmetric stretch �
HCC bend

1460 1460 Bidentate OAc, C-C stretch �
CO2 symmetric stretch �
HCC bend

1360 1387 n/a Bidentate OAc, CH3 bend
1286 1308 n/a Monodentate OAc, CH3

umbrella and C-C stretch
1007 1032 n/a Bidentate OAc, CH3 rock �

OCO out-of-plane bend
929 944 942 O�U�O asymmetric stretch

941 935 O�U�O asymmetric stretch
937 933 O�U�O asymmetric stretch
933 n/a O�U�O asymmetric stretch
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55–60 cm�1 greater than that observed for bidentate
coordinated acetate in solution [1, 2, 4, 61], suggesting
that the ligands are more weakly bound in the gas
phase, since the ��asym-sym tends to vary inversely with
metal-carboxylate binding strength [13].
The second set of carboxylate stretches are observed

at 1680 and 1286 cm�1 and are the �asym and �sym
stretches derived from monodentate-coordinated car-
boxylate, with a large ��asym-sym value of nearly 400
cm�1. A comparison of the frequencies of the analogous
stretches measured in the condensed phases for what
are thought to be monodentate acetate [1, 2, 4, 61] show
that the gas-phase �asym value is blue shifted by about
80 cm�1, while the �sym is red shifted by slightly more
than 100 cm�1. Thus, while these frequencies do not
closely resemble those assigned to monodentate acetate
in the condensed phase, they begin to approach values
measured for gas-phase acetic acid [62], in which the
proton is not considered to be evenly shared by the
oxygen atoms [63].
The other significant peak seen in the IRMPD spec-

trum is at 929 cm�1, which is the asymmetric uranyl �3
stretch at a frequency very similar to those recorded in
aqueous solution [1, 3, 4]. Values for this frequency
have been widely used by our group to evaluate the
relative binding of equatorial ligands, both in terms of
variable numbers of donor ligands and in terms of
ligand nucleophilicity. The value of 929 cm�1 is 20 cm�1

lower than the value measured for the tris-nitratouranyl
[44], demonstrating the superior donor ability of the
acetate anion compared with nitrate. The tris-acetato �3
value is also 15 to 20 cm�1 lower than values measured
for singly ligated U(V)O2

�-alcohol complexes [43].

The DFT calculations for the tris-acetate complex
produced two structures having nearly equivalent en-
ergies: a tris-bidentate conformer was a mere 0.5 kcal/
mol lower in energy than a (mono,bis-bi)-dentate con-
former (see supplementary material, which can be
found in the electronic version of this article). The
energetic preference notwithstanding, the IR spectrum
calculated for the (mono,bis-bi)dentate complex (Figure
3a) was in strong agreement with the IRMPD spectrum.
An intense band at 1704 cm�1 that corresponds to the
�asym stretch for the monodentate acetate, in good
agreement with the measured value of 1680 cm�1. DFT
tends to over-predict ligand frequencies, and modest
scaling would adjust the monodentate �asym to a slightly
lower value, leading to closer agreement with the
measurement. The other vibration that is derived from
the monodentate acetate ligand is calculated at 1308
cm�1, which correlates with the �sym of the carboxylate
group that is strongly coupled with CH3 deformation
and C-C stretching modes.
DFT peaks calculated at 1588 and 1460 cm�1 for the

(mono,bis-bi)dentate complex correspond to the �asym
and �sym vibrations of the bidentate acetate ligands, and
are just over 20 cm�1 higher than the IRMPD measured
values (as in the case of the monodentate acetate). The
other two notable stretches in the calculated spectrum
are found at 1386 cm�1 and 942 cm�1. The former is
derived from the CH3 bend of the monodentate acetate,
while the latter is the uranyl �3. Like the carboxylate
stretches, both of these are at slightly higher frequency
compared with the IRMPD spectrum.
The IR spectrum calculated for the tris-bidentate

conformer (Figure 2c and Figure 3b) is dissimilar from
the spectrum calculated for the (mono,bis-bi)-dentate
conformer, and from the IRMPD spectrum, in that it
lacks carboxylate stretches derived from monodentate
acetate. The spectrum for the tris-bidentate conformer
contains strong absorptions at 1605 and 1462 cm�1 that
correspond to the �asym and �sym stretches of bidentate-
coordinated acetate ligands. Note that the ��asym-sym
value of 143 cm�1 is slightly greater than that calculated
for the (mono,bis-bi)-dentate conformer, suggesting
that overall the strength of bidentate acetate binding is
lower in this compound. Even with this being the case,

Figure 3. Structures for tris(acetato)uranyl complex calculated
using DFT. (a) (mono,bis-bi)-dentate isomer. (b) tris-bidentate
isomer.

Table 2. Bond lengths and angles, for calculated (mono-,
bis-bi)-dentate, and tris-bidentate OAc conformers. Calculated
coordinates are provided in Tables 2 and 3S

Bond lengths, angles
(mono,bis-bi)-

Dentate
tris-

Bidentate

U-Oequatorial, monodentate
OAc

2.236 Å n.a.

U-Oequatorial, bidentate
OAc,

2.470 – 2.500 Å 2.515 Å

U-Oaxial 1.781 Å 1.779 Å
/ O-U-O 178.19o 179.99o

/ Cbidentate-U-Cbidentate 130.61o 120.00o

/ Cbidentate-U-Oequatorial,
monodenate

110.56o, 118.83o n.a.
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the calculations suggest that the total electron density
contributed to the uranium metal center is slightly
greater for the tris-bidentate conformer, because the
uranyl �3 at 940 cm

�1 is slightly lower in frequency than
the corresponding band in the (mono,bis-bi)dentate
conformer.
Comparisons of the structural parameters calculated

for the two conformers (Table 2) support the conclu-
sions derived from the comparisons of the ��asym-sym
and uranyl �3 values, viz., that the bidentate acetate
ligands are slightly more loosely bound in the tris-
bidentate conformer, and the overall electron dens-
ity donated to the uranyl molecule is greater. The
U–Oequatorial bond lengths for the bidentate acetate
ligands are slightly shorter in the (mono,bis-bi)-dentate
conformer, and the U–Oaxial bond length is slightly
longer. The presence of the monodentate acetate also
distorts the overall symmetry of the complex, in that the
angle between the two bidentate acetate ligands in-
creases to around 130o, compared with 120o in the
tris-bidentate molecule. The presence of the mono-
dentate OAc in the (mono,bis-bi)-dentate conformer
also distorts the linearity of the uranyl moiety, such that
the Oaxial–U–Oaxial bond angle is decreased to 178.17
from 180.00 in the tris-bidentate conformer. The axial O
atoms are pushed away from the monodentate acetate.

IRMPD of [UO2(OBz)3]�

IRMPD of [UO2(OBz)3]
� at m/z 533 generated three

salient fragment ions: [UO2(OBz)2]
� at m/z 512 by

elimination of a benzoate radical, [UO2(OBz)2-H]
� at

m/z 511 by elimination of benzoic acid, and [UO2(OBz)-
H]� at m/z 390 by elimination of the benzoate radical
plus benzoic acid. The IRMPD spectrum was generated
by summing the intensities of these three dissociation
channels to maximize signal-to-noise. We note that two

of the three channels are above the dissociation thresh-
old, and inclusion of higher energy channels can pro-
duce red shifts in the IRMPD peaks, however, in this
case this effect was modest (zero to a few cm�1).
The IRMPD spectrum contained multiple bands,

which were assigned on the basis of comparisons with
the spectrum of sodium benzoate in the NIST database
(Figure 4a), and with spectra generated using DFT
(Figure 4b, c, vide infra). The comparison with sodium
benzoate [62] and the IRMPD spectrum shows a near
perfect agreement with six different peaks correspond-
ing to the C�C aromatic stretch at 1597, the �asym and
�sym stretches of the carboxylate at 1551 and 1419, the
CO2 bend at 849, and the out of plane deformations at
711 and 684 cm�1 (Table 3) [9, 11, 13]. The �asym and �sym
frequencies measured at 1551 cm�1 and 1419 cm�1

(��asym-sym � 132 cm�1) are assigned as bidentate-
coordinated benzoate. These values are very similar to
those measured in the spectrum sodium benzoate [11],
indicating that the coordinated uranyl is binding with
the benzoate ligand to about the same extent as a
sodium cation. However, the ��asym-sym for bidentate
OBz in the present uranyl complex not quite as large as
values in the spectra of potassium, rubidium, or cesium

Figure 4. (a) IRMPD of [UO2(OBz)3]
- (solid trace), plotted with the

NIST spectrum ofNaOBz (dotted trace). (b) DFT-generated spectrum
for the (mono-,bis-bi)-dentate complex (see Figure 5a). (c) DFT-
generated spectrum for the tris-bidentate complex (Figure 5b).

Table 3. Calculated frequencies and mode assignments of the
most intense vibrations in the spectra of [UO2(OBz)3]

–. A
complete listing of calculated frequencies is found in Table 4S

IRMPD

DFT

Vibrational mode(mono, bis-bi) tris-bi

1674 1691 n/a Vasym, CO2 stretch
monodentate OBz (non-
bonding C�O)

1597 1633 1638 C�C stretches and
bidentate O-C-O
asymmetric stretch

1637 C�C stretches benzene ring
1551 1572 1584 Vasym, CO2 stretch bidentate

OBz
1562 1584 Vasym, CO2 stretch bidentate

OBz
1419 1458 1452 Vsym, CO2 stretch bidentate

OBz
1450 1451 Vsym, CO2 stretch bidentate

OBz
1307 1339 n/a Vsym, stretch of bonding CO

on monodentate OBz
1325 Vsym, stretch of bonding CO

on monodentate OBz
938 947 948 V3, UO2 asymmetric stretch
849 858 864 CO2 bend coupled with UO2

symmetric stretch
711 732 739 CO2 and CH out of plane

bend
731 CH and CO2 out of plane

bend
725 CO2 bend (bidentate OBz)

and CH in plane bend
684 697 699 CO2 symmetric or out of

plane deformation
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[13]: the general trend noted is that as the coordinated
cation becomes softer, the ��asym-sym value becomes
larger. Based on the values measured for the monoden-
tate carboxylates in this study, this suggests that coor-
dination becomes more monodentate-like as the cation
binding becomes softer.
The peaks at 1674 and 1307 cm�1 assigned to

monodentate-coordinated benzoate: note that the �asym
and �sym values are similar to those seen for the mono-
dentate acetate (vide supra), and that the ��asym-sym
(367 cm�1) is also similar. It is informative to compare
the measured �asym and �sym frequencies with those
measured for gas-phase, non-complexed benzoate [64],
and benzoic acid [62]. The �asym, �sym, and ��asym-sym
values are 1624 cm�1, 1309 cm�1, and 315 cm�1, (respec-
tively) for non-complexed benzoate, and 1770 cm�1,
1353 cm�1, and 417 cm�1 for benzoic acid. The mea-
sured values for the monodentate-coordinated uranyl
benzoate are intermediate between these two bench-
mark values, indicating significantly more free C�O
character than in the non-coordinated benzoate, but not
as much as in benzoic acid.
The asymmetric uranyl stretch is measured at 939

cm�1, a value slightly higher than that for the tris-
acetatouranyl complex (�3 � 929 cm�1). This indicates
that the benzoate is bound slightly less tightly com-
pared with the acetate, which is consistent with the facts
that benzoic acid is a stronger acid than acetic acid, and
that benzoate is a weaker nucleophile than is acetate.
Benzoate is a stronger nucleophile than is nitrate, as
reflected by the fact that the �3 for the tris-benzoate is

less than that for the tris-nitrate complex (�3 � 949
cm�1) [44].
The IR spectra generated by DFT are in good ag-

reement with the conclusion that the gas-phase
[UO2(OBz)3]

� complex has a (mono,bis-bi)-dentate
structure. All nine of the salient peaks are reproduced
by the calculations (Figure 4b), albeit at higher fre-
quency by �15 to 40 cm�1 (as in the case of the
tris-acetato complex). This is not unexpected as no
scaling has been applied to the computed harmonic
frequencies. The contributions made by the monodentate-
coordinated benzoate are highlighted by a compari-
son of the spectra calculated for (mono,bis-bi)-dentate
and tris-bidentate conformers (Figure 4b, c). The two
spectra are nearly identical, with the glaring exception
of peaks at 1691 and 1325-1329 cm�1 that are not
present in the tris-bidentate spectrum. Interestingly, the
zero point corrected energy of the (mono,bis-bi)-dentate
conformer is 1.6 kcal/mol higher than the tris-bidentate
version. Possibly, a fraction of the population consists of
the tris-bidentate conformer, which in fact is suggested
by the fact that the �sym peak for the bidentate
benzoate is a bit more intense in the IRMPD spectrum
than predicted by the IRMPD spectrum of the (mono,
bis-bi)-dentate conformer. A more intense bidentate
�sym peak would be expected by a combination of the
spectra calculated for the (mono,bis-bi)-, and tris-
bidentate conformers (a combination of spectra in
Figure 4b, c).
The structure calculated for the tris-bidentate

[UO2(OBz)3]
� is nearly perfectly D3h, with C–U–C and

O�U�O bond angles very close to 120o and 180o,
respectively, and the U–Oequatorial bond distances at
about 2.442 Å (Figure 5, Table 4). The latter value is in
excellent accord with what would be expected for
bidentate coordination based on EXAFS measurements
[17]. When one of the OBz ligands is converted to a
monodentate conformation, the symmetry is distorted,
with the C–U–C angle involving the two bidentate OBz
ligands increasing to�128o, and the O–U–O bond angle
decreasing to �177.94o, bent away from the monoden-
tate benzoate. The U–Oequatorial distance for the mono-
dentate OBz is much shorter, at 2.240 Å, while the
U–Oequatorial distances for the bidentate benzoates were
considerably lengthened. The U–Oaxial bond distance
was shorter in the (mono,bis-bi) conformer, indicating

Figure 5. Structures of [UO2(OBz)3]
� complexes. (a), (mono,

bis-bi)-dentate conformer. (b), tris-bidentate conformer.

Table 4. Bond lengths and angles, for calculated (mono-, bis-bi)-dentate, and tris-bidentate OBz conformers. Complete sets of
coordinates for both conformers are found in Tables S5 and S6

Bond lengths, angles (mono,bis-bi)-Dentate tris-Bidentate

U-Oequatorial, monodentate OBz 2.240 Å n.a.
U-Oequatorial, bidentate OBz, 2.469, 2.503, 2.505, 2.501 Å 2.442 Å
U-Oaxial 1.777 Å 1.787 Å
/ O-U-O 177.94o 179.98o

/ Cbidentate-U-Cbidentate 129.98o 119.98o, 120.06o, 119.96o

/ Cbidentate-U-Oequatorial, monodenate 111.84o, 118.17o n.a.
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that less electron density is donated to the uranium
metal center than in the tris-bidentate version.

Conclusions

The coordination of carboxylate ligands to the metal
center in the uranyl molecule has been a subject of
ongoing study for more than a half century. The overall
conclusion is that in the condensed phases, either
bidentate or monodentate carboxylate coordination is
possible, depending on the chemical environment and
associated nearest chemical neighbors. Moving tris-
acetato and -benzoato complexes into the gas phase
eliminates influences from solvent or crystal structure,
and results in conformers in which two carboxylates are
bidentate, and one is monodentate. The conclusion is
based on infrared spectra in which two sets �asym and
�sym carboxylate stretching frequencies are recorded,
one corresponding to bidentate carboxylate, and the
other to monodentate. The (mono,bis-bi)-dentate con-
formers are clearly preferred to the tris-bidentate ver-
sions despite the fact that the DFT calculations indicate
that energetically the two conformers are practically
indistinguishable (for both the acetate and benzoate
complexes).
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