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a b s t r a c t

The intrinsic binding of halide ions to the metal center in the uranyl molecule is a topic of ongoing
research interest in both the actinide separations and theoretical communities. Investigations of structure
in the condensed phases are frequently obfuscated by solvent interactions that can alter ligand binding
and spectroscopic properties. The approach taken in this study is to move the uranyl halide complexes
into the gas phase where they are free from solvent interactions, and then interrogate their vibrational
spectroscopy using infrared multiple photon dissociation (IRMPD). The spectra of cationic coordina-
tion complexes having the composition [UO2(X)(ACO)3]+ (where X = F, Cl, Br and I; ACO = acetone) were
acquired using electrospray for ion formation, and monitoring the ion signal from the photoelimination of
ACO ligands. The studies showed that the asymmetric �3 UO2 frequency was insensitive to halide identity
as X was varied from Cl to I, suggesting that in these pseudo-octahedral complexes, changing the nucle-
ophilicity of the halide did not appreciably alter its binding in the complex. The �3 peak in the spectrum of
the F-containing complex was 9 cm−1 lower indicating stronger coordination in this complex. Similarly
the ACO carbonyl stretches showed that the C O frequency was relatively insensitive to the identity of

the halide, although a modest shift to higher wavenumber was seen for the complexes with the more
nucleophilic anions, consistent with the idea that they loosen solvent binding. Surprisingly, the �1 stretch
was activated when the softer anions Cl, Br and I were present in the complexes. IR studies of the anionic
complexes [UO2X3]− (where X = Cl−, Br− and I−) compared the �3 UO2 modes versus halide, and showed
that the �3 values decreased with increasing anion nucleophilicity. This observation was consistent with
DFT calculations that indicated that [UO2X2]−–X• and [UO2X2]•–X− dissociation energies decreased on

e tri-
the order F > Cl > Br > I. Th

. Introduction

The intrinsic ligand–metal binding in uranyl coordination com-
lexes is a subject of ongoing research interest because modest
ifferences in complex stability have profound impacts on dispo-
ition of the element in actinide separation processes, and in the
nvironment. In particular, halide binding is of interest because

ranium halides are used for gaseous separations [1], and because
alides affect rates of solvent exchange and hydrolysis [2]. As a
esult, uranium halide bonding has received significant research
nterest. Experimentally, uranium halide complexes have been
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fluoro complex could not be photodissociated in these experiments.
© 2010 Elsevier B.V. All rights reserved.

examined using infrared [3,4] and Raman spectroscopy [5], and also
X-ray absorption techniques [6]. The linear uranyl cation [UO2]2+

is ideal for measurements because it has intense �1 and �3 stretch-
ing modes that can be readily observed in the Raman and infrared
modes, respectively. These vibrations are very sensitive to bonding
in the equatorial plane, and as such are sensitive indicators of the
chemical environment of the uranium metal atom. These studies
have shown that uranium halide binding increases with increasing
hardness of the halide anion, with F− forming the strongest bonds,
and I− the weakest, and that binding strength is inversely related
to the uranyl stretching frequencies [3,5].

The sensitivity of the �1 and �3 vibrational modes to their
chemical environment can make interpretation of the spectra com-

plicated, because in addition to the halide ligands, solvent or other
neighboring molecules will also affect the uranyl stretching fre-
quencies, making it impossible to distinguish effects of strongly
coordinating ligands from those of the solvent. Furthermore, mul-
tiple species are always present, as demonstrated by recent X-ray
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bsorption spectroscopy measurements of uranyl chloride in an
queous-acetonitrile solvent system [7], and probably explains
hy earlier NMR studies could not identify speciation either [8].

Hence an attractive strategy is to turn to computational chem-
stry, which has been used to calculate structures, energies and
ibrational frequencies of uranium halide complexes [9]. However
ethods like density functional theory at times encounter difficulty

n handling systems with large numbers of electrons, spin orbit
oupling and relativistic effects, all of which can be significant in
ctinide systems. Selection of optimum functionals and basis sets is
requently not straightforward. And the influences of neighboring

olecules can make comparison with computational results diffi-
ult or impossible, although by employing layered cluster [10] or
ybrid DFT-molecular mechanics models this has been achieved
11].

Solvent interactions may be controlled, or eliminated altogether
y moving the coordination complexes into the gas phase, where
olvent concentrations are much lower or completely absent,
nd moreover, can be characterized and controlled exactly by
ass spectrometry. Using electrospray uranyl halide coordination

omplexes can be generated [12] and then trapped in a Fourier
ransform ion cyclotron resonance mass spectrometer, where they
an be isolated and then photodissociated using light from a free
lectron laser (FEL) in the mid-IR [13–15], or from an optical para-
etric oscillator laser tuned to higher frequencies corresponding

o H-stretching regions [16–24]. In the mid-IR region of the spec-
rum, photons are not sufficiently energetic to cause dissociation
eeded to observe vibrational fundamentals. However the FEL can
eliver sufficient pulse energies so that complexes will absorb mul-
iple photons, and are energized to their dissociation threshold
25]. This approach has been used to examine the IR spectra of

number of metal coordination complexes [13,26–31], and has
een applied to uranyl coordination complexes in several studies
y our group, specifically [UO2(solvent)n]2+ [32], [UO2(solvent)]+

33], [UO2(anion)(solvent)]+ [34], and [UO2(anion)3]− complexes
35,36]. These measurements have provided a quantitative basis for
valuating the effects of the number of ligands, and ligand nucle-
philicity on binding within the complexes, and have provided a
seful basis for comparing the results of theoretical calculations.

In the present study, this experimental strategy is used to inves-
igate uranyl halide complexes having the general composition
UO2X(acetone)3]+, and [UO2X3]−, where X represents the halide
nions. The gas-phase measurements are then compared with
hose made in the condensed phases, and with theoretical results
enerated using density functional theory.

. Experimental

.1. Materials and methods

.1.1. Generation of uranyl complexes by ESI
Uranyl halide solutions were generated by first dissolving UO3

n a slight stoichiometric excess of sulfuric acid, and then adding a
arium halide solution to quantitatively precipitate the sulfate as
aSO4. The clouded solution was centrifuged for 1 min to precip-

tate the salt, which left the uranyl dication in solution with the
ppropriate halide anion X (X = F, Cl, Br, I). The supernatant was
ecanted and mixed with MeOH such that the uranyl concentration
as 1–2 mM, and this was amended with ∼10% acetone (ACO). ESI

f these solutions produced the [UO2X(ACO)3]+ complexes in the

ositive ion mode. The cationic bromide and iodide complexes were
ormed from the same solution, which generated by mixing the
upernatants from the respective bromide and iodide uranyl solu-
ions. For the negative ion studies, the uranyl halide solutions were
iluted 1:1 with methanol and electrosprayed, which produced a
f Mass Spectrometry 297 (2010) 67–75

strong signal in the mass spectrum corresponding to [UO2X3]−.
Spray rates were maintained between 10 and 25 �l/min.

2.1.2. Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS)

Ions were accumulated in an external hexapole for about 500 ms
prior to being injected into the ICR cell. The subject anion and cation
complexes were isolated for IRMPD study using a stored wave-
form inverse Fourier transform (SWIFT) pulse [37], which ejected
all species except those having the desired mass. To acquire the IR
spectra for the [UO2Br(ACO)3]+ and [UO2I(ACO)3]+ complexes, the
SWIFT sequence was set up to isolate both complexes in the same
experiment.

2.1.3. Infrared multiple photon dissociation (IRMPD)
In general, infrared spectra of the uranyl complex ions were

collected by monitoring the efficiency of IRMPD as a function of
photon energy [25]. In this experiment, isolated complexes were
irradiated using two FELIX macropulses (40 mJ per macropulse,
5 �s pulse duration, FWHM bandwidth around 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 redis-
tribution (IVR). The rapidity of the IVR process allows the energy of
each photon to be “relaxed” prior to the absorption of the next, and
thus allows promotion of the ion’s internal energy to the dissoci-
ation threshold by multiple photon absorption [25]. Prior studies
have shown that the infrared spectra obtained using the IRMPD
method presented here are comparable to those obtained using
linear absorption techniques [27,36,38].

To produce infrared spectra, the free electron laser was scanned
in 0.01–0.04 �m increments between 6 and 12.5 �m (wavelength
was adjusted in linear increments), measuring product ions and
un-dissociated precursor ions using the excite/detect sequence of
the FT-ICR-MS [39,40] 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, and then plotted
as −log(1 − yield).

2.2. Density functional theory calculations

DFT calculations of structures and harmonic frequencies were
performed in order to aid frequency assignments. Calculations were
principally conducted using the NWChem software [41]. The struc-
tures, vibrational modes, and energetics were determined using the
B3LYP exchange-correlation functional [42,43]. For U the small core
Stuttgart RECP and associated Stuttgart orbital basis sets [44–50]
were used. For C, O and H, the valence triple-� plus polarization
(TZVP) DFT optimized basis sets were used [51]. For F, Cl, Br and I,
the aug-cc-pVTZ basis sets were used [52–55], with the Stuttgart
28 electron effective core potential for I [53]. In all cases, spherical
basis sets were employed. Some spin-orbit DFT calculations were
performed for the Br complexes. For U a new core- and spin-orbit
potential with associated basis set was used [56], while the Br atom
was described by a 10 electron effective core and spin-orbit poten-
tial and an aug-cc-pVTZ basis set [57]. No spin-orbit potential was
included for the oxygen atom.

3. Results and discussion

3.1. IRMPD of cationic uranyl complexes
Electrospray of uranyl halide solutions amended with acetone
cleanly produced the [UO2X(ACO)3]+ complexes that were isolated
and irradiated using FELIX to generate the IRMPD spectra. The spec-
tra of [UO2F(ACO)3]+ and [UO2Cl(ACO)3]+ were acquired in separate
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Fig. 2. Infrared multiple photon dissociation spectrum of [UO2F(ACO)3]+. (a) Thick
black trace is the IRMPD spectrum generated from the sum of the two dissocia-
tion channels. Thin and dashed traces are individual dissociation channel spectra
ig. 1. ESI mass spectra of the uranyl fluoride-acetone solution, after application of
SWIFT pulse to isolate the [UO2F(ACO)3]+ complex at m/z 463. (a) Spectrum off

esonance at 5.6 �m and (b) on resonance at 6.0 �m.

xperiments, while the spectra of the analogous bromide and iodide
omplexes were acquired in the same experiment from a solution
ontaining uranyl with both anions. This was done to enable col-
ection of the spectra of two complexes from the same experiment,

hich economized beam time at FELIX.

.1.1. IRMPD of [UO2F(ACO)3]+

The ESI mass spectrum of the uranyl fluoride solution pro-
uced an abundant complex at m/z 463 that corresponded to
UO2F(ACO)3]+. In addition to the 13C isotopic peak, a small ion
t m/z 461 was produced that corresponded to the hydroxide
UO2(OH)(ACO)3]+, and this envelope of ions was isolated using a
WIFT sequence [37], and photodissociated with FELIX. Serial elim-
nation reactions result: the complex initially loses one and two
CO ligands to furnish m/z 405 and 347, respectively (Fig. 1). After

he second ACO loss, loss of the third ACO generates [UO2F]+ at
/z 289, and this is competitive with the loss of HF, which forms

UO2(ACO–H)]− at m/z 327. The photofragments of the hydroxide
omplex show up 2 u lower than those of the fluoride complex,
hich enabled measurement of uranyl �3 frequency for the hydrox-

de [34].
The IRMPD spectrum of the [UO2F(ACO)3]+ complex was gener-

ted from the summed photodissociation channels corresponding
o losses of one and two ACO. An intense peak maximizing at
667 cm−1 corresponds to the C O stretching mode (Table 1).
hen the spectra from the individual photodissociation channels

re compared, the C O stretching mode is shifted to lower by
cm−1 in the (−2 ACO) channel (Fig. 2), which occurs as a result of
ctivation of anharmonic modes. Anharmonic shifts to lower cm−1

ave been previously noted for higher energy fragmentation reac-
ions [58]. The shift to lower cm−1 becomes more significant as
issociation proceeds, i.e., the channel spectra generated from loss
f three ACO and (two ACO + HF) have C O stretching modes that
ave the largest shifts to lower cm−1. The channel spectrum from
he (−1 ACO) is least influenced by the anharmonic modes, how-
ver it was of low intensity in the chloride complex (see below). As
compromise between minimizing anharmonic effects and need

or reasonable signal-to-noise, the sum of the photodissociation

hannel spectra from loss of one ACO and two ACO were used for
omparisons.

The C O stretching mode for the [UO2F(ACO)3]+ complex is
8 cm−1 higher than that reported for the [UO2(ACO)4]2+ complex
32]. This indicates that substitution of F− for ACO loosens ACO
for (−1 ACO) and (−2 ACO), respectively and (b) summed dissociation channels,
superimposed with DFT-calculated bands. Black columns are bands calculated for
[UO2F(ACO)3]+, while the open columns are bands calculated for [UO2F(ACO)2]+.

binding in the complex, with a concomitant strengthening of the
C O bond. The peak displays a significant tail at lower cm−1, which
also is the result of activation of anharmonic modes. The spectrum
generated by the (−1 ACO) channel spectrum shows a partially
resolved, high frequency shoulder that is ∼22 cm−1 higher than the
most intense carbonyl peak. This suggests that in the intact com-
plex, acetone occupies at least two distinct chemical environments,
which is in agreement with DFT calculations that show that the ACO
ligand trans to the fluoride is less strongly bound compared to the
ACO ligands located cis (see below).

The uranyl �3 stretching mode of [UO2F(ACO)3]+ was measured
at 956 cm−1, and a comparison of the spectral response in the indi-
vidual fragmentation channels shows that the �3 mode is shifted
higher by ∼10 cm−1 in the (−2 ACO) channel compared to that of the
(−1 ACO) channel. This trend is counter to that seen for most serial
losses, which show a red shift as energetic requirements increase
[58] (note that elimination of two ACO ligands is more energeti-
cally demanding than elimination of one). The trend suggests that
the [UO2F(ACO)2]+ intermediate formed by loss of one ACO during
the experiment may be contributing to the IRMPD spectrum. This
explanation is supported by the DFT calculations (Table 1) and by
prior measurements that show that uranyl complexes with fewer
equatorial ligands have �3 stretching modes at higher cm−1 [32,34].

At 956 cm−1, the value for the �3 stretching mode consistent
with values measured for other ligated uranyl-anion complexes in
the gas phase [34,35], but ∼50 cm−1 higher than that reported by
Gal for uranyl fluoride complexes in aqueous solution [3]. The large
difference between the gas-phase and solution values is some-

what surprising considering that the acetone ligands bound to
the gas-phase complex are expected to be more electron donating
than water. The difference also highlights difficulty in correlating
solution species and “solvated” species in the gas phase, which
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Fig. 3. DFT-calculated structure for [UO2F(ACO)3]+. Bond lengths are in Å.

s challenging on account of multiple species in the former, and
he absence of the second solvation sphere in the latter. The �3
alue for uranyl fluoride salts are even lower, ranging from 850 to
08 cm−1, indicative of much stronger or more extensive equatorial
oordination for UO2

2+ in crystalline environments [4].
Density functional theory calculations (B3LYP functional) for

UO2F(ACO)3]+ predict a distorted octahedral structure (Fig. 3). The
U O bond angle is slightly bent away from the fluoride ligand at

74.5◦ (Table 2), which contrasts with most uranyl complexes, in
hich this bond is closer to linear. The structure provides a slightly
ifferent environment for the ACO ligand trans to the fluoride,
hich has a slightly longer U–Oequatorial bond distance (0.012 Å)

ompared to than those of the two cis-ACO ligands, and a shorter
O bond with a stretching mode at slightly higher cm−1 compared

o the cis ligands. The DFT calculation actually predicts three car-
onyl bands as indicated by the black columns in Fig. 2b (Table 1)
t 1687, 1693, and 1716 cm−1. The band at 1687 cm−1 is a mode
hat only involves the two ACO ligands cis to fluoride (and more
ightly bound), while the 1693 and 1716 cm−1 modes are coupled
ibrations of these two acetones with the acetone trans to the F.
n a qualitative basis, the calculations are in agreement with the
arbonyl region of the IRMPD spectrum, which also predicts ACO
igands in multiple environments within the [UO2F(ACO)3]+ com-
lex.

The DFT calculations also predict the UO2 �3 stretch at 982 cm−1

hich is 26 cm−1 higher than the measurement. A similar discrep-
ncy between the measured and computed values is seen for the
arbonyl stretching mode, and overall the calculations over-predict
he measured frequencies by 20–30 cm−1. Modest over-prediction
f vibrational frequencies is typical for DFT calculations, which are
ormally scaled by factors ranging from 0.95 to 0.98 to give optimal

greement with IRMPD spectra [59–62].

The DFT calculations add support to the idea that transient
UO2F(ACO)2]+ may be contributing to the IRMPD spectrum.
rends in the C O and antisymmetric O U O modes observed

able 1
ibrational frequencies measured in the IRMPD experiments, and calculated using DFT. N

X O U O �3 stretch

IRMPD, [UO2X(ACO)3]+ DFT, [UO2X(ACO)3]+ DFT, [UO2X(ACO)2]+

F 956 982 996
Cl 965 992 1004
Br 966 990 1004
I 966 989 1003
f Mass Spectrometry 297 (2010) 67–75

in comparing the (−1 ACO) and (−2 ACO) channel spectra are in
qualitative agreement with those comparing the same modes in
the DFT-calculated spectra of [UO2F(ACO)3]+ and [UO2F(ACO)2]+,
i.e., they show shifts in the same direction and the shifts have
similar magnitudes. The value calculated for the C O stretching
mode for [UO2F(ACO)2]+ is 16 cm−1 lower than that calculated for
[UO2F(ACO)3]+, and a similar shift is also seen in a comparison of
the (−2 ACO) and (−1 ACO) channel spectra. Conversely, the value
calculated for the O U O antisymmetric mode for [UO2F(ACO)2]+

is 14 cm−1 higher than that calculated for [UO2F(ACO)3]+, and a shift
to higher cm−1 is seen in the channel spectrum of [UO2F(ACO)2]+

when compared to that of [UO2F(ACO)3]+.

3.1.2. IRMPD of [UO2Cl(ACO)3]+

ESI of the uranyl chloride solution produced abundant ions
at m/z 479 and 481 that corresponded to the two chlorine iso-
topic ions of [UO2Cl(ACO)3]+. The more abundant 479 isotopic ion
was isolated for the IRMPD experiments (adequate signal-to-noise
was achieved without including the 37Cl isotopic ion). Irradiation
of [UO2Cl(ACO)3]+ at ∼6.0 �m (on resonance with the carbonyl
stretch) produced the analogous ensemble of photodissociation
products as were observed in the fluoride experiments: elimination
of one and two acetone (ACO) ligands to produce m/z 421 and 363,
followed by competitive losses of HCl and a third ACO, furnishing
lower abundance ions at m/z 327 and 305, respectively. A low abun-
dance ion at m/z 287 arises from C3H4 loss from [UO2(ACO–H)]+

(m/z 327), and another low intensity photofragment was observed
at m/z 434, which would correspond to loss of 45 u from the parent
complex. The origin of this latter species has not been satisfacto-
rily explained, but the overarching behavior is loss of ACO ligands,
consistent with the composition and structure of the proposed
complex.

Both the carbonyl and uranyl regions of the IR were scanned
and the summed IRMPD spectrum was generated by adding (−1
ACO) and (−2 ACO) dissociation channels. The intense carbonyl
absorption band was measured at ∼1660 cm−1 (Fig. 4), and the
antisymmetric uranyl �3 mode at 965 cm−1. Comparison of the
individual channel spectra from the (−1 ACO) and (−2 ACO) elim-
inations reveals trends similar to those seen in the spectra of the
fluoride complex. The carbonyl stretching mode in the (−2 ACO)
channel spectrum was ∼20 cm−1 lower than in the spectrum of the
(−1 ACO) channel, consistent with a modest anharmonic shift [58].
The carbonyl bands generated by the (−3 ACO) and (−2 ACO–HCl)
channel spectra are lower still. The trend is reversed in the uranyl
asymmetric �3 mode, with the peak in the (−2 ACO) channel spec-
trum ∼2 cm−1 higher than in the (−1 ACO) channel. As in the case
of the fluoride complex, this suggests contribution from dissoci-
ation of the intermediate [UO2Cl(ACO)2]+ complex. In addition, a
very low abundance peak is seen at 881 cm−1, which corresponds
to the symmetric uranyl �1 stretching mode and suggests distor-
tion of the uranyl molecule. The �1 stretching mode is only seen
that photodissociation of the molecule via the �1 mode is ineffi-
cient, and hence energy that is deposited into this mode is only
sufficient to cause the lowest energy fragmentations. The �1 mode
is likely not active in the (−2 ACO) channel if the [UO2Cl(ACO)2]+

ote that calculated values for both the (ACO)3 and (ACO)2 complexes are provided.

ACO C O stretch

IRMPD, [UO2X(ACO)3]+ DFT, [UO2X(ACO)3]+ DFT, [UO2X(ACO)2]+

1667 1687, 1693, 1716 1671
1660 1685, 1690, 1716 1666
1668 1675, 1688, 1711 1667
1673 1670, 1687, 1710 1669
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Fig. 4. Infrared multiple photon dissociation spectrum of [UO2Cl(ACO)3]+. (a) Thick
black trace is the IRMPD spectrum generated from the sum of the two disso-
ciation channels. Thin and dashed traces are the individual dissociation channel
spectra for the (−1 ACO) and (−2 ACO) eliminations, respectively and (b) summed
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RMPD spectrum, superimposed with DFT-calculated bands. Black columns are
ands calculated for [UO2Cl(ACO)3]+, while the open columns are bands calculated
or [UO2Cl(ACO)2]+.

omplex participates, because the uranyl molecule is more linear in
his complex. This explanation is consistent with the high baseline
n the 1500–1600 cm−1 region of the (−1 ACO) channel spectrum,

here the molecule is undergoing inefficient anharmonic pho-
odissociation. The effect diminishes as the energy required for
hotodissociation increases.

The uranyl �3 mode for the [UO2Cl(ACO)3]+ complex was mea-
ured at 965 cm−1, a value that was in very close agreement with
alues reported for aqueous uranyl chloride complexes (962 and
56 cm−1) [3], although the explicit speciation was not known in
he condensed phase studies. The IRMPD value was significantly
igher than that reported for the di-anionic tetrachloro-complex
UO2Cl4]2−, where a value of 918 cm−1 measured for a solution
f tetramethylammonium uranyl tetrachloride in CH2Cl2 [4]. The
alue was 9 cm−1 higher than that measured in the IRMPD spec-
rum of the [UO2F(ACO)3]+ complex, suggesting that the axial
ranyl oxo ligands are slightly stronger in the chloride complex.

The DFT structure of the [UO2Cl(ACO)]+ complex is a distorted

ctahedron that was very similar to that calculated for the fluoride
omplex. The uranyl O U O bond angle is 172.99◦ with the axial
xygen atoms bent away from the chloride ligand (Table 2). The two
CO ligands that are cis to the chloride have identical U–Oequatorial

able 2
FT-calculated bond lengths (Å) and angles for [UO2X(ACO)3]+. In the fluoride and chlorid

Bond/angle [UO2F(ACO)3]+ [UO2Cl(AC

U–Oaxial 1.771 Å 1.765 Å
U–Oeq, cis to X 2.423 Å 2.406 Å
U–Oeq, trans to X 2.435 Å 2.431 Å
U–X 2.102 Å 2.587 Å
O–U–O angle 174.5◦ 173.9◦
f Mass Spectrometry 297 (2010) 67–75 71

bond lengths of 2.406 Å, respectively. The trans-ACO ligand is more
loosely bound, with a U–Oequatorial bond length of 2.431 Å. These
bonds are slightly shorter than those calculated for the ACO ligands
in the fluoride complex, as are the U–Oaxial bonds, observations
consistent with looser binding of chloride compared to fluoride.

The calculated IR spectrum of the [UO2Cl(ACO)3] complex
contains three distinct carbonyl bands that are higher the
measurements by 25–56 cm−1, indicative of multiple chemical
environments for the ACO ligands. While cleanly resolved carbonyl
absorption bands were not observed in the IRMPD spectrum, the
peak in this region of the spectrum is broadened in a manner consis-
tent with non-resolved, overlapping peaks. The calculated carbonyl
bands were also slightly lower than calculated values for the cor-
responding fluoride complex, indicating that the ACO ligands are
more strongly bound in the [UO2Cl(ACO)3]+ complex. The calcu-
lated uranyl �3 band was 10 cm−1 higher than that calculated for
the fluoride complex, a difference that is in excellent agreement
with the IRMPD values. The higher uranyl �3 band indicates that the
axial oxo ligands are more strongly bound as a result of less elec-
tron density donated to the metal center by the equatorial ligands
in the chloride complex. Photodissociation of the [UO2Cl(ACO)2]+

complex may contribute a fraction of the overall signal seen in the
IRMPD spectrum of the tris-ACO complex, and could explain the
shift to higher cm−1 seen in comparing the (−2 ACO) channel spec-
trum with that of the (−1 ACO) channel (a phenomenon similar to
that seen in the fluoride complex).

3.1.3. IRMPD of [UO2(Br)(ACO)3]+

The [UO2Br(ACO)3]+ complex was generated together with the
corresponding iodide complex from a ESI of a solution contain-
ing both anions. Both of the bromine isotopic ions were utilized
in the IRMPD experiments. [UO2Br(ACO)3]+ undergoes photodis-
sociation by serial losses of one, two and three acetone ligands.
Serial elimination of a bromine radical furnish both [UO2(ACO)]+

and [UO2]+ but these photofragments were not used to gener-
ate the IR spectrum, because their spectra were expected to have
strong anharmonic shifts, and more importantly because these ions
could also be formed from the iodide complex, whose spectrum
was collected in the same experiment. This meant that photofrag-
mentation peaks of the bromide and iodide complexes that were
generated by the [UO2(ACO)]+ and [UO2]+ dissociation channels
could not be differentiated.

The carbonyl stretching mode was recorded as a broadened
peak from about 1660 to 1700 cm−1, maximizing at 1668 cm−1.
The broadened appearance is most likely the result of (a) con-
tributions from multiple carbonyl bands as indicated by the DFT
calculations (see below), and (b) differences in the (−1 ACO) and
(−2 ACO) channel spectra that were used to generate the summed
IRMPD spectrum shown in Fig. 5. Because the signal-to-noise ratio
in this spectrum is not as high as in other measurements, there
is a possibility that the broadened peak could be due to noise and
other bands that are not overlapped (i.e., the uranyl �3) do not dis-
play significant broadening. The peak maximum was within 8 cm−1

of values measured for the three analogous halide–tris-ACO com-
plexes, indicating that binding of acetone is very similar in all four

e complexes, the cis-ACO ligands have identical U–Oeq bond lengths.

O)3]+ [UO2Br(ACO)3]+ [UO2I(ACO)3]+

1.763, 1.767 Å 1.763, 1.767 Å
2.396, 2.430 Å 2.394, 2.433 Å
2.424 Å 2.422 Å
2.751 Å 2.982 Å
174.0◦ 174.1◦
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Fig. 5. Infrared multiple photon dissociation spectrum of [UO2Br(ACO)3]+. (a) Thick
black trace is the IRMPD spectrum generated from the sum of the two disso-
ciation channels. Thin and dashed traces are the individual dissociation channel
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Fig. 6. Infrared multiple photon dissociation spectrum of [UO2I(ACO)3]+. (a) Thick
black trace is the IRMPD spectrum generated from the sum of the two dissociation
pectra for the (−1 ACO) and (−2 ACO) eliminations, respectively and (b) summed
RMPD spectrum, superimposed with DFT-calculated bands. Black columns are
ands calculated for [UO2Br(ACO)3]+, while the open columns are bands calculated
or [UO2Br(ACO)2]+.

omplexes. Comparing carbonyl stretching bands recorded in the
wo dissociation channel spectra, (−2 ACO) channel was shifted to
ower cm−1 compared to the (−1 ACO) channel, suggesting anhar-

onicity in the former channel that is consistent with increased
issociation energy needed to eliminate two ACO ligands. The car-
onyl peak in the (−1 ACO) channel spectrum has two maxima
eparated by ∼17 cm−1, suggesting two or more bands, a conclusion
n agreement with the DFT spectrum.

The DFT-calculated spectrum has three significant carbonyl
ands (Fig. 5b) arising from different carbonyl environments and
ode coupling. The structure predicted for the [UO2Br(ACO)3]+

omplex is again a distorted octahedron, but with less symmetry
han either the F or Cl versions, in that the two ACO ligands cis- to
he Br− are non-equivalent: one ACO has a U–Oeq bond distance
f 2.430 Å, while the other cis-ACO is shorter, at 2.396 Å (Table 2).
he trans-ACO ligand was intermediate between these values, at
.424 Å. The modeled structure shows that in addition, the most

oosely held cis-ACO situated out of the equatorial plane, indicat-
ng that ligand repulsion is beginning to influence the structure.
ike the F and Cl complexes, the uranyl bond is slightly bent with a

U O bond angle of 174.0◦, with the oxo ligands bent away from
he bromide.

The uranyl �3 band was measured at 966 cm−1, a value nearly
dentical to that of both the chloride and iodide complexes, and
0 cm−1 higher than that of the fluoride complex. There were dif-
erences between the individual fragment channel spectra, with
he peak in the (−1 ACO) channel being about 5 cm−1 lower than

hat in the (−2 ACO) channel spectrum. This suggests a contribu-
ion from photodissociation of the [UO2Br(ACO)2]+ intermediate
or the same reasons mentioned in the discussions of the Cl and F
omplexes, where the same trend was seen. As in the case of the
hloride, a low abundance peak was measured at 880 cm−1, which
channels. Thin and dashed traces are the individual dissociation channel spectra for
the (−1 ACO) and (−2 ACO) eliminations, respectively and (b) summed IRMPD spec-
trum, superimposed with DFT-calculated bands. Black columns are bands calculated
for [UO2I(ACO)3]+, while the open columns are bands calculated for [UO2I(ACO)2]+.

corresponds to the �1 stretching mode that is activated due to the
non-linearity of the uranyl molecule.

3.1.4. IRMPD of [UO2I(ACO)3]+

Dissociation of the [UO2I(ACO)3]+ complex principally occurred
by the elimination of one and two ACO ligands. These losses are
followed by serial elimination of an iodine radical to produce
[UO2(ACO)]+, and then another ACO to furnish [UO2]+. These lat-
ter photofragment ions cannot be differentiated from identical
ions formed from the bromide complex, which was simultaneously
examined in this experiment. The IRMPD spectrum generated from
the summed (−1 ACO) and (−2 ACO) photodissociation channels
displayed a broad carbonyl absorption band maximizing at about
1673 cm−1 (Fig. 6). The (−1 ACO) channel spectrum was also broad
without a well-defined peak top, suggesting that it is derived from
at least a couple of unresolved carbonyl stretching bands. The (−2
ACO) channel spectrum had a more narrow peak shape, and was
∼20 cm−1 lower, consistent with anharmonic shifting as suggested
for the other halide complexes above. Compared to the carbonyl fre-
quencies of the other complexes, those of the iodide complex were
recorded at slightly higher cm−1, suggesting that the ACO ligands
are less tightly bound in [UO2I(ACO)3]+.

The peak corresponding to the uranyl �3 mode is exactly where
it was in the Br complex at 966 cm−1. The uranyl �3 peak in the
(−2 ACO) channel spectrum is several cm−1 higher than in the (−1
ACO) channel. This shift is not consistent with anharmonicity, but
instead suggests absorption by the intermediate [UO2I(ACO)2]+.

The structure calculated for the [UO I(ACO) ]+ complex is a dis-
2 3
torted octahedron, similar to that of the bromide complex with a
slightly bent O U O moiety (a bond angle of 174.1◦, Table 2). As
with the bromide complex, the two ACO ligands cis- to the halide
are non-equivalent, with the more loosely bound ACO rotated out
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Table 3
Uranyl �3 frequencies measured and calculated for the [UO2X3]− complexes.

Complex Dissociation path IRMPD frequency B3LYP frequency

[UO2F3]− Not measured Not measured 927 cm−1

− − 935 cm−1 975 cm−1

941 cm−1 981 cm−1

948 cm−1 987 cm−1
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Table 4
Structural parameters calculated for the [UO2X3]− complexes.

Bond [UO2F3]− [UO2Cl3]− [UO2Br3]− [UO2I3]−

U–Oaxial 1.796 Å 1.769 Å 1.765 Å 1.762 Å
U–X 2.162 Å 2.649 Å 2.814 Å 3.042 Å

Table 5
Reaction energies calculated for the competing dissociation channels possible in the
photodissociation of the [UO2X3]− complexes.

Reaction, partition percentage �E (kcal/mol)

[UO2F3]− → [F]− + UO2F2, 100% 99.8
[UO2F3]− → [UO2F2]− + F• , 0% 124.7
[UO2Cl3]− → [Cl]− + UO2Cl2, 100% 74.3
[UO2Cl3]− → [UO2Cl2]− + Cl• , 0% 87.6
[UO2Br3]− → [Br]− + UO2Br2, 15% 68.1
[UO2Br3]− → [UO2Br2]− + Br• , 85% 74.8
[UO2Cl3] →[Cl] + UO2Cl2, 100%
[UO2Br3]− →[Br]− + UO2Br2, 15%→[UO2Br2]− + Br• , 85%
[UO2I3]− →[UO2I2]− + I• , 100%

f the equatorial plane. The calculations show that the multiple
CO environments give rise to three significant carbonyl stretch-

ng bands that are separated from one another by 23 and 17 cm−1

Fig. 6b). This spread is consistent with the broadened carbonyl
eak in the IRMPD spectrum. Any contribution to the carbonyl peak
rom the intermediate [UO2I(ACO)2]+ complex would be difficult
o observe experimentally, because it is predicted to be very nearly
quivalent to the low frequency carbonyl peak in the tris-ACO com-
lex. The calculated uranyl �3 stretching mode was 23 cm−1 higher
han the IRMPD measurement. Like the measurements, there was
ery little difference between the calculated �3 frequencies for the
l, Br and I complexes.

.2. IRMPD of anionic uranyl complexes

In the negative ion spectrum, anionic uranyl tri-halide com-
lexes [UO2X3]− were formed in abundance for all four halides.
hese were isolated and photofragmented using FELIX to gener-
te IRMPD spectra, collecting only the spectral region around the
ranyl �3 vibration. Different photofragmentation behavior was
oted in comparing the four complexes. [UO2F3]− could not be
hotofragmented in this study, which suggests that it is signifi-
antly more tightly bound compared to the other three tri-halo
omplexes, or less likely but also possible is inefficient trapping
f the light F− photofragment. [UO2Cl3]− dissociates solely by loss
f neutral UO2Cl2 forming chloride as the ionic product. Conversely
he tri-iodo complex only eliminates an iodine radical, forming
UO2I2]− in which the metal is reduced to the +5 oxidation state.
nterestingly, the tri-bromo complex is intermediate, eliminating
oth a neutral Br radical, and UO2Br2.

The uranyl �3 stretching bands measured for the three dissoci-
ting complexes range from 935 cm−1 for the tri-chloro complex to

48 cm−1 for the tri-iodo, with the tri-bromo being intermediate at
41 cm−1 (Fig. 7 and Table 3). The value for the [UO2Cl3]− complex
as 17 cm−1 higher than that reported in solution for [UO2Cl4]2−

4]. Fewer equatorial donor ligands result in lower electron den-

ig. 7. Infrared multiple photon dissociation spectra of [UO2X(ACO)3]+ (lines) plot-
ed with the B3LYP calculated frequencies (columns). Note that the tri-fluoro
omplex did not dissociate under FELIX irradiation.
[UO2I3]− → [I]− + UO2 I2, 0% 60.7
[UO2I3]− → [UO2 I2]− + Br• , 100% 54.7

sity at the metal center, and higher values for the uranyl �3 band
[32,63,64]. A comparison of the values for the �3 stretching modes
for the three complexes shows an analogous trend with increas-
ing halide nucleophilicity: the �3 values decrease in the order
[UO2I3]− > [UO2Br3]− > [UO2Cl3]− (Fig. 7), consistent with progres-
sively stronger halide binding, and concomitant repulsion of the
axial oxo ligands.

For all three anionic complexes the DFT-calculated structures
were trigonal bipyramids. The calculated values for the uranyl �3
stretching modes were higher than the measurements by ∼40 cm−1

which would suggest that in these complexes a more significant
scaling factor (∼0.96) would be required. The accuracy of these cal-
culations is somewhat lower than those performed for the cationic
complexes (IRMPD/DFT ratios are between 0.97 and 0.98). The rea-
sons for the difference have not yet been identified but are a topic
of further research by our group. On the other hand, the trend in
the �3 modes is well reproduced by the DFT calculations, as are
differences between the halide complexes which are 6–7 cm−1 for
both the calculations and measurements. The trend is reflected
in bond lengths calculated for the structures of the tri-halo com-
plexes, which show a shortening of the U–Oaxial bond in the order
[UO2F3]− > [UO2Cl3]− > [UO2Br3]− > [UO2I3]− (Table 4).

The DFT calculations also provided an estimate of the ener-
getic differences between the two possible dissociation channels
that were observed in the photodissociation experiments. B3LYP
calculations with the basis set combinations in Section 2 and not
including spin-orbit coupling predict an energetic preference for
the observed pathway in all cases, with the exception of the tri-
bromo complex, which should prefer elimination of neutral UO2Br2
by 6.8 kcal/mol (Table 5). When the energetics for the tri-bromo
complex were recalculated with spin-orbit coupling included, elim-
ination of the Br radical was predicted to be lower in energy by
1.1 kcal/mol, a difference that is within the accuracy of the meth-

ods, and consistent with the experimental observation, i.e., both
channels (loss of Br radical and loss of Br−) are energetically com-
petitive.
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. Conclusions

Infrared multiple photon dissociation spectroscopy of two dif-
erent types of uranyl halide complexes was used to systematically
valuate the effect of variations in the halide series on vibrations of
he complexes. Electrospray ionization produced complexes hav-
ng the composition [UO2X(ACO)3]+ where X = F, Cl, Br, and I, and
CO = acetone. Irradiation using a free electron laser caused exten-
ive dissociation typified by initial losses of one and two ACO
igands that were followed by losses of an additional ACO, HX, and
r X radical. Examination of the carbonyl peak in the spectra of indi-
idual dissociation channels showed that the more energetically
emanding reactions were increasingly anharmonically shifted to

ower cm−1. The peaks corresponding to the carbonyl stretching
odes were measured at very nearly the same value for all four

omplexes (peak maxima ranged from 1660 to 1673 cm−1). The car-
onyl modes were broadened by ACO ligands are in non-equivalent
ositions in the complexes, mode coupling, and anharmonicity
ffects.

The uranyl �3 stretching mode was measured and found to be
elatively insensitive to variation of the halide, occurring from 965
o 966 cm−1 for the Cl, Br and I containing complexes. These values
re consistent with previous IRMPD measurements of solvated ion
airs [34]. The exception is the fluoride complex, which has a �3
requency somewhat lower at 956 cm−1, indicating stronger coor-
ination in this case. The �3 values are not as low as those measured

n solution for solvated uranyl halide complexes [3,4], suggesting
hat the uranyl molecule is more extensively coordinated in solu-
ion.

The symmetric �1 mode is activated in the [UO2X(ACO)3]+ com-
lexes containing Cl, Br and I, which would be consistent with the
FT-calculated structures that show a bent O U O bond (∼174◦).
owever this explanation is not in accord with the fact that the
alculations also predict a bent uranyl bond for the fluoro complex,
hose IRMPD spectrum does not display a peak corresponding

o the �1 mode. It may be that the �1 mode is not activated in
he fluoride complex, however resolution of this issue will require
dditional experimental/theoretical endeavors.

The tri-halo anion complexes [UO2X3]− were also formed by
lectrospray and characterized by their uranyl �3 frequencies. The
alogen systematically affects the �3 peak, with frequency values
ecreasing in the order I > Br > Cl, by 6–7 cm−1 for each step. The
ri-fluoro complex could not be measured, presumably because
t is very strongly coordinated and hence reluctant to fragment.
he tri-chloro complex dissociated by the elimination of UO2Cl2
orming [Cl]− as the ionic photofragment. The dissociation path-
ay switches in the tri-iodo complex, which only dissociates by

oss of an iodine radical, forming [UO2I2]−. Both processes occur
n the tri-bromo complex, i.e., both the Br radical and UO2Br2 are
liminated. Energetic trends are accurately predicted for these pro-
esses by the DFT calculations, however detailed inclusion of spin
rbit coupling effects is needed for the [UO2Br3]− complex in order
o get results that are in accord with the competitive elimination
athways.
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