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In a previous study [Int. J. Mass Spectrom. 2010; 297: 67—75], the asymmetric 0O=U=O0 stretch (v3) was
measured for anionic uranyl complexes with composition [UO,(X)3]", X = CI", Br” and I". Within this group
of complexes, the v; frequency red-shifts following the trend I> Br > Cl, suggesting concomitant weak-
ening of the U=0 bonds. However, a value for [UO,(F)3]” was not measured, which prevented a
comprehensive comparison of measured v3 positions to computed frequencies from density functional
theory (DFT) calculations. Because the shift in v3 is predicted to be most dramatic when X =F, we
revisited these species using infrared multiple-photon photodissociation spectroscopy. As in our earlier
study, a modest red-shift to the v3 vibration of ~ 6cm™! was observed for X =1, Br-, and CI", and the
position of the frequency follows the trend I"> Br" > CI". The value measured for [UOy(F)3]" is ~43 cm™
lower than the one measured for [UO»(Cl)3]". Overall, the trend with respect to vs position is reproduced
well by computed frequencies from DFT.
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© 2019 Published by Elsevier B.V.

1. Introduction

Developing a comprehensive understanding of the structure
and bonding of uranium complexes [1] remains important to (a) the
development of nuclear fuel processing methods [2]; (b) studies of
the migration and fate of the element in the environment [3,4] and
(c) elucidation of 5-f element chemistry in general. Electrospray
ionization (ESI) is an effective tool for production of gas-phase
complexes containing uranium in high oxidation states [5]. Our
group was among the first to use ESI to generate gas-phase com-
plexes containing the uranyl ion (UY'03*) for studies of intrinsic
structure and reactivity (i.e. outside of the influence of solvent or
other condensed phase effects) in a species-specific fashion [6—26].
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One focus of our research effort in this area has been on the use
of wavelength-selective infrared multiple photon photodissocia-
tion (IRMPD) spectroscopy to determine ion (geometric) structure,
and probe the extent to which ligand-specific binding influences
the position of the asymmetric O=U=O0 stretch (v3)
[12—16,18,27,28] (it is known that the uranium-oxygen bonds in the
uranyl dication, UO3™, are weakened by electron donation to the
uranium metal center by coordinating nucleophiles [29—37]). In a
previous study [12], the gas-phase infrared spectra of discrete UO3*
complexes coordinated by acetone (aco) and/or acetonitrile (acn)
were used to evaluate systematic trends of ligation on the position
of v3, and for comparison with frequencies predicted by density
functional theory (DFT). The v3 value of 1017 cm™! was measured for
[UOy(aco),]**, and the frequency systematically red shifted to 1000
and 988 cm™! with addition of a third and fourth acetone ligand,
respectively (consistent with increased donation of electron den-
sity to the U center with higher coordination number). Similar
trends were observed for [UO,(acn),]** complexes, although the v3
frequencies were greater than those measured for acetone com-
plexes having the same coordination number. This observation was
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consistent with the fact that acn is a weaker nucleophile than aco.

In another earlier investigation [38], the IRMPD spectra of a
series of positively-charged complexes with composition
[UOy(X)(aco)3]™ (where X =F, Cl, Br or I), generated by ESI, were
collected using a Fourier-transform ion cyclotron resonance (FT-
ICR) mass spectrometer and IR radiation from the FELIX free-
electron laser. For these cationic species, the measurements
showed that the v3 frequency was insensitive to the particular
halide when X was CI', Br” or I'. The v3 peak in the spectrum of
[UO,(F)(aco)s]* was 9 cm ™! lower, indicating stronger coordination
and increased donation of charge to the metal center in this
complex.

In the same set of experiments, the IRMPD spectra of the
negatively charged complexes [UO»(X)3]~ (where X=CI~, Br~ and
[7) were collected. Within this group, the v3 frequency shifted to
lower values, following the trend 1> Br > Cl; however, no (experi-
mental) photodissociation signal was observed for the [UO»(F)s3]™
complex, which prevented a comprehensive comparison of
measured v3 positions to computed frequencies from DFT calcula-
tions. Because the shift in v is predicted to be most dramatic when
X=F, we revisited these species using wavelength-selective
infrared photodissociation in a quadrupole ion trap mass spec-
trometer. The specific goals here were: (a) to measure vs for
[UOy(F)s], (b) to compare v3 for [UO,(F)3]™ to values for [UO,(Cl)s],
[UOy(Br)s]” and [UOx(I)3]” measured under similar experimental
conditions and (c) establish the extent to which the trend in
experimentally-measured shift to vs is captured by DFT
calculations.

2. Experimental methods
2.1. Sample preparation

The samples used to prepare gas-phase [UO2(X)3]” were created
by digestion of 2—3 mg UY'O; (Strem Chemicals, Newburyport,
MA), corresponding to approximately 7 x 10 to 1 x 10™ mol, using
a 2-fold mole excess of the respective acids (HF, HCl, HBr and HI,
Sigma Aldrich, St. Louis, MO) and 200 puL of deionized/distilled H,0
in a glass scintillation vial. To assist digestion, the solutions were
gently heated on a hot plate at 70°C for several hours. Caution:
uranium oxide is radioactive (a- and <y-emitter), and proper
shielding, waste disposal, and personal protective gear should be
used when handling the material. When cooled, 20 uL of the
resulting solution were diluted with 300 pL of 50:50 (by volume)
H,0/CH30H and used without further work up as the spray solution
for ESI-MS.

2.2. IRMPD spectroscopy

IRMPD experiments were performed at the Free Electron Laser
for Infrared eXperiments (FELIX) laboratory [39]. The respective
[UOy(X)3] precursor ions were generated by ESI using the prepared
solutions. IRMPD spectra were acquired using a quadrupole ion trap
mass spectrometer (Bruker) which has been modified [40] such
that the high-intensity tunable IR beam from FELIX can be directed
into the ion packet, resulting in multiphoton dissociation that is
appreciable only when the IR frequency is in resonance with an
adequately high absorption vibrational mode of the particular
mass-selected complex being studied. The FEL produces ~5 ps long
IR pulses with an energy of typically 40 mJ, which are in the form of
a sequence of ~1 ps long micropulse at a 1 GHz repetition rate. The
wavelength of the radiation was tuned between 10 and 12 um in
these experiments.

2.3. Density functional theory calculations

Geometry optimizations for potential product ion structures
were performed using the B3LYP [41—43], PBEO [44,45], MO6-L [46]
and SVWN [47] functionals, the MWB60 pseudopotential and
associated basis set on U, MWB46 pseudopotential and associated
basis set on I, and the triple-zeta 6-311 + G(d), aug-cc-pvtz or 6-
311 + G(3df) basis sets on all other atoms. The pseudopotential and
functionals were chosen because they have been used in previous
studies of gas-phase U species, including measurements of the O=
U=0 stretching frequencies. The basis sets used here have also
been employed in previous studies. Our intent was not to rigorously
assess the accuracy of the DFT method for determining U=0 or U-X
bond lengths, or evaluation of DFT methods for prediction of ab-
solute stretching frequencies, but instead to ensure that consistent
trends are identified with respect to the influence of the halide ligands
on the shift to the v3 frequency. We note that extensive calculations
to support studies of bonding in uranyl-halide species have been
carried out by Vallet and coworkers [48] and Wang, Li and co-
workers [49], and for more general uranyl species by other [50,51],
to which we refer the reader for discussions of accuracy of the
computational approaches.

In all cases, geometry optimizations were performed with an
ultrafine integration grid and a tight convergence criterion. Vibra-
tional frequency calculations were performed, using the respective
optimized geometries, to ensure that all species were true minima
(i.e. no imaginary frequencies) and for comparison to experimental
IRMPD spectra. The Gaussian 09 software package [52] was used for
all calculations.

3. Results and discussion
3.1. IRMPD measurements

In our earlier investigation [34], abundant [UO2(X)3]~ com-
plexes were generated by ESI using each of the four uranyl-halide
materials. Different photofragmentation behavior was noted for
the respective precursors: no photodissociation products were
observed for [UO»(F)3]™; [UO(Cl)3]~ dissociated solely by loss of
(neutral) [UOy(Cl)z] to form CI” (shown in general as reaction 1);
[UO,(I)3]~ eliminated iodine radical to create [UO3(I)2]~ (shown in
general as reaction 2) and the [UO,(Br)3]™ precursor fragmented by
both pathways. The trends in dissociation behavior were in good
general agreement with computed reaction energetics [34].

[UY'02(X)3]” — [UV0x(X)2] + X (1)
[UY02(X)3]” — [UYOa(X)2] + X (2)

Using IRMPD in the FT-ICR instrument, the uranyl v frequencies
measured for the three complexes that exhibited dissociation
channels ranged from 935cm~! for [UO(Cl)3]" to 941 cm™ for
[UOy(Br)s]” to 948 cm™! for [UO,(1)3]".

In the present study, all four anionic complexes were also
generated using ESI and the quadrupole ion trap analyzer. For
[UOy(CD)3],, [UOx(Br)s]” and [UOo(I)3],, the position of v3 was
determined by measuring the yield of the [UO,(X)2]" photodisso-
ciation product (reaction 2) as a function of photon energy. This
approach was necessary because the halide product generated by
reaction 1 lies below the low-mass cutoff of the quadrupole in-
strument for each of the three precursors. It is not clear why re-
action 2 was not observed in the earlier experiments performed
using the FT-ICR instrument.

In the present study, no photodissociation product ions were
observed for the [UOy(F)3]” precursor. For this species, the position
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of v3 was instead measured by monitoring the depletion in pre-
cursor ion intensity as a function of photon energy. Previous DFT
calculations suggest that the reaction energy to produce [UO2(F),]
by loss of neutral fluorine radical would be ~37—70 kcal/mol higher
than for the other precursor ions [34], making dissociation by re-
action 2 unlikely. The F product ion (m/z 19) that might be
generated by reaction 1 also lies below the low-mass cutoff of the
quadrupole ion trap. To ensure that there is no loss in accuracy by
measuring v3 by precursor ion depletion, the IRMPD of [UO2(Cl)3]
was examined using both modes. As shown in Fig. 1, the spectrum
produced by monitoring depletion of [UOy(Cl)3]” as a function of
photon energy (top trace) mirrors the spectrum generated by
monitoring the photodissociation product ion yield (bottom trace,
using formation of the [UOy(Cl);]” by reaction 2).

The IRMPD spectra for all four [UOy(X)3]” complexes are
compared in Fig. 2. No peaks corresponding to the symmetric O=
U=0O0 stretch were observed in the IRMPD spectra, regardless of the
species. All U-X stretch frequencies (expected to be in the range of
200cm™! to 600 cm™) lie below the lower frequency limit of the
free electron laser under the operating conditions used in these
experiments, and were not measured. The measured asymmetric
stretching frequencies (v3) values for [UO»(I)3],, [UO,(Br)s3]” and
[UO5(Cl)3]” were 948 cm™!, 942 cm™ and 936 cm™, respectively.
These results are in excellent agreement with the measured values
from our previous study and demonstrates the reproducibility of
the IRMPD experiments when using different ion trapping in-
struments. More importantly, the v3 value measured for [UOy(F)3]
was 893 cm!, which is 43 cm™ lower than the one measured for
[UO(Cl)s]

3.2. Computed asymmetric O=U=0O0 stretching frequencies

As in the initial study of these species, the single minimum
identified here for [UOy(X)3]™ has trigonal bipyramidal geometry
with axial oxo ligands, and the halide ligands occupying equatorial
sites (Fig. 3). As noted earlier, we used multiple functionals and
basis sets to ensure that a consistent trend with respect to the shift
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Fig. 1. Comparison of the vibrational action spectra for [UV'0,(Cl)s]” recorded using
depletion of precursor ion (top trace) and by photodissociation involving elimination
of Cl radical to generate [UV0,(Cl),]".
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Fig. 2. Comparison of vibrational action spectra for (a) [UY'0,(F)3]", (b) [UY'05(Cl)s], (c)
[UV'04(Br)s]" and (d) [UY'04(1)s] using irradiation in a quadrupole ion trap instrument.

in v3 frequency with change in halide ligand was predicted by DFT.
The unscaled computed v3 frequencies generated in the present
study using the B3LYP functional, MWB46 and MWBG60 pseudo-
potential on I and U, respectively, and either the 6-311 + G(d), 6-
311 + G(3df) or aug-cc-pvtz basis set on O, F, Cl and Br are compared
in Table 1. The computed v3 frequencies generated using the B3LYP,
MO6-L, PBEO and SVWN functional, and the MWB46 and MWBG60
pseudopotential on I and U, respectively, and the 6-311 + G(d) set
on O, F, Cl and Br are compared in Table 2. As in the earlier study, the
difference between the computed frequency for [UO(Cl)3]™,
[UOy(Br)s]~ and [UOy(I)s]~ is ~7—10cm™. Importantly, the
computed vs frequency for [UOy(F)s] is 45 cm™, 49 cm™! and 51 cm
lower than the frequency predicted for [UO»(Cl)3]” when using the
6-311 + G(d), 6-311 + G(3df) and aug-cc-pvtz basis set, respec-
tively, on O, F, Cl and Br. A difference of 48 cm™! was predicted in the
earlier study.

The unscaled computed vs; frequencies computed using the
B3LYP functional, MWB60 and MWB46 effective core potential/
basis set on U and I, respectively, and either the 6-311 + G(d),
6—311+(3df) or aug-cc-pvtz basis set on O, F, Cl and Br, are
compared to the experimental values in Fig. 4. In Fig. 5, the
measured values are compared to the computed v; frequencies
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Fig. 3. Computed structures for [UY'04(X)s]", X = F, Cl, Br or I. Structures optimized
using the B3LYP functional, MWB46 and MWBG60 pseudopotential on I and U,
respectively, and 6-311 + G(d) basis set on O, F, Cl and Br. Color code: U - blue; O - light
red; F - sky blue; Cl - green; Br - dark red; I - purple. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)

Table 1

Unscaled, computed asymmetric 0=U=O0 stretching frequencies for [UY'0(X)s]",
X =F, Cl, Bror I, using B3LYP functional and either the 6-311 + G(d), 6-311 + G(3df)
or aug-cc-pvtz basis set on O, F, Cl and Br. *“The MWB46 and MWB60 pseudopo-
tentials with associated basis sets were used on I and U, respectively.

Halide Basis set™ IRMPD
6-311 + G(d) 6-311+(3df) aug-cc-pvtz
F 917 914 919 893
Cl 962 963 970 936
Br 968 970 977 942
I 978 981 988 948
Table 2

Unscaled, computed asymmetric 0=U=0 stretching frequencies for [UY'0(X)s]",
X = F, Cl, Br or I, using the MWB46 and MWB60 pseudopotential on I and U,
respectively, 6-311 + G(d) basis set on O, F, Cl and Br and either the B3LYP, M06-L,
PBEO or SVWN functional.

Halide Functional IRMPD
B3LYP MO6-L PBEO LDA

F 917 905 955 901 893

Cl 962 957 1000 942 936

Br 968 962 1007 947 942

I 978 971 1018 956 948
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Fig. 4. Comparison of the experimental asymmetric O=U=0 stretching frequency, vs,
to computed values. Comparison made using the B3LYP functional, MWB46 and
MWBG60 pseudopotential on I and U, respectively, and either the 6-311 + G(d), 6-
311 + G(3df) or aug-cc-pvtz basis set on O, F, Cl and Br.
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Fig. 5. Comparison of the experimental asymmetric O=U=0 stretching frequency, vs,
to computed values. Comparison made using the MWB46 and MWBG60 pseudopo-
tential on I and U, respectively, 6-311 + G(d) basis set on O, F, Cl and Br and either the
B3LYP, M06-L, PBEO or SVWN functional.

generated using the B3LYP, MO6-L, PBEO or SVWN functional, the
MWB60 and MWB46 effective core potential/basis set on U and I,
respectively, and either the 6-311 + G(d) basis set on the O, F, Cl and
Br atoms. The comparison shows that the computed frequencies for
v3 are sensitive to the choice in functional, however, each func-
tional/basis set combination accurately captures the trend with
respect to the dependence of v3 on the halide ligand X. In general,
the local spin density approximation (SVWN functional) provides
computed frequencies that lie closest to the measured values, while
the PBEO functional appears to be least accurate for predicting vs.
The better agreement when using the SVWN functional is in accord
with earlier investigations of U species [12,13,45—47]. When used
for comparison to IRMPD measurements, unscaled computed v3
frequencies using the local density approximation were between 10
and 15 cm™! higher for [UOx(aco)y]?* (n=2—4) and 5 to 10 cm’!
higher for [UOa(acn),]** (n=3-5) ions, whereas the discrepancy
was greater by nearly a factor of 2 when using B3LYP [12]. Similar
results were observed in an IRMPD study of the uranyl-nitrate
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anion [UOy(NO3)3]” [13].

As noted above, the v3 stretching frequency is sensitive to the
degree to which electron density is donated to UO3* by coordi-
nating nucleophiles [29-37,48-51], with significant evidence for
this coming from species-specific measurements in the gas phase
[12-14,34,27,28]. The v3 value for [UO,(F)3]” of 893 cm™!, reported
here, can be compared to those for a series of cationic and anionic
complexes with ligands of varying basicity. In the first systematic
species-specific investigation using IRMPD, the lowest frequencies
measured were 988 cm™! and 1019 cm™! for [UO,(aco)4]*t and 995
for [UOy(acn)5]*, respectively [13]. In a later study with a larger set
of ligands, the v3 value for cations with general formula
[UOy(L)3]**, where L=acetone, dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), tetramethyl urea (TMU) and tetrame-
thylthiourea (TMTU) were 1000 cm™, 979 cm™, 973 cm’?, 965 cm’!
and 954 cm™!, respectively [28]. The values measured with TMU and
TMTU as the coordinating ligands were lower than the v; frequency
for UV'0%* coordinated by 2 oxo-glutaramide ligands (measured at
965 cm™! [27]). The values observed when using the urea, thiourea
and glutaramide ligands approached those measured for the
reduced complexes [UO,(H,0)]t and [UO(CH30H)]*, (952 cm’!
and 945 cm’!, respectively) [13], which demonstrated the high
degree of donation from ligand to the metal center. For anionic
species, a v3 value of 949 cm™! was measured for [UO(NO3)3] [14];
and at 929 cm™! and 938 cm™! for the acetate and benzoate com-
plexes [UO,(0,C—CH3)3]” and [UO»(0,C—CgHs)s], respectively [53].
Therefore, to the best of our knowledge, the v3 value for [UO,(F)s],
at 893cm, is the lowest yet reported for vs in an IRMPD
measurement.

4. Conclusions

To summarize, these experiments demonstrate that earlier
predictions about the influence of halide ligands on the position of
the vs vibration in suite of complexes [UO,(X)s3]” hold, with a
modest red shift following the trend [ <Br<Cl and significantly
greater red shift for X = F. Based on our new experiments, we now
show that the value measured for [UO5(F)s]" is ~43 cm™! lower than
the one measured for [UO,(Cl)3],, which is consistent with pre-
dictions made using DFT calculations.

The trends predicted by DFT, regardless of the limited group of
functionals and basis sets employed here, are in excellent agree-
ment with the measured shift in v; frequency. With addition in the
present study of F~ as a coordinating ligand, the trend with respect
to the measured values of v3 in [UO,(X)s3] is consistent with the
relative strengths of the halides as donor ligands. For example,
based on a joint computational and gas-phase photoelectron
spectroscopy study, Wang, Li, and coworkers [48] reported that U-X
bonding within [UO,(X)3]" species, which is primarily ionic in
character, is strongest for X = F, and progressively weaker for X =Cl,
Br and . In particular, they suggested that U—O orbitals are desta-
bilized and become the frontier molecular orbitals in the fluoride
complex through mixing with the low-energy F 2p orbitals. The
U—O orbitals are instead stabilized and lie below the halogen lone-
pair orbitals for the chloro-, bromo- and iodo-complexes. In total,
the trend in vs frequency is also consistent with the relative posi-
tions of the halides in the spectrochemical series, and the relative
strengths of the respective nucleophiles polar, aprotic solvents.
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