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Infrared Spectroscopy of Dioxouranium(V) Complexes with
Solvent Molecules: Effect of Reduction
Gary S. Groenewold,*[a] Michael J. Van Stipdonk,*[b] Wibe A. de Jong,*[c] Jos Oomens,[d]
Garold L. Gresham,[a] Michael E. McIlwain,[a] Da Gao,[a] Bertrand Siboulet,[e] Lucas Visscher,[f]
Michael Kullman,[b] and Nick Polfer[d]
UO2 + –solvent complexes having the general formula [UO2ACHTUNGRE(ROH)] + (R=H, CH3, C2H5, and n-C3H7) are formed using electrospray ionization and stored in a Fourier transform ion cyclotron
resonance mass spectrometer, where they are isolated by massto-charge ratio, and then photofragmented using a free-electron
laser scanning through the 10 mm region of the infrared spectrum. Asymmetric O = U = O stretching frequencies (n3) are measured over a very small range [from ~ 953 cm 1 for H2O to
~ 944 cm 1 for n-propanol (n-PrOH)] for all four complexes, indicating that the nature of the alkyl group does not greatly affect
the metal centre. The n3 values generally decrease with increasing
nucleophilicity of the solvent, except for the methanol (MeOH)containing complex, which has a measured n3 value equal to
that of the n-PrOH-containing complex. The n3 frequency values
for these U(V) complexes are about 20 cm 1 lower than those
measured for isoelectronic U(VI) ion-pair species containing anal-

ogous alkoxides. n3 values for the U(V) complexes are comparable to those for the anionic [UO2ACHTUNGRE(NO3)3] complex, and 40–
70 cm 1 lower than previously reported values for ligated uranyl(VI) dication complexes. The lower frequency is attributed to
weakening of the O=U=O bonds by repulsion related to reduction of the U metal centre, which increases electron density in
the antibonding p* orbitals of the uranyl moiety. Computational
modelling of the n3 frequencies using the B3LYP and PBE functionals is in good agreement with the IRMPD measurements, in
that the calculated values fall in a very small range and are
within a few cm 1 of measurements. The values generated using
the LDA functional are slightly higher and substantially overestimate the trends. Subtleties in the trend in n3 frequencies for the
H2O–MeOH–EtOH–n-PrOH series are not reproduced by the calculations, specifically for the MeOH complex, which has a lower
than expected value.

1. Introduction
Accurate prediction of structure and reactivity of actinide complexes represents one of the frontiers of theoretical chemistry.[1, 2] The advance of computational chemistry in accommodating calculations of f-element complexes and clusters has
been remarkable,[3–6] and yet the large numbers of electrons involved, the complexity of the electronic structure, relativistic
effects, and the possibility of spin–orbit coupling combine to
challenge current computational strategies.[4, 5] This challenge
takes on added significance because of the need to design
and synthesize next-generation complexing agents capable of
functioning in advanced separations processes[7–12]—an area in
which theoretical chemistry plays an important role.
One of the general objectives is to develop a detailed understanding of what occurs when solvent molecules attach to
metal centres, both in terms of binding strength, type of bonding and influence on other ligands. Using a trapped-ion mass
spectrometer (TrIMS) is an attractive approach for examining
these phenomena, because it enables single species to be
studied as solvent molecules are added. For example, we have
previously studied how dioxouranium species added water,
acetone, nitriles and dioxygen.[13, 14] But the limitation of a
TrIMS approach is that only mass-to-charge values are measured, and the structure must be inferred from chemical intuition or from theoretical chemistry.
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Recently, we have shown that TrIMS can be combined with
infrared multiple photon dissociation (IRMPD) spectroscopy to
determine the structures of f-element complexes.[15–18] Using
this technique, discrete metal–ligand species are formed and
isolated in explicitly defined solvation states. These complexes
[a] Dr. G. S. Groenewold, Dr. G. L. Gresham, Dr. M. E. McIlwain, Dr. D. Gao
Chemical Sciences, Idaho National Laboratory
2151 North Blvd., Idaho Falls, ID, 83415-2208 (USA)
Fax: (+ 1) 208 526 8541
E-mail: gary.groenewold@inl.gov
[b] Prof. M. J. Van Stipdonk, M. Kullman
Department of Chemistry, Wichita State University, Wichita, KS (USA)
Fax: (+ 1) 316 978 3431
E-mail: mike.vanstipdonk@chemistry.wichita.edu
[c] Dr. W. A. de Jong
Environmental Molecular Sciences Laboratory
Pacific Northwest National Laboratory, Richland, WA (USA)
Fax: (+ 1) 509 376 0420
E-mail: wibe.dejong@pnl.gov
[d] Dr. J. Oomens, Prof. N. Polfer
FOM Instituut voor Plasmafysica Rijnhuizen, Nieuwegein (The Netherlands)
[e] Dr. B. Siboulet
DEN/DRCP/SCPS, CEA Marcoule, 30207, Bagnols-sur-CHze Cedex (France)
[f] Prof. L. Visscher
Vrije Universiteit Amsterdam (The Netherlands)
Supporting information for this article is available on the WWW under
http://www.chemphyschem.org or from the author.

A 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemPhysChem 2008, 9, 1278 – 1285

Infrared Spectroscopy of Dioxouranium(V) Complexes
are irradiated using a high-intensity free-electron laser, which
is tuneable through the mid-infrared wavelength range. The
complexes absorb tens to > 100 photons when the wavelength of the laser is in resonance with a fundamental, and the
energy deposited is randomized within the complex by internal vibrational energy redistribution. The energized complexes
can then dissociate, most commonly by elimination of a neutral solvent molecule, concurrently producing a fragment
ion.[19–28] An IRMPD spectrum is generated by recording photofragment peak intensities as a function of wavelength, and
these spectra have been shown to bear close resemblance to
direct absorption spectra.[18]
Actinide complexes containing the uranyl molecule [UO2]2 +
are nearly ideal systems for IRMPD study because the asymmetric stretch (n3) of the linear O=U=O moiety is sensitive to
equatorial coordination. Donation of electron density to the
uranium metal centre causes repulsion of the axial oxo ligands
that is observable as a red shift in the IRMPD spectrum. Promotion of an electron into an excited state also reduces the n3 frequency.[2] Our previous studies showed that n3 is shifted to
lower values by 1) increasing the number of equatorial ligands,
or 2) increasing the nucleophilicity of the ligands.[15, 17] The frequency values for solvent-ligated [UO2]2 + and [UO2ACHTUNGRE(anion)] +
complexes approached those measured in solution,[29, 30] but
were in general slightly higher. This difference was interpreted
in terms of additional solution-phase interactions that were
not occurring in the gas phase, that is, additional equatoriallybound ligands[31, 32] or interaction of acids with the axial oxo ligands.[33] The experimental values for the uranyl complexes
were also compared with those generated using density functional theory (DFT) methods.[34–36] In general, the computational accuracy was very good, within a few, or at most 20 cm 1 of
the measurements.[15, 17, 18]
The influence of electron-donating neutrals and anions on
the uranyl n3 frequency motivated interest in the effect of
formal reduction of the uranium atom. Addition of an electron
represents the ultimate in contribution of electron density to
the metal centre. Complexes containing [UO2] + , a U(V) species
which is formally 5f1, have been difficult to study because of
their tendency to undergo disproportionation and oxidation in
solution.[37] Mizuoka and Ikeda showed that reduction significantly reduces uranyl stretching frequencies.[38, 39] Even earlier,
Jones and Penneman measured the n3 value for [NpO2]2 + in a
non-complexing perchlorate solution.[30] This 5f1 species was
probably a penta-aquo complex, and it produced a n3 value of
969 cm 1, which is slightly higher than the value for the 5f0
value of 965 cm 1 measured for penta-aquo [UO2]2 + . Matrix
isolation spectroscopy (MIS) has also been used effectively to
study [UO2] + . MIS avoids problems with disproportionation
and reduces the complexity of solvent interactions, because
frequencies are measured in frozen noble gases. A peak at
892.3 cm 1 measured using MIS was assigned to the n3 stretch
of the [(UO2 + )ACHTUNGRE(O2 )] ion pair,[40] and further MIS studies produced [UO2] + n3 values that were clearly altered by the solid
noble gas environment.[41] The n3 frequency of [UO2(Ne)6] + was
measured at 980.1 cm 1, and pentavalent complexes with Ar,
Kr and Xe were recorded at 952.3, 940.6, and 929.0 cm 1, reChemPhysChem 2008, 9, 1278 – 1285

spectively, indicating that the noble gases were forming coordination complexes with [UO2] + .[42] These measurements provided an excellent opportunity for rigorous comparisons with
the results of theoretical calculations; for example, work by
Majumdar indicated that for [U(V)O2] + , results using the hybrid
B3LYP functional produced the most accurate frequencies, although alternative methods could also be used effectively.[43]
Recently, we discovered that solvent complexes of the reduced uranyl molecule [UO2] + can readily be formed by increasing the harshness of the electrospray ionization used to
transit uranyl complexes from solution into the gas phase of a
trapped ion mass spectrometer. The presence of U(V) complexes was indicated by formation of ions having m/z values
corresponding to the general formula [UO2ACHTUNGRE(solvent)] + , which
contrasted with m/z values for [UO2ACHTUNGRE(solvent)n]2 + and [UO2ACHTUNGRE(anion)] + species [both U(VI)],[15, 17] and strongly indicating the
presence of the V state. This conclusion was bolstered by very
different dioxygen reactivities of the [UO2ACHTUNGRE(solvent)n] + complexes, which were distinct from that of isoelectronic U(VI) species.[44] The formation of the [UO2ACHTUNGRE(solvent)] + complexes offered
the possibility of acquiring IRMPD spectra for these U(V) species. The spectra enabled comparisons with an initial set of frequency calculations that were performed using functional–
basis set combinations that had previously been shown to be
effective for heavy element coordination complexes. Herein we
report measured and calculated frequencies for [UO2] + ligated
with a single solvent molecule, either H2O, MeOH, EtOH or nPrOH.

2. Results and Discussion
2.1. IRMPD Measurements
Electrospray ionization of solutions of uranyl nitrate containing
various solvent molecules produce a variety of complexes depending on the conditions of the ESI source. When the desolvation gas temperatures are kept low, the abundant ions in
the ESI spectrum are uranyl complexes that are extensively solvated with either acetone and or acetonitrile, and have general
compositions that correspond to [UO2ACHTUNGRE(neutral)n]2 + where n = 4
or 5.[13, 15] When the desolvation gas temperature of the ESI
source is raised slightly above ambient, the dominant species
in the positive ion mass spectrum are [UO2ACHTUNGRE(anion)ACHTUNGRE(neutral)n] + ,
where n = 1–2.[17] Raising the desolvation temperature to about
50 8C results in observation of mainly [UO2ACHTUNGRE(solvent)] + species,
in which the metal atom is in the V oxidation state.[44] The observation of the [UO2ACHTUNGRE(solvent)] + complexes is key to this
IRMPD study, because while unligated [UO2] + is formed, the
oxygen ligands are very tightly bound, making it impossible to
photodissociate the bare [UO2] + under the irradiation conditions employed here. For a tightly bound molecule like [UO2] + ,
employing a tagging strategy that utilizes a weakly bound
neutral is effective for measuring the vibrational frequencies.[19, 45, 46] Infrared absorption leads to the detachment of the
weakly bound neutral by photofragmentation (Scheme 1).
In the case of the n-propanol complexes, a competing photofragmentation is observed in which the alcohol undergoes
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Scheme 1. IRMPD elimination of ROH from [UO2ACHTUNGRE(ROH)] + complexes.

rearrangement followed by loss of propene (Scheme 2). The
formation of [UO2ACHTUNGRE(H2O)] + by this elimination reaction provides
the opportunity to examine the IRMPD spectrum of the mono-

Figure 1. IRMPD spectra of the asymmetric O=U=O stretch for isolated [UO2ACHTUNGRE(ROH)] + complexes.
Scheme 2. IRMPD elimination of propene from [UO2ACHTUNGRE(n-C3H7OH)] + complexes.

shown in Figure 1). The signal-to-noise ratio for the n-PrOH
and EtOH complexes is excellent, lending a high level of confidence to these measurements. The peak for the MeOH complex is a bit noisier, but nevertheless the sides of the peak and
its centroid are slightly lower than those of the EtOH complex,
and are nearly as low as the n-PrOH complex.
The order of the n3 values for the complexes is surprising,
because uranyl frequencies are generally shifted to lower
values as donation of electron density from the ligands increases.[15–18] A priori, we expect that stronger nucleophilic ligands would progressively shift to lower uranyl n3 frequencies,
following the general order [UO2ACHTUNGRE(PrOH)] + < [UO2ACHTUNGRE(EtOH)] + <
[UO2ACHTUNGRE(MeOH)] + < [UO2ACHTUNGRE(H2O)] + , which is the inverse of the order
of their proton affinities (PA).[47] We compare the red shifts
caused by the solvents with PA values because experimental
binding energy data for the UO2 + –solvent species are not
available, and PAs have been shown to follow the same trend
as alkali cation nucleophilicities.[48] The inverse correlation between ligand PAs and uranyl n3 values is seen in the prior
IRMPD measurements of the uranyl dication ligated with acetonitrile and acetone—the latter has a PA that is 7.8 kcal mol 1
higher,[47] and substitution of acetone for acetonitrile results in
a red shift of the n3 frequency by ~ 3–7 cm 1.[15] A similar correlation is partially observed for the [UO2ACHTUNGRE(ROH)] + complexes
(Figure 2). Compared to H2O, EtOH has a PA that is 20.6 kcal
mol 1 higher, and a n3 red shifted by 4 cm 1. Similarly, n-PrOH
has a PA that is 2.4 kcal mol 1 higher than that of EtOH, and a
n3 red shifted by another 4 cm 1. The exception to the trend is
MeOH, which has a PA that is 7.7 kcal mol 1 less than that of nPrOH, but a n3 frequency that is
about the same. We believe that
Table 1. O=U=O asymmetric stretching frequencies for U(V) species [UO2ACHTUNGRE(ROH)] + , compared with values for
this inconsistency is reconciled
analogous U(VI) ion pair species having formulae [UO2(RO)] + and [UO2(RO)ACHTUNGRE(H2O)] + . The U(VI) values have been
by
overlapping
vibrational
reported in a prior publication.[17]
modes, as suggested by DFT calculations described herein.
U(VI) alkoxide
UO2 asym
Hydrated U(VI) oxide UO2 asym.
U(V) Species
UO2 asym
species
species
freq [cm 1]
freq. [cm 1]
freq. [cm 1]
The [UO2ACHTUNGRE(ROH)] + complexes
+
+
+
are close U(V) analogues to corACHTUNGRE[UO2ACHTUNGRE(H2O)]
952
ACHTUNGRE[UO2(OH)]
971
ACHTUNGRE[UO2ACHTUNGRE(OMe)ACHTUNGRE(H2O)]
970
ACHTUNGRE[UO2ACHTUNGRE(OMe)] +
966
ACHTUNGRE[UO2(OH)ACHTUNGRE(H2O)] +
983
ACHTUNGRE[UO2ACHTUNGRE(MeOH)] + 945
responding U(VI) complexes
948
ACHTUNGRE[UO2ACHTUNGRE(OEt)] +
–
ACHTUNGRE[UO2ACHTUNGRE(OAc)ACHTUNGRE(H2O)] +
993
ACHTUNGRE[UO2ACHTUNGRE(EtOH)] +
[UO2(RO)] + , where the anion RO
+
+
944
ACHTUNGRE[UO2ACHTUNGRE(OPr)]
964
ACHTUNGRE[UO2ACHTUNGRE(PrOH)]
is the deprotonated form of the

aquo complex. In these experiments, the elimination of propene is accomplished by collision-induced dissociation of the
propanol complex, followed by isolation of [UO2ACHTUNGRE(H2O)] + for
subsequent IRMPD.
The salient feature is the asymmetric O=U=O stretching frequency n3, which appears in the IRMPD spectra of all four complexes (Table 1, Figure 1). The frequency maxima values for all
four complexes are generated by fitting a Gaussian curve
through the data. The n3 values for the four complexes fall
over a very small frequency range of only 8 cm 1; the peak for
the H2O complex is distinctively higher compared to those for
the three alcohol complexes, which are within 4 cm 1 of each
other. We believe that these small frequency differences are
near, or at the limit, of what can be distinguished using FELIX,
although the precision of the n3 measurements is not rigorously established, because beam time is scarce and spectral acquisition requires two to four hours. Together, these factors
militate against collecting another set of acquisitions. However
the ordering of n3 values for these four complexes is likely correct. This conclusion is inferred from prior measurements of n3
values for [UO2ACHTUNGRE(acetone)n(acetonitrile)m]2 + complexes.[15] In two
sets of complexes (n + m = 3, 4) substitution of the more nucleophilic acetone for the less nucleophilic acetonitrile always
result in a red shift, the smallest of which is 3 cm 1. This is exactly what should occur, and indicates that differences of only
a few cm 1 can accurately be distinguished. This suggests that
in the present case, the relative order of the n3 values for the
complexes follows the order n-PrOH < MeOH < EtOH < H2O (as
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Figure 2. Comparison of n3 frequencies measured for [U(V)O2ACHTUNGRE(ROH)] + complexes (^) compared with analogous [U(VI)O2(RO)] + complexes (~). Values
are plotted versus proton affinities for the neutral alcohols and the analogous alkoxides.[47]

agreement with n3 trends.[17, 18] Herein, the LDA-calculated n3
value for the [UO2ACHTUNGRE(PrOH)] + complex agrees with IRMPD
(Table 2); however, values calculated for the other three complexes are higher than the measurements, by as much as
18 cm 1 in the case of the H2O complex. Furthermore, LDA dramatically over-predicts the shift (Dn3) upon substitution of ligands having differing nucleophilicities. The LDA calculations
predict that the uranyl n3 frequencies should be red shifted
and that the magnitude of the shifts should increase following
the order [UO2ACHTUNGRE(PrOH)] + > [UO2ACHTUNGRE(EtOH)] + > [UO2ACHTUNGRE(MeOH)] + > [UO2ACHTUNGRE(H2O)] + , which is in line with expectations.
Better agreement is achieved performing calculations using
the hybrid B3LYP functional, particularly using the LANL2dz
ECP and aug-cc-pVDZ basis set (Table 2). The calculated n3
values are all within 4 cm 1 of the IRMPD measurements, with
Dn3 being 5 cm 1 upon going from H2O to MeOH, and MeOH
to EtOH. Surprisingly, the calculated n3 value of the n-PrOH
complex is slightly higher than that of EtOH, even though
propanol is expected (and calculated) to bind more strongly
(Table 3, and crossed data points in Figure 3).
The B3LYP calculations are checked against values generated
using the PBE functional, employing two different approaches
with respect to the basis set and the treatment of the core
electrons. Employing the SDD/TZVP basis set, n3 values are
within 9 cm 1 of the IRMPD measurements, and has Dn3 values
that are 9 and 4 cm 1 on going from H2O to MeOH and MeOH
to EtOH, respectively. The PBE/SDD/TZVP n3 values follow the
same trend, including a value for the n-PrOH complex that is
slightly higher than that of the EtOH complex. Comparison of
the PBE/SDD/TZVP calculations for the [UO2ACHTUNGRE(ROH)] + complexes
with the analogous isoelectronic U(VI) alkoxide species
[UO2(OR)] + shows a red shift upon reduction of the uranium
metal centre that is in the order of 20 cm 1, in good agreement with the IRMPD data (see Table S1 of the Supporting Information).

ROH solvent ligands. Values for [UO2OMe] + and [UO2OH] +
have been measured in a previous study,[17] and we are able to
measure the IRMPD of [UO2ACHTUNGRE(n-PrO)] + via its photoelimination
of C3H6, which peaks at 963.5 cm 1. In general, moving from
the uranyl alkoxide cations to the analogous [U(V)O2ACHTUNGRE(ROH)] +
species results in red shifts on the order of 18 to 21 cm 1,
which arise from a combination of the opposing effects of replacing the alkoxide with the alcohol (shifting n3 to the blue)
and the formal reduction of the U centre (shifting n3 even further to the red). Interestingly, the trend for the anion complexes is opposite to that of the neutrals, in that the weakest
conjugate base,[47] n-PrO , produces the largest n3 red shift,
while conversely the strongest nucleophile, OH , produces the
smallest shift (Figure 2).
Prior measurements of the n3 values for hydrated complexes
of U(VI) species having the general composition [UO2ACHTUNGRE(anion)ACHTUNGRE(H2O)] + enable comparisons of
different anions[17] versus the
Table 2. O=U=O asymmetric stretching frequencies (n3, cm 1) measured for [U(V)] species [UO2ACHTUNGRE(ROH)] + using
electron present at the U centre
+
IRMPD, compared with calculated frequencies.
in the [UO2ACHTUNGRE(H2O)] complex. This
shows that compared to [UO2Experimental n3
Theoretical n3
ACHTUNGRE(anion)ACHTUNGRE(H2O)] + complexes with
Complex
IRMPD
LDA/DSPP/DNP
B3LYP/LANL2dz/
PBE/ZORA/TZ2P
PBE/SDD/TZVP
aug-cc-pVDZ
either OAc , OH , or MeO
anions, the n3 value for the [UO2952
970
954
960
961
ACHTUNGRE[UO2ACHTUNGRE(H2O)] +
+
945
963
949
947
952
ACHTUNGRE[UO2ACHTUNGRE(MeOH)] +
ACHTUNGRE(H2O)] complex is shifted to a
+
(
E
R
G
N
U
T
H
C
A
EtOH)]
948
957
944
–
948
[
E
R
G
N
U
T
H
C
A
UO
2
significantly lower frequency and
945
944
945
–
949
ACHTUNGRE[UO2ACHTUNGRE(PrOH)] +
that the magnitude of the red
shift follows the order OAc <
OH < OMe < e .
2.2. DFT Calculations
Initial density functional theory
calculations are conducted using
LDA/DSPP/DNP, which in past
studies of U(VI)O22 + complexes
(f0 systems) with varying anionic
ligands have produced good
ChemPhysChem 2008, 9, 1278 – 1285

Table 3. O=U=O asymmetric stretching frequencies (n3, cm 1) measured for [U(V)] species [UO2ACHTUNGRE(ROH)] + using
IRMPD, compared with calculated binding energies (kcal mol 1).

Complex
ACHTUNGRE[UO2ACHTUNGRE(H2O)]
ACHTUNGRE[UO2ACHTUNGRE(MeOH)] +
ACHTUNGRE[UO2ACHTUNGRE(EtOH)] +
ACHTUNGRE[UO2ACHTUNGRE(PrOH)] +
+

Experimental n3
IRMPD

Calculated Binding Energy [kcal mol 1]
B3LYP/LANL2dz/aug-cc-pVDZ
PBE/ZORA/TZ2P

PBE/SDD/TZVP

952
945
948
945

33.4
41.1
42.7
44.0

36.6
40.7
43.3
44.1
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Figure 3. DFT-calculated uranyl n3 values versus calculated binding energies.

Calculations using PBE/ZORA/TZ2P employ a different approach for handling the core electrons, and produce similar
values for the H2O and MeOH complexes to those generated
using PBE/SDD/TZVP. The Dn3 on substituting MeOH for H2O is
13 cm 1—thus greater than that calculated using the other
methods. We were unsuccessful in finding the minimum
energy structures for the EtOH and n-PrOH complexes using
the ZORA/TZ2P basis
In all calculations scalar relativity is accounted for and effects
due to spin–orbit coupling are ignored. Inclusion of spin–orbit
operators for [UO2H2O] + increases the n3 by 5-8 cm 1, depending on the operator used (Supporting Information, Table S2).
While spin–orbit effects may lead to a small shift in the vibrational frequencies, differential effects among the studied species are anticipated to be much smaller due to the compact
nature of the uranium 5f1 orbital and its limited contribution
to ligand bonding.
As in the case of the IRMPD data, the n3 values calculated
using both B3LYP/LANL2dz/aug-cc-pVDZ and PBE/SDD/TZVP
are within a few cm 1 of one another for the three alcohol
complexes. This suggests that alterations to the hydrocarbon
chain are not significantly affecting the interaction of the hydroxy functional group with the [UO2] + centre, a conclusion
that is consistent with the relative binding energies calculated
for the complexes. The calculated binding energies become
stronger following the expected order H2O < MeOH < EtOH < nPrOH (Table 3). These values and their order are very similar to
those measured for Li + ,[48] indicating that like Li + , [UO2] + behaves as a hard cation, functioning as an aggressive Lewis
acid. The largest increase in binding energies occurs upon
going from H2O to MeOH, with smaller changes upon going to
EtOH and n-PrOH, which is consistent with the general pattern
of the n3 measurements.
The fact that the DFT functionals predict a trend of decreasing uranyl n3 frequency with increasing binding energy and/or
PA focuses our attention on why MeOH behaves anomalously
in the IRMPD measurements. The n3 value for [UO2ACHTUNGRE(MeOH)] +
should be greater than that of the EtOH complex, but less
than that of the H2O complex. One explanation is that for both
the EtOH and MeOH complexes, lower intensity vibrational
modes of the ligands overlap with the uranyl n3, altering its ap-

1282

www.chemphyschem.org

parent peak position in the IRMPD measurement. The PBE/
SDD/TZVP calculations reveal a C O stretch at 924 cm 1 for
the MeOH complex, and overlapped C C and C O stretches
with a C H wag centred at 968 cm 1 for the EtOH complex.
These peaks, which would not be expected to be resolved
from the asymmetric uranyl fundamental, might shift the apparent uranyl n3 for [UO2ACHTUNGRE(MeOH)] + (expected at 952 cm 1) to a
lower value, and the n3 for [UO2ACHTUNGRE(EtOH)] + to a higher value. Vibrational modes calculated for the n-PrOH complex are similar
to those of the EtOH complex, but the predicted values are
well to the red of the n3 frequency. As the H2O complex does
not have these vibrations, neither the n-PrOH nor the H2O
complexes should be affected. Similar trends are found for the
B3LYP/LANL2dz/aug-cc-pVDZ calculations. When we convoluted the predicted ligand vibrational frequencies with the uranyl
n3, the peak position for the MeOH complex is unchanged at
952 cm 1, while that of the EtOH complex is slightly shifted to
the blue (coincidently also to 952 cm 1, Supporting Information, Figure S1). Therefore the peak position of the MeOH
complex is not likely to be influenced by ligand vibrational
modes, and the experimental trend in n3 values is not yet accounted for by our modelling.
The structures generated by the DFT calculations for the
[UO2ACHTUNGRE(ROH)] + complexes display substantial similarity, as indicated in Figure 4, and Table S3 in the Supporting Information.

Figure 4. Structures calculated for [UO2ACHTUNGRE(H2O)] + (left) and [UO2ACHTUNGRE(n-PrOH)] +
(right), using PBE/SDD/TZVP.

All calculations indicate a nearly linear O=U=O moiety, contrasting with the [U(VI)O2ACHTUNGRE(anion)] + complexes in which attachment of an anion to the uranyl metal centre causes perturbation of the linear O U O angle (to ~ 1708).[17] The comparison
suggested that the perturbation seen in the [U(VI)O2ACHTUNGRE(anion)] +
complexes is largely counteracted by the non-bonding electron at the uranium metal centre in the [U(V)O2ACHTUNGRE(solvent)] +
complexes.
The calculations show that the rO=U distances lengthen, and
that the rU OHR shorten as the ligand changes from H2O to
MeOH to EtOH to n-PrOH (Table S2). This is consistent with the
trends calculated for the uranyl n3 frequencies and binding energies.
Structures generated using the PBE/SDD/TZVP approach indicate that the ROH ligands align parallel to the O=U=O
moiety, as shown in Figure 4 for the H2O and n-PrOH complexes. The O U O C dihedral angles in the alcohol complexes are  48 in most calculations. Generally, the H atom attached to the a-carbon adopts a position proximate to the
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uranyl oxygen (~ 2.8 A), suggesting that a weak interaction
may be in part responsible for this conformation. For the
B3LYP and LDA calculations, the orientation of the carbon
atoms in the larger alcohols is closer to the equatorial plane.

3. Conclusions
Recent spectroscopic investigations of discrete uranyl coordination complexes isolated in the vacuum environment of a
trapped ion mass spectrometer have resulted in IR spectra that
are highly diagnostic for complex structures, and enable direct
comparisons with computational results without having to account for solvent influence. However, the frontier lies in investigations of actinide complexes containing multiple non-bonding f electrons in the valence shell. These complexes promise
to display a more diverse array of chemistry, and thus provide
a challenge for computational methods. Therefore, spectroscopic measurements on discrete complexes containing nonbonding f electrons are needed in order to facilitate improved
understanding of bonding and to assist in benchmarking calculations. Herein, we reported IR frequencies of the asymmetric UO2 stretch (n3), of discrete [U(V)O2] + solvent complexes involving H2O, MeOH, EtOH and n-PrOH. The n3 values show red
shifting of about 20 cm 1 compared to n3 values of analogous
isoelectronic [UO2]2 + complexes [U(VI) species that contain no
non-bonding f electrons]. The n3 values for the UV species are
comparable to those recently reported for uranyl [U(VI)] ligated
to three anions.[18]
Differences in the n3 values of the four complexes are small,
indicating that altering the alkyl group does not significantly
affect the metal centre. In comparing the four different complexes, a subtle trend observed in comparing the n3 frequencies is one of decreasing values with increasing ligand nucleophilicities. However, the value for the MeOH-containing complex is as low as that of n-PrOH. Frequencies calculated using
different DFT methods are in good general agreement with
IRMPD, and each computational approach predicts a decreasing uranyl n3 frequency with increasing ligand PA. The best
agreement was achieved using B3LYP/LANL2dz/aug-cc-pVDZ, a
conclusion similar to that reported by Majumdar.[43] However
none of the approaches reproduced the subtleties of the experimental (IRMPD) trend of uranyl n3 frequencies related to
the relative position of the MeOH and EtOH complexes. It may
be that studies of f1 complexes containing a ligand series with
a more pronounced range of nucleophilicities would provide a
better platform against which DFT approaches can be evaluated, and these will be emphasized in future work.

Experimental Section
IRMPD spectra were collected at the Free Electron Laser for Infrared eXperiments (FELIX) facility, located at the FOM Instituut voor
Plasmafysica “Rijnhuizen” (Nieuwegein, The Netherlands).[24] The
free electron laser is interfaced to a Fourier transform ion cyclotron
resonance (FT–ICR) mass spectrometer.[23]
Generation of Uranyl Complexes by Electrospray Ionization Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry (ESI–FT–
ChemPhysChem 2008, 9, 1278 – 1285

ICR–MS):[22, 23, 27] An ESI source (Z-spray, Micromass, Manchester,
U.K.) operated at ~ 3 kV was used to generate singly-charged complexes of [UO2] + that contained one solvent molecule.[13, 49] A 1 mm
solution of uranyl nitrate (Fluka/Sigma–Aldrich, St. Louis, MO, USA)
in water was used to produce the uranyl complexes that were accumulated for between 500 and 1000 ms in a hexapole ion trap,
prior to being gated into the FT–ICR–MS. The mass spectra were
sensitive to the temperature of the N2 desolvation gas used in the
ESI source.[13] The desolvation temperature was controlled by a
heater and thermocouple at 52 8C; note that when lower temperatures were used, U(VI) complexes were formed.[15, 17] The oxidation
state was also sensitive to the extraction voltage applied to the
sampling cone, and this was tuned to maximize formation of the
UV species on an as-needed basis. The flow rates of the spray solution and the desolvation gas were maintained at 25 mL min 1 and
30 L min 1, respectively. Complexes selected for IRMPD interrogation were isolated using a stored waveform inverse Fourier transform (SWIFT) pulse,[50] which ejected all species except those
having the desired mass.
Infrared Multiphoton Dissociation (IRMPD): Isolated ionic complexes were irradiated using two FELIX macropulses, which induced elimination of a solvent molecule from the complex when
the incident wavelength matched an absorption band. The IRMPD
mechanism has been described in detail elsewhere.[51] Briefly, it involves sequential, non-coherent absorption of many (tens to hundreds) infrared photons, with each photon being relaxed by intramolecular vibrational redistribution before the next one is absorbed. In this way, the internal vibrational energy of the molecule
can resonantly be increased above the dissociation threshold, resulting in fragmentation. It has been shown that the infrared spectra obtained are comparable to those obtained using linear absorption techniques.[27, 28] FELIX was scanned between ~ 9.8–
11.2 mm in increments  0.04 mm, after which IRMPD product ions
and undissociated precursor ions were measured using the excite/
detect sequence of the FT–ICR–MS.[52, 53] The IRMPD efficiency was
then expressed as -log[1-(summed fragment ion yield)], corrected
for the width of the acquisition channels and linearly normalized
to correct for variations in FELIX power over the spectral range.
The spectra of all four complexes were acquired in a single shift, to
maintain calibration consistency.
DFT Structure and Frequency Calculations: DFT calculations of
structures and harmonic frequencies were performed with the
DMol3,[54, 55] NWChem,[56, 57] and ADF2006.01[58] suites of programs.
Different combinations of functionals, basis sets, and relativistic
treatments were employed in efforts to derive a consistent view of
the IRMPD phenomena measured in the context of complex structure and dissociation behaviour: 1) In DMol3 the local density approximation (LDA) with the Vosko, Wilk and Nusair (VWN) parameterization[59, 60] was employed using the density functional semicore
pseudopotential (DSPP).[61] This accounts for scalar relativistic effects and includes 60 electrons in the uranium core (comparable to
Stuttgart/Dresden small core ECPs). The pseudopotentials employed in the DMol3 calculations include spin orbit considerations.
Polarized numerical basis sets (DNP) were used for the active electrons. 2) In NWChem the hybrid B3LYP functional[62, 63] was used,
with uranium described using the LANL2dz ECP and orbital basis
set.[64] Other atoms in the complexes (O, C, and H) were described
using the aug-cc-pVDZ orbital basis sets.[65] Calculations were also
performed using the PBE functional[66, 67] (a generalized gradient approximation). In these calculations, the MWB60 ECP and basis set
(SDD/TZVP)[68–71] was used, which features Stuttgart/Dresden effective core potentials. For the spin–orbit calculations, the oxygen
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basis was replaced by the CRENBL ECP and associated basis set.[72]
A very fine grid and very tight convergence criteria for both
energy and geometry optimization were used throughout the calculations with NWChem. For DFT energies, convergence was set to
1.0d 8, and an xfine grid was used. 3) In ADF2006.01 the scalar relativistic ZORA[73] Hamiltonian combined with the TZ2P type basis
set was applied within the framework of unrestricted DFT, the PBE
functional and a frozen core including the 5d electrons. This adds
up to 78 electrons. Vibrational frequencies were calculated analytically.
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