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Abstract: The gas-phase infrared spectra of discrete uranyl ([UO]?") complexes ligated with acetone and/
or acetonitrile were used to evaluate systematic trends of ligation on the position of the O=U=0 stretch
and to enable rigorous comparison with the results of computational studies. lonic uranyl complexes isolated
in a Fourier transform ion cyclotron resonance mass spectrometer were fragmented via infrared multiphoton
dissociation using a free electron laser scanned over the mid-IR wavelengths. The asymmetric O=U=0
stretching frequency was measured at 1017 cm™? for [UO,(CH3COCHS;),]?" and was systematically red
shifted to 1000 and 988 cm~* by the addition of a third and fourth acetone ligand, respectively, which was
consistent with increased donation of electron density to the uranium center in complexes with higher
coordination number. The values generated computationally using LDA, B3LYP, and ZORA-PW91 were
in good agreement with experimental measurements. In contrast to the uranyl frequency shifts, the carbonyl
frequencies of the acetone ligands were progressively blue shifted as the number of ligands increased
from two to four and approached that of free acetone. This observation was consistent with the formation
of weaker noncovalent bonds between uranium and the carbonyl oxygen as the extent of ligation increases.
Similar trends were observed for [UO,(CH3;CN),J>" complexes, although the uranyl asymmetric stretching
frequencies were greater than those measured for acetone complexes having equivalent coordination,
which is consistent with the fact that acetonitrile is a weaker nucleophile than is acetone. This conclusion
was confirmed by the uranyl stretching frequencies measured for mixed acetone/acetonitrile complexes,
which showed that substitution of one acetone for one acetonitrile produced a modest red shift of 3—6
cm™L

Introduction in the condensed phasé%.This has motivated extensive
modeling efforts using computational chemistry at a variety of
levels of theory and computing pow&r® However, it is
frequently difficult to experimentally validate computational
methods/approaches and calculated values, especially for ac-
tinide species.

Both Raman and infrared spectroscopy have been used to
investigate ligand attachment to metal centers, starting with

The chemical behavior of uranium is controlled by the
structure and reactivity of an array of ligated complexes and
clusters that is derived from competitive influences of 5f, 6d,
and 7s orbitals on the metal centef. In solution, [UG]%"
(uranyl, U(VI)) is the dominant species, but for this cation there
is a multiplicity of interconverting species that complicates study

ldaho National Laboratory. correlation of bond force constants with vibrational frequen-
rWichita State University. cies In the case of [U@2", vibrational investigations are
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as sensitive “barometers” of the coordination environment of

In addition to complex formation, decreases of threl@G=0

the actinide metal. The benchmark value of 965 wavenumbersstretching frequencies are also generated by formal reduction

(cm™1) for the asymmetric stretéhwas recorded for the aquo

uranyl complex by Jones and Penneman using low pH,

noncomplexing perchlorate solutioflsSubsequent measure-
ments ranged from 958to 962.5 cn?,1%20probably on account

of the U(VI) center (to U(V)}*3* and by promotion of an
electron into an excited stateShifts of 100 cm* or more have
been attributed to both phenomena and support the conclusion
that additional electrons in the valence shell of actinyl species

of variations in the solution environment that supplies electron- red shift the frequencie¥.

donating ligands (solvent molecules and counteranions) that

Computational studies have predicted significant red shifting

complex the uranyl and shift the stretching frequencies to lower of the IR-activev; frequency as a result of ligand attachment

values. McGlynn’'s measurements of=0=0 frequencies of

to the uranyl center. Values calculated for bare RO

uranyl salts led to the conclusion that donation of electron asymmetric stretch varied from 1021 to as high as 1314'cm

density into ® and f orbitals? resulted in repulsion of the axial
oxygen atoms, with attendant decreases in theand v3
frequencies?!

depending on the level of theory and the relativistic effective
core potentials (ECPs) employ&din a comparison of com-
putational approaches, Marsden and co-workers calculated

Changes in uranyl stretching frequencies have been correlatecasymmetric stretch values for bare [§]& that ranged from
to the formation of ionic clusters in solutidd:mono-, di- and 1060 to 1184 cml3839 Subsequent calculations of
triuranyl species were identified using the assumption of five [UO,(ligand)] complexes using a very small relativistic effec-
equatorial ligands about the uranyl center in each case. A carefultive core potential showed that as the ligand coordination energy
study of the Raman spectra of a variety of uranyl anion increased, both the symmetric and asymmetric stretch frequen-
complexes by Nguyen-Trung et al. established a linear relation- cies decreased, consistent with donation of electron density from

ship between the red shift of the (Raman) frequency and the
number of ligands attachéd,and this was later extended to
the interpretation of the spectra of ionic clust&Joth and
Begun had earlier shown that thefrequency decreased when
ionic clusters containing multiple uranyl moieties were preent.
Glebov examined both thg and thev; frequencies, and derived
relationships between the=€J=0 force constants and equato-
rial bond distance®?” These studies and those of Clark et al.

ligands to the uranyl centé?. A red shift of 85 cnt! was
calculated for the asymmetric stretch of the diacetone complexes,
which would put the unscaled value-afl058 cn1?; this value

is noted because [Ufacetone)?" is one of the species
measured in the present study. Hay et al. compared several
theoretical approaches for evaluating the pentaaquo complex
[UO4(H20)s]2" and calculated asymmetric stretch values ranging
from 1149 to 893 cm! (Hartree-Fock and B3LYP levels of

established a correlation between uranyl stretch frequencies andheory, respectively}? and a similar range has been noted for
the overall stability constants of these complexes, with the [UO»(Cl)4]?~.#* Sonnenberg et al. employed a similar approach

strongest nucleophiles producing the largest red sHif@&lark
et al. also showed that the red shift of thefrequency of the

for tetra- and pentaligated uranyl compleXéStarting with a
value for the bare [Ug?" asymmetric stretch of 1129 crh

uranyl hydroxides in solution was larger than that observed in they predicted that the tetrahydroxy complex [OH)4]%~

solid crystals® demonstrating a significant influence on the

would be red shifted to 829 crh, sharply lower than the

stretching frequency by the solvent. This influence was sub- frequency of the tetraligated complex containing the much
stantiated further by the observation that axial oxygen atoms weaker CO donor, [UgCO)]?", which was shifted only to

of the uranyl ion participate in exchange reactions with the 1069 cntl. Recently, de Jong et al. used local density functional
solvent. The conclusions of these studies, with respect totheory to calculate structures and vibrational frequencies of

influence of strongly donating ligands on stretching frequency, carbonate, nitrate, and acetate comple®eStarting from a

are in accord with red shifts to the uranylandv; frequencies
in hydroxyaromatié® and phosphine oxide coordination envi-
ronments’® and at electron-donating surface sites on clegsd
iron oxides32 to name a few additional examples.
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frequency of 1123 cmt for the bare [UQ]?, they calculated

a systematic red shift upon serial addition of three ligands,
producing values of 827, 934, and 948cifor the tricarbonate,
triacetate, and trinitrate complexes (respectively). On the basis
of consideration of both the computational results and the
spectroscopic measurements, it is clear that the uranyl stretching
frequencies are extremely valuable for diagnosing the coordina-
tion environment of the metal center. Yet it is difficult to draw
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specific conclusions based on solution-phase measurementsion in [UO,]%" complexes, which were deduced from ligand
because of uncertainty arising from the possibility of multiple substitution reactions and collision-induced dissociation (CID).
and potentially competing interactions occurring between the These studies represent remarkable progress in gas-phase
solvent and the dicatiot?:**Inner-sphere solvent exchange rates actinide chemistry but have not provided a more quantitative
have been measured até1$1,*3 and the coordination energy validation of the computational studies.
of complexes has contributions arising from factors derived from A conceptually attractive approach would be to compare
electrostatic attraction, repulsion, ligand polarization, uranyl experimental frequencies measured for discrete urdigand
polarization, charge transfer from the ligand to the uranyl, and complexes in the gas phase with ab initio calculated values.
reverse charge transfé ! However, an environment offering  Generally, the low photon flux of incident irradiation, together
a greater degree of control, such as the gas phase, might enablgith low gas-phase concentrations, renders vibrational spec-
measurement of vibrational frequencies that can be assigned taroscopy impractical for interrogation of charged species trapped
explicitly defined species, because the chemical complexity in in a mass spectrometer. However, the combination of high-
the gas phase is considerably lower. intensity lasers combined with trapped ion mass spectrometers
Mass spectrometry offers a partial solution to these difficul- overcomes this limitation. The free electron laser for infrared
ties: discrete solvent complexes can be generated and isolate@xperiments (FELIX) located at the FOM Instituut voor Plas-
in the gas phase so that the oxidation state and the number oimafysica “Rijnhuizen” (Nieuwegein, The Netherlands)s
ligands are defined. Beauchamp and co-workers conductedinterfaced to a Fourier transform ion cyclotron resonance (FT-
initial studies of low-valent U cations using an ion-beam ICR) mass spectrometét. This instrumental combination
instrument!>~47 and this work was later expanded upon by enables acquisition of infrared multiphoton dissociation
Schwarz and co-workers who used Fourier transform mass(IRMPD) spectra of gas-phase ions produced using either
spectrometry®4° About the same time, Gibson and co- electrospray ionization or laser desorption and has proven to
worker$%-¢1 began research using a similar approach to conductbe an excellent technique for examining organics, metal
extensive studies of the gas-phase reactions of actinide cationsomplexes, and clustef&.7” Reported here are the first IR
leading to bounding of bond energies. More recently, gas-phasespectra of discrete gas-phase urargdlvent complexes, which
reactivity studies conducted by Van Stipdonk and co-wor®ef8, guantitatively measure the effect of the number and type of
Moulin and co-worker§?7°and Pasilis and Pemberfdrhave electron-donating solvent ligands on the asymmetrel®=0
provided insight into ligand preferences and extent of coordina- stretching frequency. The experimentally generated values for
: the asymmetric stretch serve as benchmarks for the validation
) s sy, 1 Szabo, 2. Wahlgren, Us; Brenthéndrg. Chem. andl comparison of values calculated using several approaches

(44) Hagberg, D.; Karlstrom, G.; Roos, B. O.; GagliardiJLAm. Chem. Soc. and with IR values measured in solution.
2005 127, 14250-14256.
(45) Armentrout, P.; Hodges, R.; Beauchamp, 1.LAm. Chem. Sod977, 99

(9), 3162-3163. Experimental Section
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66 (10), 4683-4688. :
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Angew. Chem., Int. Ed. Engl996 35 (8), 891-894. complexe$3¢ A 1 mM solution of uranyl nitrate was generated by
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(54) Gi , ys Comp g 271,
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(57) Gibson, J. KJ. Mass Spectronl999 34 (11), 1166-1177. !
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(59) 322&5%%(1 élg_'4(43-ilbson 3. K.; Duckworth, D.JCPhys. Chem. 2004 were generated at atmospheric pressure and were extracted into the
108 1042-1051. T T ’ ' vacuum and ion optics orthogonally with respect to the spray axis.
(60) Meccehlr?c?llibgé g’o (';Egt) T?lelng)fon' S. M,; Gilchrist, R. &ep. Sci. The ESI mass spectra of the uranyl complexes were sensitive to the

(61) Gibson, J. K.; Haire, R. G.; Santos, M.; Maatn; J.; Pires de Matos, A. desolvation temperatufé, which was controlled by a heater and
J. Phys. Chem. R005 109, 2768-2781. _ _ thermocouple on the block through which the spray capillary passed.
(62) gt?;?c?é%?(arl]\h_\G_'Rggilg%owwﬁw&r_efﬂhaasrg'S(Séclffbﬁ%g)z;quwgé)dz'eféogﬁ_ Van  at the lowest temperatures (i.e., at room temperature with the heater
(63) Chien, W.; Anbalagan, V.; Zandler, M.; Hanna, D.; Van Stipdonk, M.; turned off), abundant, highly coordinated [kl@yand)]?" complexes
%gSham' G.; Groenewold, G.Am. Soc. Mass Spectrof004 15, 777- could be formed and transmitted through the ion accumulation chamber

(64) Gresham, G. L.; Gianotto, A. K.; Harrington, P. d. B.; Cao, L.; Scott, J. and into the FT-ICR-MS, which enabled acquisition of theel=0
R.; Olson, J. E.; Appelhans, A. D.; Van Stipdonk, M. J.; Groenewold, G. stretch of the [UQ(acetonitrile]>™ complex. However, we were unable
S.J. Phys. Chem. 2003 107, 8530-8538.
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W.; Anbalagan, V.J. Mass Spectron2004 39, 752-761. (72) Oepts, D.; van der Meer, A. F. G.; van Amersfoort, P.Ikared Phys.
(66) Van Stipdonk, M.; Anbalagan, V.; Chien, W.; Gresham, G.; Groenewold, Technol.1995 36 (1), 297-308.
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(67) Van Stipdonk, M. J.; Chien, W.; Anbalagan, V.; Gresham, G. L Valle, J.; Marshall, A. G.; Eyler, J. ChemPhysChe2004 5, 740-743.
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to form the pentaacetone complex for the3lh required for acquisition

has been effectively used by our grétifor modeling uranium

of IRMPD data. Acetone and acetonitrile complexes containing three complexes. Comparative calculations showed that lowest energy
and four ligands were stabilized more easily using a desolvation conformations matched those reported in previous studies of similar

temperature of 80C and a desolvation flow (}) of 21 L min~*. At

systems using other basis s&t& The resulting frequencies were scaled

higher desolvation temperatures, doubly charged uranyl complexesby 0.975, which falls within the customary range of 0:8698 generally

underwent charge reduction reactions.
Fourier Transform lon Cyclotron Resonance Mass Spectrometry

suggested for calculations of this tyffe?? to give optimal agreement

with the IRMPD spectra. The basis set superposition error (BSSE)

(FT-ICR-MS).® "5 lons were accumulated in an external hexapole for values for the mixed SDD/6-31G(d) basis were calculated by the

about 500 ms prior to being injected into the ICR cell. An envelope of

counterpoise method and found to k& kcal mol™ per ligand. The

singly and doubly charged uranyl complexes was formed that containedgeometries and frequencies of the smaller clustars (1, 2) were
three, four, or five solvent ligands. Specified complexes were isolated checked using a much larger “maximal” mixed SDD/6-3HG(3df,-

using a stored waveform inverse Fourier transform (SWIFT) piiise,

3pd); no significant discrepancies were found relative to the results

which ejected all species except those having the desired mass.using the smaller mixed basis.
Complexes containing two acetone ligands were formed using sustained DFT Structure and Frequency Calculations Using Local Density

off-resonance irradiation (SORI) following a He gas pufsgypically
pulsed between 3x 1077 and 1 x 10°® Torr) which stimulated
elimination of a solvent molecule from the complex by collision-induced

Approximation (LDA). DFT calculations using the NWChépi“suite

of programs were performed at the LEP&® level of theory using the
small core Stuttgart RECP and associated Stuttgart orbital basis set for

dissociation. There was a concern that the IRMPD spectra may be U8386.97102 and the valence triplé-plus polarization (TZVP) DFT

influenced by vibrationally excited complexes formed by SORI. To

optimized basis sets for all other atoms (O, C, H, and®)n all

evaluate this, spectra were acquired both before and after an ion cool-cases, spherical basis sets were employed. No scaling of the calculated
down step of abaul s that was added between the SORI stage and frequencies was performed.

irradiation by FELIX, which should allow the molecules to undergo

Structure and Frequency Calculations Using ZORA-PWO1.

substantial radiative cooling. No difference in the observed frequency Vibrational frequencies at the ZORA-PW91 level of theory were
was noted in the spectra, which supported the supposition that residualcalculated for the acetonitrile complex@4in these calculations, we
internal energy from the SORI-induced ligand elimination had dissipated analyzed the uranylligand bond according to the ZiegleRauk%51%6

or was not influencing photon absorption frequency. An additional

energy decompositiéf’ as is implemented in ADF2005.0%2 No

observation that supports this conclusion is that the bandwidths observedscaling of the calculated frequencies was performed.

are among the narrowest found in all our experiments in the FT-ICR

as well as in a quadrupole ion trap (which operates at a much higher
pressure). If the ions were internally hot, broader bands would have

been expected.

Infrared Multiphoton Dissociation. 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 elsewhef&Briefly, it involves sequential, non-

coherent absorption of many (from tens to hundreds) infrared photons,

with each photon being “relaxed” by intramolecular vibrational

Results and Discussion

IRMPD of Uranyl —Acetone (ACO) ComplexesThe ESI-
MS of uranyl nitrate in water/acetone produced dications having
compositions [UGACO),]>" wheren = 3 or 4 (Figure 1).

(84) Dolg, M. InModern Methods and Algorithms of Quantum Chem;stqhn
von Neumann Institute for Computing:”lih, Germany, 2000; Vol. 1, p
479.

(85) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical Chemistrlenum:
New York, 1976; Vol. 3.

(86) Kichle, W.; Dolg, M.; Stoll, H.; Preuss, Hilol. Phys.1991, 74 (6), 1245~

redistribution before the next one is absorbed. In this way, the internal ®87) %)Zc?a Y.; Aoshima, AJ. Nucl. Sci. TechnoR002 39 (6), 647-654.

vibrational energy of the molecule can be resonantly pumped signifi-

cantly above the dissociation threshold, resulting in fragmentation. It
has been shown that the infrared spectra obtained are comparable t

those obtained using linear absorption techniq&ésFELIX was
scanned between 5.2 and 4@ in increments 0k 0.4um, after which

O Gordon, M.; Oomens,

(88) Spencer S, Gagllardl L.; Handy, N. C.; loannou, A. G.; Skylaris, C.-K.;
Willetts, A.; Slmper A. MJ Phys. Chem A999 103 1831 1837.

(89) Banisaukas, J.; Szczepanski, J.; Eyler, J. R.; Vala, M.; Hirata, S.; Head-
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Figure 1. ESI mass spectrum of uranyl nitrate, 1 mM in a 50% acetone/ é *7 m/z 193 [UO,(ACO)
water solution, spray temperature of 80. f: m/z 328
. i I
When the desolvation temperature was operated at modestly 0185- T T T T
higher values (e.g., 10T), ions resulting from charge reduction miz

reactions were observed to tr_]e exclusion of th_e uranyl dication Figure 2. [UOK(ACO),J>* formed by SORI CID of ther = 3 complex
complexes. Prior research using a quadrupole ion trap suggeste@upper spectrum) followed by FELIX irradiation and IRMPD (lower
that it should be possible to form the pentaligated uranyl spectrum).
acetone complexé$,and in fact, these were observed when . ,
. . . 1628 cm 1738 cm

the desolvation temperature was decreased to near ambient (i.e., COstretch C=O stretch
the block heater was turned off). However, ion instability 0.16 .
prevented acquisition of IRMPD spectra for= 5 acetone. We
speculate that ion transmission from the electrospray needle to
the ion accumulation region hexapole in the FT-ICR-MS
deposits more energy into the ions than in the ion trap, thereby
activating fast reverse reactions that have been observed in these
specie$?

The diligated acetone complex [U@CO),]%" was not i
observed _dlrect_ly_ from electrospray; however, it cguld _be o o T T T T 20
produced in sufficient abundance for IRMPD by mass isolating 4

2+ o 1 i JRP cm
[UOA(ACOQ)g]*" using SWIFF! and then causing collision Figure 3. IRMPD spectrum of [UQACO)4]%" (red), plotted with the NIST

induced dissociation USing SOF@I._Sgbsequent attempts t0  gpectrum of gaseous acetone (blue). LDA theory was used to calculate IR
produce [UQ(ACO))?" using a similar strategy were not frequency values for the complex and uncomplexed acetone which are

successful; instead, charge reduction occurred producing-[UO indicated by the red-dashed and blue-dashed lines, respectively.
(ACO—H)]*. Thus, the envelope of [UPACO),]?" complexes
available for IRMPD weren = 2, 3, and 4.

IR absorption bands were observed by photofragmentation
of a SWIFT-isolated complex. In nearly all cases, fragmentation
resulted in loss of an intact solvent ligand, as shown in eq 1 for
the n = 4 acetone complex. Tha = 3 complex behaved

] 1249 cm’
988 cm” C-C stretch
0.124 0=U=0 stretch

e
-
™

1366 cm’’
C-H deformation

0.10+
0.084
0.06+4

IRMPD Efficiency

stretch at 988 cm! is the most outstanding feature at lower
frequencies and is accompanied by frequencies derived from
the acetone ligands. The frequencies of the latter peaks are
shifted compared with those of unligated, gas-phase ac€fone
in a manner consistent with interaction of the carbonyl with
the metal center. The carbonyl stretch observed at 1738 cm

o 2+ o 2+ in the spectrum of gas-phase acetone is red shifted to 1628 cm
/J*o.. ||_“0)\ IRMPD /J*o...” . in the uranyt-acetone complex, consistent with transfer of
o--zﬁ“-o - o—"‘lf' '°=< oT/ M electron density to uranium and a weakening of theCCbond.
\f o T/ o The weakened carbonyl, in turn, would be expected to shorten
m/z 251 m/z 222 and strengthen the adjoining~C bonds, which is consistent

with the blue shift of the €C stretch from 1214 cnt in
acetone to 1249 cnt in the complex. Absorptions at the
frequencies 1366 and 1438 ciin the acetone spectrum are
assigned to €H deformations of the methyl groups.

The abundances of the= 3 andn = 2 acetone complexes
in the mass spectrum were lower than that ofritve 4, which

analogously. In contrast, the = 2 complex decomposed by
charge reduction, forming singly charged [({@CO)]* via a
reaction that likely involved reduction of the uranium metal
center and elimination of a charged (radical cation) acetone
ligand (Figure 2, eq 2).

o -2+ o caused a concomitant decrease in the signal-to-noise ratio in
/J*o. I IRMPD /Lo.\” e their IRMPD. Thus, lower precursor ion intensities for the:
h’ o=( > T oj/ @) 2 andn = 3 species necessitated collection of multiple FELIX
o) O s shots for each data point. This in turn resulted in longer
m/z 193 m/z

acquisition times, which made it necessary to focus data
The high abundance of the [WACO)42* complex atm/'z collection on the &U=0 and C=0 stretching regions for these
251 produced a high signal-to-noise ratio in the IRMPD analysis, COMPplexes.

WhICh enabled_data acquisition across the entire mid-IR Sp(?(:trum(log) NIST Chemistry WebBook. http://webbook.nist.gov/cgi/cbook.cgi?
(Figure 3, solid red trace). The sharp=0=0 asymmetric ID=C67641& Units=SI&Mask=80#IR-Spec (accessed Feb 9).
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0.10 988 cm” in solution provides an indication of interactions of the solvent
| environment with the metal beyond those of the inner coordina-
0.084 tion sphere. The acetone-induced red shifts measured here for
the asymmetric &U=O0 stretch in gas-phase uramdcetone
0.06.. 1000 cm* 1017 cm’ complexes were of the same magnitude (roughly 20 cnTt)

as the shifts correlated by Nguyen-Trung et al. for the Raman-
active symmetric stretch upon addition of a donor ligéhd.
The stretching frequency measured for the gaseous,{UO
(ACO)4]?" complex (988 cmt) was about 23 cmt higher than
the value for the aquo complex [UM,0)s]?" in solution,
which was measured at 965 chin a low-pH perchlorate
solution by Jones and Penneman in 1958.is in some sense
N ——— surprising that this solution-phase measurement is so much lower
940 960 980 1000 1020 1040 1060 than the value measured here for gas-phase,(AICO)4]?",
om since acetone is a stronger nucleophile thg®334°110and

Figure 4. O=U=O0 stretching region of the IRMPD spectra of [WO : ;
(ACO),]?" Dotted lines are Gaussian fits, solid lines are data, for complexes therefore should more effectively donate electron density to the

0.04 4

IRMPD Efficiency

0.02 4

havingn = 4 (red), 3 (green), and 2 (blue). uranium center to cause a greater red shift. The difference might
o be attributed to the fact that the solution-phase pentaaquo
gztr’]'g ién;rhas”%’i'ﬁ g;@ﬁ%%?@éﬁtggﬁ "AeéeatggeA(CAetCog;* c=0 complex has more electron donors (fit#&)15 complexed to
Acetonitrile (ACN), and Mixed ACO/ACN Complexes Obtained the equatorial coordination sites than does the gas-phase four-
from the Optimized LDA Structures acetone complex. However, the red shift in the uranyl frequency
complex U=0 U-ACO C=0 (ACO) U-ACN observed upon addition of the fourth acetone was only 13'tm
[UOZ2+ 1.728 the modest magnitude of the shift may reflect steric crowding
Acetone 1.218 of the equatorial ligands, which is suggested by a slight tilting
[UOz(ACO)IZZ+ 1728 2121 1.290 of the acetone methyl groups out of the equatorial plane in the
{Bgzgﬁgggfﬂ i;g? géﬁ‘l‘ i%é calculated B3LYP structures (Supporting Information, Figure
[UOA(ACO)2+ 1.766 2.299 1.252 S3). In the calculated LDA structure the acetone methyl groups
[UOo(ACN)]2* 1.722 2.258 stay in the equatorial plane, which can be attributed to LDA
{382@%“;2}21 i;ig ggég overestimating the hydrogen bonding strength (Figure S4 in the
[Uoz(ACN)j]H 1754 2415 Supporting Information). A further red shift upon addition of a
[UOL(ACN)s]2+ 1.759 2.457 fifth acetone would be expected to be no more than an additional
[UOz(ACN)s(ACO)]Zz+ 1758 2.267/2.278  1.251  2.448 13 cntl, and perhaps less; therefore, we would estimate that
{ggiﬁgmgé’%cégﬁ]ﬂ i:;gi géii iggg 3:3‘2%/2_ 425 the frequency for the five-acetone complex would be not less
[UOLACN),(ACO)Z" 1.749 2.216 1263  2.381 than 975 cm?, which is still greater than the frequency of the
[UO(ACN)(ACO),]2 1.753 2.229 1.261  2.393 ion in solution containing the more weakly binding water.

The lower frequency in solution must in part be due to the
solvochromic effect, in which vibrational frequencies are red
X ) shifted in the presence of a dielectric solvent. To estimate the
the number of acetone ligands) (in th? [UOZ(ACO.)“]H, ~extent of this shift we carried out a self-consistent reaction field
complexes increased from 2 to 3 to 4 (Figure 4). This shift is c5\cjation for the uranyl dication in water using the Onsager
consistent with donation of additional electron density to the modell16-120 which predicted a red shift for the asymmetric
uranium center by each additional acetone, repelling the axial gyetch of~20 et using the dielectric constant for pure water.
O atoms and thus weakening the=0 bonds. This interpretation  gecayse the dielectric constant in an ionic solution is IGWer,
is supported by the results of the computational modeling (Table o magnitude of the calculated solvochromic shift would be

1) which shows a lengthening of the=D bond, and &  gmjjier, and hence 20 crhrepresents the maximum adjustment.
shorter_nn_g (_)f the acetone=® bond, as_more acetone or_ This would put the solvochromic-corrected value for the five-
acetonitrile ligands are added. T_he magnitude of the red shift, o, complex at~985 cnr?, which is only 10 cm? higher

was greater for addition of the third acetone (17 énthan for
the fourth acetone (12 cr), indicating that the electron density  (112) Neuefeind, J.; Soderholm, L.; Skanthakumar).Shys. Chem. 2004

er ligand donated to the metal center is greater in complexes 108 2733-2739.
P g K . . . 9 . P (113) Allen, P. G.; Bucher, J. J.; Shuh, D. K.; Edelstein, N. M.; Reictindrg.
containing fewer ligands. This conclusion concurs with the Chem.1997 36, 4676-4683.

; H indi H H (114) Semon, L.; Boeheme, C.; Billard, I.; Hennig, C.; Lutzenkirchen, K.; Reich,
general_observanon that ligand binding energies in noncc_>va|ent T Rossberg. A Rossini, 1. Winff, GehemPhysCher001. 2, 591.
metal-ligand complexes decrease as the number of ligands (115) Vvallet, V.; Wahligren, U.; Schimmelpfennig, B.; Moll, H.; Szabo, Z.;

i 0 i i i Grenthe, l.Inorg. Chem.2001, 40, 3516-3525.
increase¥?and with molecular dynamics and DFT studies that (116) Onsager, LJ. Am. Chem. S04936 58, 1486-1493.

The G=U=0 stretches were shifted to lower frequencies as

showed greater uranylwater distances for [UgH,0)s]?" than (117) (Wo)ng, M. W.; Frisch, M. J.; Wiberg, K. B. Am. Chem. S0d991, 113
2+ 44,111 i i 13), 4776-4782.

for [UO5(H20)a]*" Comparison of the magnitude of the ;1) Wong ‘. w: Wiberg, K. B.: Frisch, M. . Am. Chem. S04992 114

red shifts caused by the acetone ligands with values measure (2), 523-529.

(119) Wong, M. W.; Wiberg, K. B.; Frisch, M. J. Am. Chem. Sod992 114
(5), 1645-1652.

(110) Rodgers, M. T.; Armentrout, P. Blass Spectrom. Re200Q 19 (4), (120) Yu, G. S.; Freedman, T. B.; Nafie, L. A.; Deng, Z. Y.; Polavarapu, P. L.
215-247. J. Phys. Cheml1995 99 (2), 835-843.

(111) Shamov, G. A.; Schreckenbach,JGPhys. Chem. 2005 109, 10961 (121) Hasted, J. B.; Ritson, D. M.; Collie, C. H. Chem. Phys1948 16 (1),
10974. 1-21.
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complex!2-119) is also shown to provide historical and spec-

T 11403 B | 4

§ ] 2003 BILYP troscopic context. The IRMPD measurements of the gas-phase
Z 120 RN\ (Marsden) uranyl complexes are not influenced by the dynamic interactions
§ ] i occurring in solutiof®44and hence provide excellent calibration

g 1100': i points for the theoretical methods. Experimental validation
- 10803 - studies are needed because modeling actinide structures has
o 1953 Aquo

£ ] measurement historically been challenging on account of the large number
£ 10607 Pornemen) of electrons involved, relativistic effects, and spiorbit

z 1040_: coupling10:41.124.125

:: ] L= The LDA calculations have had success in modeling uranyl
g 10204 Ty vibrational frequencié€g-3842and were performed for the [U©

E' 1000_:...... e e (ACO)n:2,3,4]2+ complexes. In the optimized LDA structures of

8 1 ; the tri- and tetraacetone complexes the uranyl unit is linear,
E 9804 and the acetones are symmetrically distributed in the equatorial
& 1 - plane. All carbon and carbonyl oxygen atoms lie in the

9607 i i equatorial plane. The ligarduranytligand angle in the diac-
T T T T

etone complex is bent with an angle of 21@nd the G=U=0

is slightly distorted from linear (angle 17)7with the uranyl
oxygen atoms bent away from the acetones. The unscaled values
for the G=U=0 and G=0 stretching frequencies for the=

4 complex were within a few cmt of the IRMPD values
(Figures 3, 5; tabulations and assignments for frequencies
calculated for all complexes are found in Tables—§36 in

the Supporting Information). The LDA-calculated value for the

than the lowest value estimated for the five-acetone complex. O=U=O0 stretch (984 cm) for the n = 4 acetone complex
The results suggest, therefore, that the urany! stretch of the watelan be compared with a value of 1024 chealculated for the
complexes are further influenced by additional solution interac- N = 4 water complex using the same theoretical meti#éth
tions that could be either in the equatorial plane or perhaps with fact, the asymmetric stretch frequencies forive 2—5 water
the axial oxygen atoms in a manner analogous to the Lewis COmplexes are found to be40 cnt™* higher than the corre-

0 1 2 3 4 5
Number of acetone ligands in [UOz(ACO)“]”

Figure 5. Comparison of IRMPD asymmetric<8J=O0 stretching frequen-
cies for the [UQ(ACO)n=234%" complexes (circles) with the unscaled
results of LDA calculations (stars), B3LYP unscaled calculations (squares),
and B3YLP scaled calculations (half-filled squares). The results of
Marsden’s 2003 B3LYP calculation for= 2 and the original measurement
for the solution-phase aquo complex are included for comparison.

acid binding recently reported?123 A combined quantum
chemicat-molecular simulation studf also suggested that the

sponding acetone complexes and5 cnt?! higher than the
corresponding acetonitrile complexes. These results support the

second solvation shell may donate a modest amount of additional€XPectation that acetone is a stronger gas-phase nucleophile than

electron density at the uranium center.

A direct comparison of the aqueous uranyl frequency with
that of a gas-phase water complex would be desirable to
facilitate a more valid comparison. However, attempts to
stabilize aquo complexes in the FT-ICR-MS were unsuccessful,
in accord with the computational results indicating that the JUO
(H20)2]%" complex has a lower coordination energy than its
acetone counterpaf?.In past attempts to generate gas-phase,
uranyl-aquo complexes (i.e., [UfH0),]?") by ESI, the mass
spectra have been dominated by hydrated uraaglon com-
plexes such as [USDH(H;0), " and [UGQNO3(H0),]*, even
when weakly coordinating anions such as ¢lOwere
used®263.66.6These experimental difficulties have limited direct
comparisons of &U=0 stretching frequencies for complexes
in solution with those in the gas phase; however the lower

frequency expected for the acetone complexes (compared to

similarly ligated water complexes) was supported by direct
comparison of computationally generated frequencies for the
four-water and four-acetone complexes.

A plot of the G=U=0 stretching frequency versus the
number of ligands attached reveals a systematic red shifting
that was effectively modeled using both LDA and B3LYP
approaches, and a comparison is shown in Figure 5. The fre-
guency measured in solution for [U@" (965 cntlin a low-
pH perchlorate solutiof® thought to be a pentaaquo

(122) Albrecht-Schmitt, T. E.; Almond, P. M.; Sykora, R.IBorg. Chem2003
42, 3788-3795.
(123) Sarsfield, M. J.; Helliwell, MJ. Am. Chem. So@004 126, 1036-1037.
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water, which in turn indicates that for complexes in aqueous
solution, different structures (i.e., with ligands not oriented in
the equatorial plane) or additional interactions are responsible
for further lowering the &U=0 frequency measured in
solution.

The LDA-calculated € C stretching frequency for the =
4 acetone complex was approximately 50 érnigher than the
IRMPD measurement, which was the same variation that was
observed in a comparison of the IR spectrum of free acetone
with the LDA-calculated value (Figure 3). LDA-calculated
frequencies for the €H deformations were in close agreement
with the broadened peak that was recorded in the IRMPD
experiments for the = 4 complex. The calculated asymmetric
uranyl stretching frequencies (unscaled) of thre 3 andn =
2 complexes were 5 and 16 cirhigher (respectively) than the
measurements (Figure 5, tabulated values in Supporting Infor-
mation Table S1).

The frequencies were also modeled at the B3LYP level of
theory. The SDD basis set was employed for urafffiféand
the 6-31G(d) for all other elements (results also presented in
Figure 5). With the use of this approach, the unscaled value for
the [UG,(ACO),]2" complex was in near-perfect agreement with
previous B3LYP calculatiort8 and 33 cm? higher than the
IRMPD measurement. The difference between the unscaled
calculations and measurements decreased to about 2Dasm

(124) Infante, I.; Visscher, LJ. Chem. Phys2004 121 (12), 5783-5788.

(125) de Jong, W. A.; Visscher, L.; Nieuwpoort, W. €.Mol. Struct.1999
458 41-52.

(126) Zhang, Z.; de Jong, W. A.; Windus, T. L. 2006.
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0.16 4 1630 cm”’ 1738 cm™

1583 cm’'

0.14 4
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1 1527cm?
] 1500 cm”

IRMPD Efficiency

1450

em’
Figure 6. C=O0 stretching region of the IRMPD spectra of [({@CO),]"
wheren = 4 (red),n = 3 (green),n = 2 (blue), and the IR spectrum of
uncomplexed gas-phase acetone (black).

the number of acetone ligands increased from two to three and
then four. As noted in the Experimental Section, modest scaling

ARTICLES
1800 -
1 | unligated acetone, B3LYP | i
1750 4 N ' S
1 —| gaseous acetone measured )—
E ] f
‘-1 17004 : P U S
3 ] B3LYP
S i unscaled
g 16504
o 1
E
2 |
‘= 16004
2 ]
8
g 1550-_ _
1500 ;
— :

4

Number of acetone ligands (n) in [UOZ{A00)n]2+

Figure 7. Comparison of the €0 stretching frequencies of the IRMPD
spectra of [UQ(ACO)n]2+ with uncorrected values calculated using LDA

factors are commonly applied to the frequency values generatedand B3LYP methods.

from B3LYP calculations. Scaling by a factor of 0.975 resulted
in very close agreement of the B3LYP and IRMPD values
(Figure 5).

The trend toward lower frequencies noted for thelGB=0
stretch as increased in the [UGACO),]2" complexes was
mirrored by the behavior of the=€0 stretch, which systemati-
cally moved to higher frequencies (Figure 6). As more acetone

frequency side, suggesting the presence of an unresolved
absorption band.

The shift to higher frequency with an increasing number of
acetone ligands was reproduced using both the LDA and the
B3LYP calculations (Figure 7, tabulated values in Table S2);
we selected the more intense and higher frequency value

ligands are added to the metal center, each ligand contributesmeasured for th& = 2 acetone complex (at 1527 c#) for

less electron density, causing the=O stretching frequency for
the n 4 complex to more closely resemble that of the
uncomplexed acetone. This trend can also be seen in Table 1
where the &0 bond length is shortened as more acetone
ligands are added. For tlme= 2 complex, the carbonyl groups

comparison with the calculations. The unscaled LDA-generated
values were in close agreement with the IRMPD measurements.
The unscaled B3LYP calculations produced a trend that was
very close to that of the measurements and were more energetic
by about 50 cm? for the same complexes; when the B3LYP

of the acetone ligands are perturbed as a consequence of transfescaled, values were within-10 cnt! of the measurements.

of substantial electron density to the metal and have two
maxima, the most intense of which is at 1527 ¢nand the
less intense at~1500 cntl. The origin of this phenomenon
may be the result of symmetric and asymmetric coupling of
two individual C=0 stretches, which is what was indicated by
the LDA (Table S4 in the Supporting Information) and B3LYP
calculations. The frequency of the asymmetric coupling was
predicted to have a small intensity; however, coupling with
different vibrational modes might enhance this. The splitting
between the two is 24 cmd, which is close to what is observed
experimentally. Addition of the third acetone weakens uranyl
ligand binding, which blue shifts the=€0 stretching frequency

to 1583 cn1l, about 155 cm! lower than that of unligated
acetone. The shape of the=O absorption in th@ = 3 acetone
complex shows a narrow shoulder-ai551 cnrt. Although

the shoulder was close to the noise level in this experiment,
there were two data points in the IRMPD spectrum that were
clearly more intense than neighboring points, and the overall
profile of the G=0 stretch suggested the presence of a second
band reminiscent of what was seen for the= 2 complex.
However, the calculations did not predict a second band in the
n = 3 (orn = 4) acetone complex(es). Finally, addition of the
fourth acetone produces a clearly defined absorption at 1628
cm~1, 110 cnr! lower than that of unligated acetone. This peak

Values calculated for the = 2 complex using either method
were less accurate; however, this conclusion is tempered as a
result of the irregular or superimposed peak shape noted above.

IRMPD of Uranyl —Acetonitrile (ACN) Complexes.Com-
plexation of a more modest nucleophile to the uranyl center
should produce a smaller shift in thes<@=0 frequency, and
the IRMPD spectra of acetonitrile complexes enabled this
expectation to be directly investigated. The previous B3LYP
study* of diligated complexes predicted the diacetonitrile uranyl
complex to be 19 cm' higher than the analogous diacetone
complex. The mass spectrum produced by ESI of a uranyl/
acetonitrile/HO solution contained an ion at/z 217 corre-
sponding to [UQ(ACN)4%" and a less abundant [UO
(ACN)s]?™ at miz 237.5. The triligated [UQACN)3]* was
formed using a SWIFT/SORI sequence, albeit at a significantly
lower intensity compared with the paremt= 4 complex ion.
The diligated complex could not be generated in sufficient
intensity, using a second SWIFT/SORI stage, and thus the
envelope of uranytACN species investigated by IRMPD
included those with three, four, and five ligands.

Because of the low precursor ion intensities, and resulting
long IR acquisition time, data collection was focused on the
O=U=0 asymmetric stretching frequency (ca. 10007ém
(Figure 8). Despite low signal-to-noise ratio (due to low ion

does not show a second maxima but is broadened on the lowetintensity and low IRMPD efficiency), the uranyl stretching
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Figure 8. O=U=O stretching region of the IRMPD spectra of [WO
(ACN)n]2* for complexes havingy = 5 (red),n = 4 (teal), andn = 3 Number of ACN ligands
(blue). Solid lines are data, dotted lines are Gaussian fits (fit fontke3
complex is scaled by b to facilitate comparison).

Figure 9. Comparison of G=U=0 asymmetric stretching frequencies for
the [UO(ACN)]?" complexes measured using IRMPD and calculated using
B3LYP (scaled and unscaled), LDA, and ZORA-PWO9L1 levels of theory.
frequency for then = 3 complex could be readily measured at

1019 cnt?, which was 19 cm! higher than that measured for n=5 complexes (within 45 cn 1) and were~12 cnt ! higher
the analogous [UGACO);]2" (Figure 4); this difference clearly  than the IRMPD frequency for the= 3 complex. The unscaled
indicates that acetonitrile is a weaker nucleophile and is in uranyl stretching frequencies generated using B3LYP were about
excellent agreement with the difference predicted between the20—30 cnm? higher than the IRMPD measurements, which
diligated ACO and ACN complexé8.Increasing the number  appears to be a general conclusion since the difference between
of ACN ligands to four and then five resulted in the uranyl theory and experiment here was similar to that observed in the
stretch shifting to lower frequency by 12 cin each step. all-ACO complexes. When scaled by 0.975, the B3LYP results
The fact that the magnitude of the red shifts were (a) equivalent were in excellent agreement. The unscaled ZORA-PW91 were
to the magnitude of the shifts observed in a comparison of the 16—19 cnt ! lower than experimental values, which is consistent
tri-ACO and tetra-ACO complexes and (b) were not decreasing with the fact that this functional gives smaller frequencies for
with increasingn (as they were in the all-F-ACO complexes) the bare uranyl as compared to those of reference coupled cluster
suggests that repulsive steric interactions may in fact be calculations®” 127
weakening binding of the ACO (note that the calculated The differences between the LDA, B3LYP, and ZORA-PW91
structures for [UQ(ACO)4]2" show slight repulsion of methyl  calculations are attributed primarily to the DFT functional
groups out of the equatorial plane, Figure S3). Steric repulsion chosen. To get an estimate of the basis set effects and effects
is probably not important in the ACN complexes, and hence from the ZORA approximation additional NWChem calculations
addition of a fourth ACN ligand to [UGACN)3]?" effects a were performed using the PW91 and B3LYP functionals with
red shift in the G=U=0 frequency whose magnitude is the same basis sets used for the LDA calculations. Vibrational
equivalent to that effected by addition of a fourth ACO ligand frequencies for only the diacetone and diacetonitrile complexes
to [UO,(ACO)3]2". This result was surprising since ACN is a were calculated for comparison. The uranyl asymmetric stretch
weaker nucleophile and points to the fact that ACN is less for the acetonitrile complex obtained with NWChem using the
influenced by steric crowding at the metal center than is ACO. B3LYP and PW91 functional are 1076 and 1029 ¢ém

As with the acetone complexes, the stretching frequencies 'esPectively. These results are in close to the Gaussian B3LYP
generated for the ions in the [UACN)n—3_s]2* series provided result of 1069 cm! and the ADF ZORA-PW91 result of 1022

a valuable benchmark for comparison with frequencies generated®M . The acetone asymmetric stretch of 1055-¢énfrom
computationally (Figure 9, tabulated values in Table S1). For NWChem with the B3LYP functional is close to the Gaussian

the urany-ACN complexes, calculations were conducted at the B3LYP number of 1050 cmf. Hence, the basis set errors
LDA, ZORA-PW911%4 and B3LYP levels of theory. As was introduced are much smaller than the differences seen when

the case for the larger acetone complexes, in the LDA structuresComparing the results of the B3LYP and PW91 with those of
of the tri-, tetra-, and pentaacetonitrile complexes the uranyl LPA, confirming that those differences are due to the functional

unit is linear and the acetones are symmetrically distributed in €hosen. .

the equatorial plane, with all carbon and nitrogen atoms in this "€ curves plotted from the frequency shifts from all three
plane. The liganduranyl-ligand angle in the diacetonitrile ~ Methods agreed reasonably well, giving the same qualitative
complex is bent with an angle of 194and the &U=0 bond trend and ending at a different bare uranyl stretching frequency.
angle is slightly deformed (angle 1%6with the uranyl oxygen ~ Previous DFT studies emphasized bond energy decomposition
atoms being slightly repelled away from the acetonitrile @nalyses on an extensive range of diligated complexes, which

molecules. The unscaled LDA frequenmes were in very gOOd (127) de Jong, W. A.; Harrison, R. J.; Nichols, J. A.; Dixon, D.Theor. Chem.
agreement with the IRMPD measurements for tive 4 and Acc. 2002 107, 318.
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Table 2. Uranyl—Acetonitrile Bond Energy Values Derived from B
Decomposition Analyses of the [UO2(ACN),=1.4]>" Based on the 104

ZORA-PW91 and Electrostatic Model Calculations ] i &c:’— i §
[=] (o]
no. of ACN ZORA-PWOL electrostatic s ¥ 2| g2 % |
ligands kcal mol—t kcal mol—! 5 ] = o 3] o
‘ 2 o g g 2| @
1 100.5 93.7 3 | > 2 ol g .
2 80.7 80.5 4 =2 = 1= 3§
3 78.5 76.1 ] g | = < <
4 70.1 70.0 24 R E sl &
5 62.0 64.1 . s = —q
P8PSR WO - U ! T
180 160 200 210 220 230 240 250 260
suggested that while polarization and charge transfer were miz

important, the dominant factor was the electrostatic compdfient. Figure 10. Mass spectra of mixed acetonitrile/acetone uranyl complexes
: o - : : [UO2(ACN)(ACO),)2" (wherem + n = 4) isolated using SWIFT and

Wh"e acetonltrlle was not EXp“CI_tIy dlsgussed, it had one of photofragmented at 995 crh The experiment simultaneously produced

the highest dipole moments of all ligands in the study, and hence |rRmpD spectra for four different complexes.

its binding would also be expected to have a large electrostatic

component. With the use of the optimized geometries for the nation of acetonitrile (the more weakly bound ligand) in each

all-ACN complexes, a ZieglerRauk type energy decomposi-  case (Figure 10). With one exception, photofragments that were

tlonloe'llzﬁwals performed (neglecting deformation energy of the generated were not isobaric with each other or with the

acetonitrile ligand, which contributes only a few kcal mbio undissociated complexes. The exception arose from the presence

the overall result (1.6 kcal mot for acetonitrile in the of a low-abundance ion at/z 251.1, which corresponded to

monocoordinated structure)). The bond energy per ligand [UO,(ACO),]?*, for which the photodissociation product ion

decreased from-100 kcal mof? for [UO,(ACN)]?* to ~64 [UO2(ACO)3]?+ was identical to that of [UGACN)1(ACO)s]2+.

kcal mol‘.l.for [UO2(ACN)s]?+. The bond energy cqlcqlated here However, the IRMPD spectrum of the [J@CN)1(ACO)3]2*

for the diligated complex (80.7 kcal md) was within a few  complex was not significantly compromised because the abun-

kcal mol! of the complexation energy calculated in the earlier dance of the [UG(ACO),]2+ was low in this experiment, and

B3LYP study?’ The bond energy decomposition suggested that furthermore the all-ACO ions have showed lower IRMPD

these complexes can be modeled using primarily electrostaticefficiencies (vide infra).

terms (Table 2), since the large Pauli repulsion and orbital  gyamination of the uranyl stretch for the mixed complexes
interaction terms almost completely cancel each other. This [UO(ACN)(ACO)J2* (m + n = 4) reinforced the earlier
reflects the fact that the electron density does not change mucheoncjysion that substitution of a more nucleophilic ligand
upon going from the promolecule, in which the densities of the egited in a red shift in the: ©U=0 frequency (Figure S1 in
uranyl and ACN ligands are simply superimposed, to the real (o Supporting Information). The all-ACN complex & 4, n
molecule. Orbital decomposition does, however, show the _ 0) was measured at 1007 cin(Figure 8); substitution of
participation of the empty 5f and 6d orbitals of uraniumin the 5o ACN for one ACO produced then(= 3, n = 1) complex
final orbitals, needed to achieve orthogonality on the closed- \ynich resulted in a red shift of6 to 1001 cml. consistent
shell uranyl core. This is conventionally interpreted as Iigand- with the stronger nucleophilic character of ACO. Sequential
to-metal charge transfer. The large uranyl frequency shifts are g nsiitution of the second, third, and finally fourth ACN ligands
due to this charge transfer that lengthens and weakens the,ith AcO produced asymmetric frequencies of 995, 991, and
uranium-oxygen bonds. o 988 cn1! corresponding to consecutive red shifts of decreasing

IRMPD of Uranyl —Mixed Acetonitrile —Acetone Com- magnitude, 6, 4, and 3 cthfor the m=2,n=2), (m= 1,n
plexes.Uranyl—mixed solvent complexes were also generated _ 3), and (= 0, n = 4) complexes, respectively. The results
in these experiments, originally from traces of residual acetone \,nqerscore the sensitivity of thesJ=0 stretching frequency

in the spray chamber, but later deliberately formed by addition ¢ recording relatively subtle changes in the ligand field of
of acetone vapor. The generalized formula for the mixed ¢ complex.

complexes was [UGACN)(ACO),]?", wherem + n = 4.
Mixed solvent complexes were observed despite the fact that
ACN was in vast excess (in the spray solvent), because ACO
is a much stronger nucleophile compared with ACN and
displaced the ACN in the originally formed complexes during
the long time period+0.5 s) ions spend in the hexapole ion
accumulation chamber. The formation of the mixed complexes
afforded the opportunity to examine the influences of small
changes in the ligand field on the uranyl stretching frequency.
Multiple SWIFT isolation windows were simultaneously im-
posed that enabled collection of IRMPD spectra of four separate
complexes at the same time. The [WACN)4]?" atm/z217.1,
[UO2(ACN)3(ACO),]?t at m/iz 225.6, [UG(ACN)(ACO),)%"

at m'z 234.1, and [UQ(ACN)1(ACO);]2" at m/iz 242.6 were
isolated and subjected to photodissociation. This caused elimi-

The IRMPD efficiency appears to be decreasing as more
acetone is incorporated. This was suggested by comparison of
efficiencies at the uranyl stretching frequencies of all-ACN
complexes with those of the all-ACO complexes: for example
the efficiency of the [UQ(ACN),]2" photofragmentation (Figure
8) is about 3 times greater than that of [W{@®C0),]?" (Figure
4). The trend was reinforced in the uranyhixed ligand
experiment (Figure S1), where the efficiency generally decreases
as additional ACO ligands are substituted for ACN ligands. Here
the comparison is better because the complexes were subjected
to identical photofragmentation conditions. The result indicates
that poorer photofragmentation efficiency is correlated with
higher ligand binding energies.

Comparison of the &U=O0 stretching frequencies measured
for the (m + n = 4) mixed ligand complexes with unscaled
(128) Ziegler, T.; Rauk, ATheor. Chim. Actal977, 46 (1), 1-10. LDA-calculated values produced remarkable agreement: all
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Figure 11. Comparison of @U=0 asymmetric stretching frequencies  Figure 12. Comparison of &U=0 asymmetric stretching frequencies

for the [UO(ACN)m(ACO)-]2* complexes i + n = 4) measured using  for the [UO(ACN)m(ACO)n]** complexes ifi + n = 3) measured using
IRMPD and calculated using B3LYP and LDA levels of theory. IRMPD and calculated using B3LYP and LDA levels of theory.

[

LDA-calculated values were within 4 crh of experimental ~ and compared with the IRMPD values (Figure 12, tabulated
measurements (Figure 11, tabulated values in Table S1). Thisvalues in Table S1) The unscaled frequencies calculated using
points to the accuracy achievable for the metatygen LDA were slightly greater than the measurements, with the
frequency using this approach. The agreement between thedifferences ranging from 12 crfor the all-ACN complex to
unscaled B3LYP-calculated frequencies and the measurement$ cni* for the all-ACO complex. For both the tetraligated and
was also very good; in this comparison, the calculations were triligated complexes the ©U=O0 angle is very close to linear,
~23 cnt! more energetic for all five tetraligated complexes With the carbons, oxygen (acetone), and nitrogen (acetonitrile)
compared, which showed that the trending was well modeled atoms of the ligands in the equatorial plane. The unscaled
using this approach. When scaled, the B3LYP frequencies wereB3LYP frequencies were consistently287 cnt greater than
actually about 5 cmt lower than the measurements. the measurements, reproducing the trend upon ACN-for-ACO
The triligated, mixed solvent uranyl complexes formed as substitution. Excellent accuracy was achieved when the fre-
products of IRMPD of the tetraligated species (see Figure 10) duéncy values were scaled.
could also be formed using collision-induced dissociation using Conclusions
a SWIFT/SORI sequence. Although substantial ion abundance
was lost in the isolation/fragmentation process, a series of ions The results of this study are the first vibrational spectra
having the general formula [ULACN)(ACO),]2" where measured for gas-phase uranyl ion complexes. A strong absorp-
+ n) = 3 were formed in sufficient abundance for IRMPD tion attributed to the asymmetricc8J=0 stretch was observed
experiments. Because of lower ion abundance and IRMPD for a range of uranytacetone, uranytacetonitrile, and uranyl
efficiency for the triligated complexes, their IRMPD spectra mixed ligand complexes. The uranyl asymmetric stretching
had lower signal-to-noise ratios than the tetraligated species.frequencies systematically shifted to lower values as the number
When the complexes containing ACN were irradiated at the of equatorial ligands within the precursor complex increased,
O=U=0 frequency, they fragmented by loss of ACN (as did and with increasing ligand nucleophilicity. For acetone com-
the tetraligated mixed ACN/ACO complexes). The=0=0 plexes, as the number of ligands increases, the red shift observed
stretching frequencies (Figure S2 in the Supporting Information) in the uranyl frequency was complemented by blue shift for
displayed trends that were similar to those of the tetraligated the carbonyl stretch, signaling decreasing transfer of electron
complexes, in that the uranyl stretch was progressively red density from coordinating ligand to the uranium center with
shifted as (a) the number of acetone ligands increased and (bincreasing extent of ligation. These measurements provide
the number of acetonitrile ligands decreased. The magnitudeexplicit benchmark values that were compared with results of
of the red shift observed on substitution of an ACO for and three different theoretical calculations, which have been histori-
ACN in the (m + n) = 3 complexes was-67 cn! in each cally difficult for actinide species on account of the large number
instance. The photofragmentation efficiency was substantially of electrons involved, relativistic effects, and spirbit
less than in the case of then(+ n) = 4 complexes, which coupling.

probably also reflects stronger uranitttigand binding for the For the unscaled calculated frequencies, the best agreement
(m+ n) = 3 complexes. was achieved using the LDA approach, which provided unscaled
The G=U=O0 stretching frequencies for then(+ n) = 3 uranyl frequency values that were within a few @nof the

complexes were calculated using LDA and B3LYP methods IRMPD values. B3LYP using a combination of SDD and
4812 J. AM. CHEM. SOC. m VOL. 128, NO. 14, 2006
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6-31+G(d) basis sets also generated unscaled uranyl frequencie€onstruction and shipping of the FT-MS instrument was made
that were in very good agreement with the measurements, beingpossible through funding from the National High Field FT-ICR
20—30 cnt ! higher. The trends observed in the data in general Facility (Grant CHE-9909502) at the National High Magnetic
appeared to be best reproduced by the B3LYP method and, wherField Laboratory, Tallahassee, FL. W. A. de Jong’s research
appropriately scaled, provided excellent accuracy. The unscaledyas performed in part using the Molecular Science Computing
urgnyl frequencies calculated f(_)r the all-acetonitrile comple>_<es Facility in the William R. Wiley Environmental Molecular
using ZORA-PW91 were also in very good agreement, being gciences Laboratory, a national scientific user facility sponsored
about 20 cm? lower, and accurately reproducing trending in by the U.S. Department of Energy’s Office of Biological and
the measured frequencies. The theoretical results are highlyEnvironmental Research located at the Pacific Northwest

encouraging since '.t Is hoped that these. gomputatlonal aP”National Laboratory, which is operated for the Department of
proaches will effectively account for relativistic effects and Enerav by Battelle. L. Visscher thanks the Netherlands Oraa-
spin—orbit coupling that are encountered in calculation of more —. gy by NN ) . 9
nization for Scientific Research (NWO) for financial support
complex systems. o
through the “Jonge Chemici” program.
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