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Abstract: Dispersed fluorescence spectra have been recorded for UO; isolated in a solid Ar matrix. Near
UV excitation produced groups of emission bands in the 370—420 and 465—645 nm spectral regions.
These bands originated from two energetically close upper levels and terminated on a range of low-lying
electronic states. Comparisons with electronic structure calculations indicate that the ground and low-lying
electronic states of UO, are derived from the U(5f7s) configuration. The level of agreement between the
observed and predicted electronic energies provides an impressive validation of the calculations. In previous
studies of matrix isolated UOy, it had been suggested that the ground state in solid Ar is U(5f?) °H. The
present results do not appear to be consistent with this hypothesis.

Introduction energy ordering of thé® and?3H states. Similarly, it has been

Quantum chemistry calculations are now reaching a level of ProPosed that the interaction between CUO and Ar is large
sophistication where they may provide accurate results for €N0Ugh to reorder the low-lying electronic steteOn the basis
simple lanthanide and actinide compounds. These advances offePf the results from DFT calculations, Li et fatoncludgd that
the possibility that actinide chemistry may soon be explored € rare gas atoms Ar, Kr, and Xe form weak chemical bonds
by computational methods, thereby circumventing many hazard-With CUO. An implication of_these st_udles is t_hat calculz_atlons
ous and expensive experimental studies. At this point, it is that are_tc_) be evaluated against matr|>_< data vv_|II need to include
essential to evaluate the results obtained using various method@" €xPlicit treatment of the gueshost interactions. _
for incorporating relativistic terms in quantum chemistry [N the present study, we have examined the electronic
calculations. Spectroscopic measurements for isolated molecule€MiSSion spectrum of UQrapped in solid Ar. The objective
provide the best data for comparison, but there have been veryVas to _charactenze th(_e Iow-lylng e!ectronlc states and thereby
few gas-phase studies of actinide compounds. In principle, determine the electronic conflgurat_lon for the ground state. As
studies of molecules isolated in rare gas matrices should also'€C€Nt gas-phase measurementmfirm that the ground state
provide critical benchmark data. However, there are subtle ©f UO2 is U(5f7s) ?@(DZUZ we were particularly interested to
complications that must be taken into account when interpreting S€€ if the electronic emission spectrum for 4@ Ar would
the data for actinide compounds obtained from cryogenic show ev_ldenc_e c_)f state reordering. In addition, we have used
matrices. Andrews and co-workéré have studied a range of Fh_e_ matrlx_ emission spectrum to_assess the_quallty of recent ab
uranium compounds trapped in rare gas matrices. For the initio prediction$~*°for the low-lying electronic states of UO
molecules UO, U@ and CUO, they observed anomalously large Experimental Section
changes in vibrational frequencies when the host material was
changed from Ne to Ar. For example, the antisymmetric stretch
gfhlc:uoze ;N;IZ.S uoslzesde;\(/;ds%t/ ?L}:cgjrllgll\tlﬁe%rr]? (7D7|§T(;T; Iirrll\f(;rs.ii“lgate vaporization of a uranium metal targ_et. The second harmonic from an

’ . ] -~ Nd:YAG laser was used for ablation. The laser was operated at
the cause of this large effect. Their calculations were the first 4proximately 30 mJ per pulse with a repetition frequency of 10 Hz.
to indicate that U@ has a3® ground state derived from the A 10 cm focal length lens was used to focus the beam on the surface
U(5f7s) configuration. Prior studies had concluded that the of the metal. In the first series of experiments, the ablated material
ground state wadH, derived from U(5%). Zhou et aP found was carried to the matrix chamber in a flow of Ar that contained 0.1%
that the calculated vibrational frequency for tRé state
corresponded to the Ne matrix result, while the frequency for © f;grg‘fzsé L; Liang, B.; Li, J.; Bursten, B. B. Am. Chem. So2003
the3H state agreed with the Ar matrix data. Consequently, they () Li, J.; Bursten, B. E.; Liang, B.; Andrews, IScience2002 295, 2242.

The matrix isolation unit used for this work has been described
previously! Uranium dioxide was obtained in the gas phase by laser

proposed that the gueshost interaction in Ar reversed the () gag'ihKé'ﬁgr';" ébédogofzcgegf‘?’év" Komissarov, A. V.; Heaven, M.
(8) Gagliardi, L.; Roos, B. O.; Malmqvist, P.; Dyke, J. N.. Phys. Chem. A
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121, 9712. (9) Majumdar, D.; Balasubramanian, K.; Nitsche,Ghem. Phys. LetR002
(2) Zhou, M. F.; Andrews, L.; Ismail, N.; Marsden, €.Phys. Chem. 200Q 361, 143.
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O,. This mixture was chosen as it provided optimal yields of,Ui©
previous laser ablation studié$However, the target used in our matrix XDy, v=1 (a)
experiments was so heavily oxidized that good yields of, o@uld be
obtained without adding £to the carrier flow. The UQAr mixture A,
was deposited on a copper mirror that was cooled to 12 K by a closed-
cycle He refrigerator. Typically, the samples were accumulated for 3
h, at an Ar flow rate of approximately 5 mmol/h.

After deposition, the matrices were excited using light from various
pulsed laser sources. Fixed wavelength excitation was carried out using
the third or fourth harmonic from a Nd:YAG laser (355 and 266 nm),
or the 308 nm light from a XeCl excimer laser. Tunable dye lasers
were used to excite the matrices in the 3388, 336-358, and 566
580 nm ranges. The near UV wavelengths were obtained from an
excimer-pumped dye laser (Labda Physik EMG101/FL3002E), and
visible light was provided by an Nd:YAG pumped dye laser (Quanta
Ray DCR2A/PDL1).

Fluorescence from the matrix was collected by a collimating lens
and focused through the entrance slits of a 0.64 m monochromator
(ISA, 1200 lines/mm grating). In most experiments, long-pass filters Wavelength /nm
were used to block laser scatter. Fluorescence was detected by a
photomultiplier tube (Thorn EMI 9558QB). Signals were recorded using ¢¢ ¢ ¢ )
a digital oscilloscope (LeCroy ScopeStation 140) or boxcar integrator
(SRS model 250) interfaced to a personal computer. Au8.4oxcar
gate, delayed by 0.8s relative to the excitation pulse, was used to
record dispersed fluorescence spectra. The monochromator was cali-
brated using the lines from a Hg emission lamp. Fluorescence decay
curves were recorded using the signal averaging capabilities of the
digital oscilloscope.
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Results
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(i) Fixed Wavelength Excitation. Excitation of the matrices
at 355, 308, and 266 nm produced an emission spectrum that
consisted of a group of resolved features in the-3#20 nm
range (Figure 1a), and a broad, unresolved group of bands in . . . : :
the 465-645 nm range (Figure 1b). The band centers for the 450 500 550 600 650 700
strongest features of Figure 1a are listed in Table 1. These bands Wavelength /nm
exhibited a line width of 150 crit (fwhm), which was broader ] o . )
than the resoluton seting of the monachromator (estimated to 794 I Emisin shects o Uapped in oot A at 12 ¢ Trese
be 70 cntt in this wavelength range, based on the width of the 440 nm range. The term symbols indicate proposed assignments for the
scatted laser line when 355 nm excitation was used). It is lower levels of the resolved bands. (b) Fluorescence in the-Z80 nm
probable that the resolution of the spectrum was limited by '@nge. The negative-going feature at 532 nm was an artifact caused by
phonon wing broadening. When comparable laser powers Weresaturatlon of the detector by second-order transmission of scattered laser

- light. The arrows above the spectrum indicate the wavelengths at which
used, 355 nm excitation produced far weaker fluorescence fluorescence decay curves were recorded.

signals than 308 or 266 nm light.
g 9 Table 1. Band Positions for Matrix Isolated UO, and Comparison
Fluorescence decay curves were recorded for all of the ot opserved Low-Lying Energy Levels with Theoretical

resolved bands in Figure 1a (six different emission wavelengths) Predictions2

and four different regions of the broad emission feature (Figure  pang position energy theory® theorye assignment
1b, 475, 485, 510, and 573 nm). Beyond the scattered laser
X ! ) 27 036 0 0 0 Ry
signals in the 8100 ns range, the decay curves were single 26 628 408 431 403 3P,
exponential, yielding a common fluorescence decay lifetime of 26 265 771 3>%d>zu, v=1
25942 1094 1088 1935 Aoy
820 £ 20 ns. 25635 1401 1566 2340  GAy

(if) Tunable Wavelength Excitation. Tunable laser excitation
was used to investigate the excited levels that gave rise to the aBand position and energies are in units of @nP See ref 10¢ See
emission bands shown in Figure 1. Wavelength selected fluo- ref 8.
rescence excitation spectra were recorded by scanning theexamined using 364 nm excitation. The beginning of the decay
excitation wavelength while monitoring the light emitted by a curve was obscured by intense scattered light from the laser
specific emission band. The results from our studies of gas- that was partially transmitted by the monochromator, but fitting
phase UQ were used to determine the range of excitation to the tail of the decay signal yielded a lifetime of 120 ns.
wavelength examined. A scan of the dye laser over the range An excitation spectrum recorded using detection of the visible
from 360 to 372 nm, with detection of fluorescence at 390 nm, band emission at 480 nm located two broad absorption features
revealed a single broad excitation feature. This band wasin the 360-372 nm range. One was identical to the feature
centered at 364.0 nm (27 470 cHwith a fwhm of 400 cm™. described above. The second was centered at 380.5 nm (26 280
The fluorescence decay lifetime of the 390 nm emission was cm™1) with a fwhm of 420 cm. Fluorescence decay curves
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for the 480 nm emission, recorded using 364.0 or 380.5 nm  Overall, we find that the pattern of low-lying electronically
excitation, yielded a lifetime of 9& 30 ns. excited levels of UQrevealed by the matrix emission spectrum
A scan over the 336360 nm range, with detection at 390 is in good agreement with the predictions of high-level
nm, yielded a broad absorption feature that was centered at 340.@heoretical calculatiog? (vide infra). It has been established
nm (29 410 cm?) with a fwhm of 420 cmrl. The fluorescence  that UG is a linear, symmetric molecule in the ground and low-
decay lifetime was 31Gt 20 ns. The visible emission band lying excited states. Ab initio studies of Y@xcited states have
system was not present for 340.0 nm excitation. been carried out most recently by Ch#hand Gagliardi et &f.
There were no features in the spectra obtained by UV In agreement with the DFT study by Zhou et %althese
excitation that could be assigned to U atoms or UO. To test for calculations predict that the lowest energy states are derived
the presence of these species, we excited the matrices usindgrom the U (5f7s) configuration. The ground state i34y,
tunable radiation in the 566680 nm range. From gas-phase with the 3d3, component lying at approximately 420 cin
studies, it is known that both ¥ and UG31* have strong higher energy (Han et dlfound that these levels are separated
absorption bands in this region. However, these experimentsby 368 cnt! in the gas phase). The calculations of CHéng
did not yield detectable emission from U or UO. and Gagliardi et d.predictQ = 1u and 2u levels, derived from
the lowest energyA state, that lie about 1500 crhabove the
3¢ states. This pattern is readily discerned in Figure 1a. Band
Evidence that the emitting species observed in these experi-assignments are given in Table 1, and the theoretically predicted
ments was U@was drawn from previous matrix experiments energies are compared with the intervals derived from the
and complementary gas-phase studies. Hunt and Anélsesl  spectrum. This assignment scheme carries the implication that
IR spectroscopy to examine the range of species made by lasethe transitions originate from a® = 2g state. The emission
ablating uranium metal into Ar/Omixtures and trapping the  band at 26 265 crit terminates on a level that is 77t 10
products. They observed bands of UO, 3J@d UQ in their cm~1 above the ground state. This interval is consistent with
matrices. We have examined the products produced by laserexcitation of the U-O stretch vibration. The asymmetric stretch
ablating an oxidized uranium target using mass spectrométry.  fundamental of U@ in Ar417 is observed at 776 cr. The
Under the conditions of our matrix experiments, the products symmetric stretch has been observed at 728 dor the mixed
were found to be U, UO, and UOAs the visible excitation  jsomer 180U0. From this observation, Gabelnick et!al.
experiments do not show the presence of significant quantities derived a frequency of 765 crhfor U0,. The uncertainty in
of U or UO in our samples, it seems most likely that the emitting the vibrational interval from the emission spectrum is too great
species is U@ This inference is further supported by the for assignment of the symmetry of the stretch mode. However,
observation that the features of the fluorescence excitationas it is unlikely that electronic excitation would break the
spectra and the highest energy emission band recorded in thénversion symmetry of the molecule, it is more probable that
matrix correlate with a strong absorption feature in the spectrum the symmetric stretch would be active in the emission spectrum.
of gas-phase UpWe are currently using resonantly enhanced Note that thev = 1 level of the 3u state cannot be clearly
multiphoton ionization (REMPI) with mass selected ion detec- identified in the spectrum as it is overlapped by the low-
tion to characterize the electronic spectroscopy ot (ef 15). frequency wing of the 1u band. We attribute the structure in
The REMPI spectrum shows strong features at 366.85 nm the 392-416 nm range to transitions that terminate on excited
(27 260 cml) and 337.05 nm (29 669 cm). The maximum  vibrational levels of the X®,,, 3®4,, 3A1,, and3A,, states.
of the 364 nm matrix band is blue-shifted relative to the gas-  chang’d® calculations provide two plausible candidates for
phase bands by 210 cth which is typical for an electronic  the upper level of the near UV emission bands. The first is a
transition of a small molecule isolated in solid RrNote that state predicted to lie at a slightly higher energy (33 092%9m
the red edge of the 364 nm band (at approximately 369 NMm) that belongs to the U(Bt7poy) configuration and has a wave
overlaps the blue edge of the 370 nm emission feature, which fynction that is 779%®., The second candidate level, derived
extends to 368.5 nm. This is consistent with a single electronic fom U(5fp,7pry), is at 26 222 cml. It is composed of a
transition that is phonon broadened (blue-shading on excitation mixtyre of singlet and triplet basis states (the leading terms are
and red-shading on emission). The overlap of the excitation and48c>/(,1A2g + 309%6Ay). It is apparent from both the energetics
emission bands indicates that the zero-phonon transition occursyng the fluorescence decay kinetics that excitation of the UO
at 27120 cm?, just 140 cm™ below the position of the  phands using wavelengths shorter than 360 nm proceeds via
corresponding gas-phase band. The fact that the excitation anthonradiative relaxation processes. The observation that the near
emission features overlap indicates that there is some inhomo-iyy and visible emission exhibit the same slow decay rate for
geneous line broadening due to differences in local trapping excitation at 355, 308, and 266 nm indicates that a common
sites. The maximum of the 340 nm excitation band red-shifted pottleneck is encountered in the paths to both states. The shorter

Analysis and Discussion

relative to the corresponding gas-phase band by 260.cAs lifetimes obtained using longer wavelength excitation are likely
noted above, this is within the range typically encountered for 4 he much closer to the intrinsic lifetimes of the emitting levels.
Ar matrices. Excitation at 308 and 266 nm was found to be more effective

(12) Steinhaus, D. W.; Radziemski, L. J.; Cowan, R. D.; Blaise, J.; Guelachvili, than excitation at 355 nm, V_V_hICh SqueStS that the Shfmer
G.; Osman, Z. B.; Verges, J. Report LA-4501, Los Alamos Sci. Lab., Los wavelengths accessed transitions that had greater oscillator
Alamos, NM, 1971, 243 pp. strengths. Photons with < 308 nm may have enough energy

(13) Kaledin, L. A.; McCord, J. E.; Heaven, M. G@. Mol. Spectroscl994 64, ) .

27. to reach the U(5f,7poy) 3@y State, while 355 nm light must
(14) Kaledin, L. A.; Heaven, M. CJ. Mol. Spectrosc1997, 185 1.
(15) Goncharov, V.; Han, J.; Kaledin, L. A.; Heaven, M. Chem. Physin

press. (17) Gabelnick, S. D.; Reedy, G. T.; Chasanov, M.JGChem. Phys1973
(16) Jacox, M. EJ. Mol. Struct.1987, 157, 43. 58, 4468.
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rely on the weaker transition that excites Ugsfpm,) TAPA
directly. Calculations for levels above 33 092 ¢hare not
available, so we do not have information concerning the states
that might be accessed by 266 nm excitation.

Excitation spectra show that the upper level of the visible
emission band system lies at least 1190 timelow the upper
level of the near UV bands. Here, we consider two alternative
assignment schemes for the visible bands, derived from the
energy level calculations of ChadgjFirst, we assume that the
upper level is directly excited by 380.5 nm light. As the visible
bands span the range from 470 to 600 nm (cf., Figure 1b), this
assumption implies that the lower levels are 560600 cnt?
above the X®,, ground state. This is in reasonable agreement
with the theoretical calculations that predict the following states
(energies in cm! units given in parentheses): 3u(5398), 4u-
(5756), 2u(5864), and 3u(6514). The alternative interpretation
is to assume that the upper level is populated by nonradiative
transfer, which is then followed by radiative decay to the same

Table 2. Theoretical Predictions for the Stretching Vibrational
Frequencies of UO,

stretching frequency?

state 0y o method ref
3P 874 931 B3LYP 2
3P 896 913 MP2 9
3P 927 958 CCD 9
3d,, 948 923 CASPT2/SO 8
3H 792 814 B3LYP 2

a|n units of cnT.

produce such large differential shifts in the energies offthe
and3H states. In this context, it is of interest to consider the
analogous results for CUO. Spin-free DFT calculations yielded
a closed-shelty ™ ground state with &® state just 240 crmt
higher in energy. The C-UO stretching frequency was
predicted to be 1049 and 902 chrfor the singlet and triplet
states, respectively. Calculations for CH@r at the same level

group of lower levels that are accessed by the near UV emission®f theory yielded*® as the ground state, with a-@O

bands. This interpretation would place the upper level of the
visible bands at 21 280 crmh. Chang'd® calculations predict
three plausible candidates for this level, all of which have good
oscillator strengths for emission back to the ground state. The
first two are a pair of 1g states at 20 262 and 20 938 %m
which are both derived from admixtures of the; o(5f¢.7pry)

and 35 14(5f¢2) states. The third state’Il1g (5fp5f0,) +
MI1¢(5fn,5f0y)) is at 22 190 cm?. At present, we do not have
enough information to determine whether 380.5 nm light excites
the visible bands by a direct or indirect process.

stretching frequency of 887 crh These results were used to
account for the anomalous change in the @ vibrational
frequency in going from Ne (1047.3 ct}) to Ar (852.5 cnt?)
matrices. Roos et af.raised doubts concerning this interpreta-
tion. They carried out ab initio calculations for CUO that
included spin-orbit coupling (CASSCF/CASPT2/S0). At this
level of theory, the spirtorbit interaction was found to be large
for the triplet state, such that tR&, component lies about 4000
cm! below!y * for unperturbed CUO. As the interaction with
Ar stabilizes the triplet state relative to the singlet, this situation

The analysis presented so far is based on the assumption thaf/ould not lead to state reordering in going from Ne to Ar

the electronic structure calculations for gas-phase Wil also

be valid for UQ isolated in solid Ar. This is usually a good
approximation, but, as noted in the Introduction, it has been
suggested that the guestost interaction in Ar matrices reorders
the low-lying electronic states of UOZhou et aP propose that
the ground state in Ar is U(8f3H. The present results are not
consistent with this assignment. As the ground state would
change from u to g symmetry, we would not expect to be able

matrices. However, the most recent ab initio calculations of
Bursten et all? carried out at the CCSD(T) level of theory,
predict that théy *—3® splitting (5500 cn?) is large enough
that spin-orbit coupling would not be able to pustb, below
13+, As the present results for Y@o not indicate a reordering
of states in Ar, it is difficult to explain both the low vibrational
frequencies observed in Ar and the Ne/Ar matrix shifts.
Vibrational frequencies for Ugbbtained from DFT and ab initio

to correlate the gas-phase and matrix excitation spectra norcalculations are collected in Table 2. In all cases, the frequencies

interpret the matrix emission spectra in terms of transitions to
the lowest energy manifold of U(5f7s) u states. The lowest
energy states of the U@®fconfiguration are predicted to be
the Q = 4g, 59, and 6g components of thé term. In addition,
there is a%[ly4 state just belowfHgg (Which would not be

for 2@ are significantly larger than the matrix resulig & 765,
oy = 776 cnb).

Aside from the question of state reordering, it is apparent,
from the anomalous matrix shifts, that both pJ@nd CUO
exhibit unusually strong interactions with Ar and heavier rare

optically accessible in an absorption-emission sequence thatdas atoms. This is an intriguing phenomenon that deserves

started fromQ = 4). Chang’$® calculations yield splittings
between théH levels of 3850 (5g-4g) and 3550 ci(6g-5g).
This same pattern of U(3fstates was obtained by Gagliardi et
al. (see Figure 2 of ref 8). Clearly, the resolved bands op UO
in the 370-390 nm range are not readily explained in terms of
the U(5f) energy levels.

From one perspective, it is not surprising to find that the
ordering of the lowest energy U@onfigurations is not reversed
by UO,—Ar interactions. Ab initio calculatiorfs yield esti-
mates for the energy separation betweerfdhg and®Hag states
of 8389 and 4200 cri. DFT calculations that did not include
spin—orbit coupling gave a3®—3H spacing of 1930 cmt. It
seems unlikely that interactions with Ar would be able to

further experimental and theoretical attention.
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