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Reactions of laser-ablated uranium atoms, cations, and electrons wihridg condensation with excess

neon produce UO, UH UO;, UO,*, and UQ™ as characterized by infrared spectra with oxygen isotopic
substitution and B3LYP/pseudopotential calculations. Differences in low-lying states feigly®rise to
substantial shifts and ground state reversal between argon and neon matrices. A series of B3LYP/pseudopotential
calculations has been undertaken on oxide species related to the uranyl dication by the addition of one, two,
or three electrons. Several electronic states have been characterized for each species. These simple, low-cost
calculations predict vibrational frequencies which match those observed in heon matrices extremely well
(typically 3—5% too high). The ground state of neutral bJ&ppears to hav&b, symmetry, while®d, ground

states are implied for U9 and UQ™.

Introduction clearly interact more strongly with the matrix medium, often
blue shift by larger amounts!13The observation of U®and

Laser ablation h roven n effective mean : . : - . .
aser ablation has proven to be an effective ieans to possible cations in solid neon will increase our understanding
evaporate the more refractory metals for spectroscopic studies

. . e of these important species.
of novel reaction products particularly for the actinide metals . i )
uraniund—6 and thoriun¥:8 With the evolution of this technique, In addition to experimental studies, we have performed an

lower laser powers are used, which makes it feasible to employ €Xtensive series of DFT calculations on Lpecies with three
solid neon to trap small reactive species. Under proper condi- 2iMS in mind. First, the vibrational frequency calculations will

tions, this matrix isolation method preserves reaction products SUPPOIt the experimental assignments and thereby render them
of ablated atoms, cations, and electr8r$. Neon offers the more reliable. Second, we wanted to obtain information on the

obvious advantage of being less polarizable, and solid neon oftenature of the ground and low-lying electronic states for,UO
traps a higher yield of cation species than argon. Recent laser-and ions such as UO and UG Third, a detailed comparison

ablation studies in this laboratory withyQ Og*, C,04*, FeCO" between experimental and computed vibrational frequencies for

and RhCO have demonstrated this advantage for the infrared S€veral related actinide species, some of which are open shell
investigation of cation®:14 and all of which are subject to important relativistic effects,

Uranium provides an important cation, namely, uranyl, will provide most useful data and extend the range of chemical
U0+ Whicﬁ has been stu%ied in many condenysed phésesystems where DFT methods have been checked and calibrated.

environments, but only in the gas ph¥sean UQ?" be
considered a true dipositive cation as medium polarizability will Experimental Methods
clearly affect the net electronic charge on the condensed phase
species.’18 Our first laser-ablation experiments with uranium
and oxygen prepared U®ased on a strong 776 ciband in
solid argon} which is in agreement with the original thermal
uranium dioxide matrix-isolation experimerits. Additional
952.3 and 886.1 cnt absorptions, attributed to charge-transfer
complexes?20are important because condensed phase uranyl
dication absorptions appear in this regidn.

We have found that the strong antisymmetric stretching
fundamental blue shifts 220 cnT! upon going from solid
argon to solid neon for a number of transition metal dioxides
and their anion$%2* 22 n addition, the actinide oxide ThO blue
shifts about 10 cmt, ThO, about 22 cm?, and UN 26 cnt?
from solid argon to solid neoh®2425However, cations, which

The experiment for laser ablation and matrix isolation
spectroscopy has been described in detail previoust§2?
Briefly, the Nd:YAG laser fundamental (1064 nm, 10 Hz
repetition rate with 10 ns pulse width) was focused on the
rotating metal uranium target (Oak Ridge National Laboratory)
using low energy (35mJ/pulse). Laser-ablated metal atoms
were co-deposited with oxygen (0-60.2%) in excess neon
onto a 4K Csl cryogenic window at24 mmol/h for 30 min to

1 h. Oxygen (Matheson) and isotopf©, (Yeda) and isotopic
mixtures were used in different experiments. Infrared spectra
were recorded at 0.5 crh resolution on a Nicolet 750
spectrometer with 0.1 cnd accuracy using a HgCdTe detector.
Matrix samples were annealed at different temperatures to allow
diffusion and reaction of trapped species, and selected samples
*To whom correspondence should be addressed. were subjected tg broadband photolysis by a medium-pressure
t E-mail: Isa@uvirginia.edu. mercury arc (Philips, 175W, globe removed> 240 nm) to

* E-mail: marsden@irsamcl.ups-tlse.fr. characterize photosensitive species that might be molecular
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TABLE 1: Infrared Absorptions (cm ~1) Observed from
Reactions of Laser-Ablated Uranium with Dioxygen in
0.080 Excess Neon during Condensation at 4 K
0.0701 (0,),U0, new with 16/18
%0, annea %0, 1601800 ratio identification
(0,00, (0),U0,
0.0601 A A 1164.2 + 1098.8 four 1.0597 ©
@ 11352 +  1071.6 too weak 1.0594 @RUO,
8 0.050] W complex
3 1039.7 + 982.6 four 1.0581 ©
S 0.040] 10385 + 981.4 four 1.0582 @©xsite
E 1009.3 + 954.1 several 1.0579 ,Oanion?
0.0%0] 980.1 +  931.0 9635 1.0527 UD
973.0 — 919.6 four 1.0581 @
00201 966.2 — 913.2 1.0580 perturbed,O
: 9148 + 869.2 900.5 1.0526 UO
908.3 + 863.0 1.0525 (QUO;
0.0107 complex
9051 + 859.8 1.0527 (QUO,
0.0007 complex
950 900 850 800 899.4 + 854.6 1.0524 (QUO,
Wavenumbers (cm-1) complex
Figure 1. Infrared spectra in the 996750 cn? region for laser-ablated 889.5 + 842.0 1.0564 UO
uranium with dioxygen in excess neon at 4 K. (a) 0.05% o 8715 + 828.5 > two 1.0519 U0,
co-deposited for 30 min, after (b) annealing to 8 K, (c) annealing to 8653 ++ 822.0 859.7,854.9,829.9 1.0527 WO
10 K, and (d) annealing to 12 K. 857.2 - 813.9 843.3 1.0532 UO
852.4 + 809.7 1.0527 (@0,
0.055] complex
818.0 + 7722 ? 1.0593 WOy
0.0501 aggregate
0.0451 799.2 ++  759.0 793.7,748.7 1.0530 U0,
(0),U0, 796.7 + 756.6 1.0530 (@.UO;
0.0401 790.8 + 750.5 1.0537 (©xUO,
7743 + 736.0 1.0520 ?
0.0351 0,00, (0Y,U0, 760.3 ++ 719.1 746.2,734.3,726.5 1.0573 WO
2 0 o0 JMJM@ M) 616.1 ++ 583.6 614.8,600.1,584.4 1.0557 fOO,)
§ a Annealing behavior:+ denotes increase andindicates decrease.
2 0.0251 Uo @ b The scrambled isotopic reage®D,+1%080+180, gave the same
0.020] 2 bands a$%0, and*®0; plus the new bands listed here.
vo3 vo VO u 0051
0.0151 Ulso3 U1803

0_0107M\"w’v—3) 0.080 U‘80§ (1802)XU1802 (ISOZ)XUISOZ
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Wavenumbers (cm-1) 0.040

Figure 2. Infrared spectra in the 994750 cnt? region for laser-ablated 0.0351

uranium with dioxygen in excess neon at 4 K. (a) 0.01% O
co-deposited for 30 min, after (b) annealing to 8 K, {c} 240 nm
photolysis, (d) annealing to 10 K, and (e) annealing to 12 K.

0.030

Absorbance

0.0254
0.0204
anions or cations. Additional experiments were performed with 0.015]
CCl, added to the sample at 10% of the @agent concentra-
tion. Previous laser-ablation experiments have shown that added
CCl, preferentially captures ablated electrons and thereby
enhances the yield of molecular cation products and essentially ~ 0.9004
prevents molecular anion products from being formed in the
matrix 2~ 14

0.0104
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900 850 800 750
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Figure 3. Infrared spectra in the 946710 cnt? region for laser-ablated

uranium with dioxygen in excess neon at 4 K. (a) 0.02%@,

co-deposited for 30 min, after (b) annealing to 8 K, fc}>240 nm
Infrared spectra recorded for laser-ablated uranium co- photolysis, and (d) annealing to 10 K.

deposited with @diluted in neon ort a 4 Ksubstrate are shown

in Figures 1 and 2 with spectra following annealing and 3 and 4. The experiment witO,+'%0, gave the sum of pure

photolysis. Product absorptions are listed in Table 1. Bands dueisotopic spectra, except fors0 047, Os, and UQ, which

to Oy (1164.2 cm?), O3 (1039.7, 1038.5 crr), and Q™ (973.0 produced six absorptions each.

cm™Y) are characteristic of laser-ablated metal oxygen experi-  Another experiment conducted with 0.2% &hd 0.02% CGl

ments!11328.29 nyestigations were done witO,, 160,+180; in neon must be compared with the 0.2% €xperiment run

mixture, and statistical®0,+160*0+180,, and spectra from  without CCl;: product band absorbance ratios on deposition

180, and160,+160180+180, samples are illustrated in Figures (with CCly/without CCl) are 1164.2 cm® (1.2), 1009.3 (0),

Experimental Results
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Figure 4. Infrared spectra in the 99710 cn1? region for laser-ablated
uranium with dioxygen in excess neon at 4 K. (a) 0.05%04{+
1601804180, in 1:2:1 ratio) co-deposited for 30 min, after (by> 240
nm photolysis, (c) annealing to 10 K, and (d) annealing to 12 K.
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Figure 5. Infrared spectra in the 966740 cn1? region for laser-ablated
uranium with dioxygen in excess argon at 6 K. (a) 0.04% O
co-deposited for 30 min, after (b) annealing to 18 K, (c) annealing to
24 K, (d) annealing to 30 K, and (e) annealing to 35 K.

980.1 (2.8), 973.0 (0.05), 914.8 (0.33), 889.5 (1.2), 865.3 (0.5),
857.2 (0), and 616.1 (0.15). Ratiesl indicate enhancement
with CCl; added, and ratios<1 show reduction with CGl
present.

Argon matrix uranium experiments (0.4 and 0.04% ®ere
performed o a 6 Ksubstrate, and spectra for the more dilute
sample are shown in Figure 5 including sample annealing.
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Figure 6. Infrared spectra in the 99750 cnt? region for laser-ablated
uranium oxide material trapped in excess neon at 4 K. (a) sample co-
deposited for 30 min, after (b) annealing to 8 K, ¢)> 240 nm
photolysis, and (d) annealing to 12 K.

very weak @, which require excess£and an increase in the
889.5 and 871.5 cmt bands. The second study co-deposited
ablated material with 0.05%60, in neon, and the isotopic band
populations are again different; this experiment provides
mechanistic information, which will be described later.

Complementary uranium experiments also performed with
N2O (0.2%) in neon. The major product absorption is at 889.5
cm~! with sharp weaker bands at 1076.6, 1072.6, 980.1, 914.8,
and 865.4 cm®. In contrast to the @experiments, annealing
produced only a very weak sharp 799.1¢nband.

Theoretical Methods

Calculations were performed on several uranium oxygen
species and on UNusing the Gaussian 98 progr&mwhile
test calculations were undertaken at the SCF level, these will
not be described here as it is well-known that they do not give
guantitatively satisfactory results for vibrational frequencies. In
the case of the uranyl dication (J®), we have shown recently
that density functional theory (DFT) performs particularly well,
giving vibrational wavenumbers that are comparable to CCSD
or CCSD(T) values obtained with fully relativistic (four-
component) methodd. We favor the hybrid variant of DFT
known as B3LYP233We have also shown that pseudopotential
methods are quite suitable for the uranyl ion, provided that a
“small core” is adopted for uranium. In this work we employed
the pseudopotential developed in Stuttgart, which leaves 32
electrons to be described explicitly: the 5s, 5p, 6s, 6p, 6d, 5f,
and 7s orbitals of the U atom. Our basis for uranium was
essentially that proposed by the Stuttgart gréufiexibly
contracted for a & ion, supplemented with an additional

Absorptions are, of course, weaker than those in the previousdiffuse f-type function (exponent 0.08). For oxygen and nitrogen,

higher laser power, higher @oncentration 12 K experiments,
but band positions are the safiote the dramatic increase of
sharp bands at 777.9 and 775.7@mipon annealing, but the

major difference in argon is the absence of a nearby counterpart

for the 914.8 cm! neon matrix band.
Two investigations employed a Y@eramic target for laser

we adopted pseudopotentials and bases developed in Todfouse;
the bases are of “doubleplus polarization plus diffuse” quality.
The “ultrafine” grid was adopted for numerical integration.

In an attempt to evaluate the consequences for vibrational
frequency calculations of the lack of g-type functions in the
uranium basis, tests were performed on the uranyl dication. At

ablation. The first experiment co-deposited ablated material with the B3LYP level of theory, an exponent of 0.75 is roughly

neon, and the spectrum is shown in Figure 6; the major
absorptions are the same as with U angll@it populations are
different. Most notable are the absence of @nd Q—, and

optimum in the variational sense. As a set of such functions
was found to lead to changes judged to be insignificant (a
reduction in the B=0O bond length of just 0.004 A, an energy
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TABLE 2: Calculated States, Relative Energies, Structures and Vibrational Frequencies for Uranium Oxide Species and UN

molecule state relative enefgy  bond length, A angle, deg frequencies,ém
uo T 1.850 846
UO2*+ 3t 1.705 180 1041dy), 161 (ry), 1140 @u)
uo,+ 2@, 0 1.764 180 936d(y), 148 (z), 1010 @)
2A, 21 1.751 180 9480(y), 172 (ry), 1017 @)
uo; 3P, 0 1.800 180 874dy), 138 (zv), 931 ()
SAy 17 1.787 180 883), 161 (ty), 936 (Ou)
3Hyq 23 1.853 180 7920(), 35 (my), 814 (©u)
uo,~ 2@, 0 1.828 180 825dy), 136 (1.), 874 (©v)
2Ay 13 1.817 180 8300), 156 (1), 876 (Ou)
Hy 37 1.901 180 723dg), 38i (1), 735 (Ou)
UO; (Cy) 1AL 1.810 100.6 887 (@34), 885 (b, 479), 782 (@ 209y
1.853 158.8
(UOzM)(020) A, 0 1.794 160.6 936 (a41), 925 (b, 435), 854 (& 93), 529 (a 59y
2.108 40.0
1.443
°B, 47 1.807 169.6 1200 {a20), 907 (b, 428), 855 (& 11) 379 (a, 81f
2.371 32.8
1.339
UN_ I3yt 1.731 180 1071dy), 102 (z,), 1118 @)

2 Units in kJ/mol.? Intensities, in km/mol, are given for selected bond stretching modes, after the symmetry.

lowering of only 7 mH and an increase in the antisymmetric results are more reliable. Individual species are considered in
stretching frequency of less than 2 ¢l)) they were not included the order UQ, UN,, UO,™, UO,, UO,~, and “UQy”, which is
in the remaining calculations. We also checked that the influence better written as a complex between &Gnd Q™.

of adding h-type functions to the U basis was, as might be  UQ; has already been studied at the SCF level by Pyykko
expected, even smaller than that found for g-types; a reductionand co-workers? who described a planar, almost T-shaped
in bond length of the order of 0.001 A, an energy lowering of species withC,, symmetry. At the B3LYP level of theory the
0.7 mH and an decrease in the antisymmetric stretching main structural features are retained, but the difference between
frequency of just 0.2 cmt. the two shorter (1.81 A) and one longer (1.85 A) O bond is
Several tests were performed to ensure that the basis usediiminished. The most intense stretching modes are predicted at
was sufficiently extensive for the molecules in question. The about 891 () and 779 (g cm™%, substantially lower values
total energy of the ground state of the neutral W@s found than the previous SCF results. Thg, geometry for UQ is
to change by less than 0.2 kJ/mol when extra, more diffuse, not a true minimum; it has a doubly degenerate imaginary in-
functions of each type (s, p, d ,and f) were added to the basis, plane bending frequency that leads to the T-shaped minimum,
while the energy difference between the ground and first excited 16 kJ/mol lower in energy.
state changed by far less than that. These differences were N, s a particularly interesting molecule as it is isoelectronic
judged to be insignificant. with the uranyl dication. Since UNis neutral, its interaction
Calculations on open-shell systems were performed usingwith a rare gas matrix will be much weaker than that with
spin-unrestricted methods, as these allow the calculation of Uo,2+, and the calculated vibrational frequencies therefore serve
vibrational frequencies to be more efficient. Spin contamination gs a valuable calibration. Our B3LYP value for the IR-active
was not serious, as the value@never exceeded 0.76 fora g, stretching mode of UNis 1118 cnt?, slightly lower than
doublet, 2.02 for a triplet, or 3.77 for a quartet state. Spin  the corresponding uranyl result of 1140 crand slightly higher
orbit effects have not been treated explicitly in this work. As a than the 1076.6 cri value observed for UNin solid neor?®
result, the relative energies of different electronic states for & = The glectronic structures of the various possible states of
given species may be in error by a small amount. In the case of yo,+ y0,, and UQ~ are most naturally considered by
PuG?t, which is isoelectronic with U@ the relative energies  aference to the (closed-shell) uranyl dication. We find the
of a series of states, calculated with and without explicit |yest.lying virtual orbitals for uranyl, in order of increasing
consideration of spinorbit coupling, differ by about 8 kJ/méf. energy, to beb, dy, 1y, O, 0g, anday. Although the calculated
However, because spirorbit effects are primarily atomic in — gnergies of virtual orbitals must be treated with prudence, the
nature, we believe that they will have little influence either on |,\est lying virtuals offer valuable guidance as to states that
bond lengths or on vibrational frequencies. While it is N0t peeq to e considered for species containing extra electrons. (It
possible at present to justify this expectation rigorously, the gpqy1d pe noted that the energy ordering of the virtual orbitals

excellent agreement with the experimental neon matrix data jg ot the same at the SCF and B3LYP levels of theory).

reported here provides empirical support. The first two virtuals ofp, andd, symmetries are rigorously

nonbonding between uranium and oxygen, as they are purely

f-type atomic orbitals on uranium. We have characterizbg
Results of the B3LYP calculations are summarized in Table ?Au, ?I1y, 2Xg, and?A states of UG* by computation. These

2, where the principal optimized geometrical parameters and are listed in order of increasing relative energy, showing that

the harmonic vibrational frequencies (f6fU and 160 or 14N) aufbau arguments are useful but not infallible. While #ig,

are presented. The results for BOare slightly different from  and?A, states are close in energy, only 21 kJ/mol, the others

those reported previoush}; because the earlier values were are at least 150 kJ/mol above the ground state and their details

obtained by double numerical differentiation of energies, Will be presented elsewhere.

whereas the current data are obtained directly from analytical The bond length in théd, ground state of U@ is almost

second derivatives of the energy, it is clear that the present0.06 A longer and the, frequency 130 cmt lower than those

Theoretical Results
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in the uranyl dication, despite the nonbonding nature offthe  kJ/mol (1.1 eV). We are not aware of any experimental value
orbital occupied by the unpaired electron. While Mulliken for this quantity.

charges should not be taken too literally, the trends observed Two different “complexes” of U@ and Q- with Cy,

for related species are informative. At the B3LYP level, we symmetry have been characterized. Analysis of the computed
find a net charge oft-2.44 e on U in uranyl, bu#-1.97 e in wave functions shows that this description is more realistic than
UO;". Natural charges on U in uranyl and WOare +3.30 either UQ or (UO2")(0,27). Because U@ and Q™ are both
and+2.79e, respectively; the difference between these values doublets, singlet and triplet states are possible for these
is almost exactly the same as the difference between the twocomplexes; the singlet is found to be substantially more stable
Mulliken charges. These results remind us that there can be(47 kJ/mol) than the triplet. The geometries of the two species

considerable coupling between charge flows in different sym-
metries, so that even if the “additional” electron in Qs

are similar, but the ©0 distance in the triplet (1.339 A) is
significantly less than in the singlet (1.443 A). In isolategt O

formally localized on U, the net charges suggest that it is aimost the predicted @O distance (1.359 A) is intermediate between

50% delocalized onto the oxygen atoms. However, the spin
density on U is in fact slightly greater than unity (1.09),
consistent with the localization interpretation.

Since thep, andd,, virtual orbitals in uranyl are so close in
energy, the most plausible configuration for the ground state
of neutral UQ involves single occupation of each orbital to
give 3Hy symmetry3839 This occupation pattern has been
reported for the plutonyl dicatio#,which is isoelectronic with
neutral UQ. To our considerable surprise, we found that the
configurations with one unpaired electron in éorbital and
one in either they, or 6, manifolds, yielding®®,, or 3A,, states,
respectively, are both slightly more stable than tHg state;
note that thisog orbital is the LUMO+4 in uranyl. Using the
B3LYP method, the ground state is found to s, but the
3A, and®Hy states are only 17 and 23 kJ/mol higher, respec-
tively. As for the two doublet states of YQ these two ungerade

states have very similar bond lengths and stretching frequencies
and so cannot be distinguished by the present matrix IR data.

However, theo, frequency for thelHq state is over 100 cri
lower. Using instead the 6-31G* basis set for O gives
essentially the same frequencies.

The optimized bond distance for the W@round state is
nearly 0.04 A longer than that in the monocation, or 0.10
longer than in uranyl dication. This further increase in bond
length leads to a 79 cm decrease in the, frequency. The
Mulliken net charge on U in U@is +1.26e and the spin density
is 2.07. It is interesting to note that the energy separation
between thé®, and3A, states of U@ (17 kJ/mol) is similar
to that between théd, and?A, states of U@" (21 kJ/mol).

An AQCC calculation based on orbitals obtained using CAS
methods also predicts that the ground state of, li@s3®,
symmetry, and théHy state is 35 kJ/mol highéef.

Our computed first and second ionization energies o UO

these two values.

Discussion

The uranium oxides in solid neon will be identified by oxygen
isotopic substitution, by comparison with argon matrix work,
and by density functional calculations.

UOs. The stable uranium trioxide species in solid neon will
be identified first by straightforward comparison to the argon
matrix work. Gablenick et al. conclusively identified T-shaped
UO; from two strong infrared bands at 852.6 and 745.6 €m
and additional mixed oxygen isotopic specttaOur laser-
ablated U atom reactions with,@n argort gave sharp bands
at 852.5 and 745.5 cm with 16/18 isotopic ratios 1.0525 and
1.0572, which are in excellent agreement. The present neon
matrix experiments produced sharp 865.3 and 760.3 trands
with 16/18 isotopic ratios 1.0527 and 1.0573, which increased
6 times upon annealing. The small (12.8 and 14.89Yrblue
shifts from argon-to-neon, the virtually unchanged isotopic
frequency ratios, and similar mixed isotopic spectra clearly
identify the same U@molecule in solid neon. Upon annealing,
UOs is made by the reaction of UO and @s will be discussed
below for UO ablated from U©ceramic reacting witH80,.

The vibrational frequencies predicted for the most intense
stretching modes at the B3LYP level, 89%)(and 779 cmt
(a4), are 3.0 and 2.5% higher than the observed neon matrix
values. Clearly, the present B3LYP calculations provide a useful
approximation for observed uranium oxide vibrational frequen-
cies.

UO;. The neon matrix spectra for 0.05 and 0.01%(Eigures
1 and 2) show that the 914.8 ciband is dominant on
deposition under low concentration conditions, and that this band
increases slightly on annealing to allow diffusion and further
reaction of Q. It thus appears that the 914.8 chband is due

are 605 and 1476 kJ/mol, or 6.27 and 15.31 eV. These valuesto the primary WO, reaction product.

do not include any zero-point effects, which are insignificant
(only a few kJ/mol). They compare relatively well with the
experimental results of 5.4 (0.1) and 15.4 (2.6) eV, respec-
tively,16:39 providing a further indication of the success of the
B3LYP method for these systems.

The three lowest states of the WOanion, by B3LYP
computation, possed®,, 2A, and*Hy symmetries (in order of
increasing energy). The low-lying doublet states involve double
occupation of thesy orbital already mentioned for neutral O
while in the quartet state th#, d,, andog orbitals are all singly
occupied. Following the pattern already established forUO
and UQ, occupation of thep, orbital in the anion is more
favorable than for thé,, by a small margin of only 13 kJ/mol;
once again, the properties of th@, and?A, states do not allow
us to distinguish between them. THE state is not a true

The 914.8 cm® band exhibits a 1/2/1 relative intensity triplet
pattern at 914.8, 900.5, 869.2 thwith 160,+160180+-180,
(Figure 4) for the vibration of two equivalent oxygen atoms,
and the 16/18 isotopic ratio 1.0526 is just below the harmonic
value (1.0530) calculated for the, mode of linear OUO. This
band is assigned to th&, mode of ground staté®, UO; in
solid neon. The 914.8 cm neon matrix observation is in
excellent agreement with our B3LYP value of 931 ¢mThe
formation of UQ is spontaneous on deposition and on annealing
to 10 K. Therefore, reaction 1, which is calculated (B3LYP) to
be highly exothermic, is believed to proceed by direct insertion
with little or no activation energy. In tH€O,+180, experiment,
only the 914.8 and 869.2 crh bands are observed and they
increase 25% on annealing 8 K with no 160U0 absorption
at 900.5 cm?! before or after annealing. This evidence shows

minimum. The increase in bond length and decrease in stretchingthat UG, is made by reaction with aingle O, molecule, and

frequency of only 0.03 A or 57 cm for the anion are relatively
small, consistent with an appreciable electron affinity of 108

the concerted reaction, most likely insertion, is the direct way
to make a linear molecule with two equivalent oxygen atoms.
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Spontaneous growth of TERZrO,, and HfGQ has also been s slightly lower than the harmonic UO value (1.0566); this is
observed in solid argdf upon annealing at 25 K, and these the only diatomic isotopic frequency ratio found here. The

insertion reactions are not as exothermic as reaction 1. increase in 889.5 cm band yield with UQ ablation and in
the U+N,O reaction further support the UO assignment. This
U+ 0,—~0uU0 (AE = —980 kJ/mol) (1) neon matrix band, is, howeveslue shifteds9.7 cnr? from the
argon matrix UO band at 819.8 cth Here UO comes from
How then can we account for the origik&! identification of decomposition of OUO made by reaction of the more energetic

UO; in solid argon at 775.7 cm? The vibrational red shift  gplated U atoms.

from 914.8 to 775.7 cnt is too much for a simple matrix Kaledin and Heaven have analyzed nine low-lying electronic
interaction. Note that the, frequency calculated for théH, states of UO that correlate with eithe? ¢5f 37s) G or U2*(5f
state at 814 cnt is in reasorjable agreement With. the argon 27) O configurations, which have deperturbed harmonic
matrix value for UQ. We believe that .théHg state interacts i aiional frequencies near 846 and 935 énrespectively's
sufﬁm_ently_strongly with the argon matrix to become the ground It appears that the argon and neon matrix interactions also affect
state in solid argon. Precedent exists for reversal of ground statesthe mixing of configurations, and the ground state in a particular
in different matrix media: see Agfor example*®44There is, environment mav chanae a;s UO absorbs at 819-8 amsolid

of cource, some neon matrix shift from the gas phase value, argon and at 88)9/ 5 CTﬁgin,SO”d neon. analo ous.to the OUO
but this is expected to be relatively small on the order of 10 mglecule This is . however, not the c,:ase fo?the thorium oxide

20 cm %, molecule, ThO, where argon matrix, neon matrix, and gas-phase
A is substantiall larizable th th ’ ' ' ' j
rgon is substantially more polarizable than neon (more than fundamentals are 878.8, 887.1, and 891.0-kmrespec-

4 times). The calculated charge distribution in the upibéy .

; ) e ; ! tively.8.2447

state is appreciably more ionic than in the grodsiq state: as

an indication, the Mulliken net charges on U afd.49 and UO_". The sharp 980.1 cnt band increases slightly upon
+1.26 e in the®Hy and 3, states, respectively. We therefore annealing and disappears on photolysis. The 980.1* ¢rand
suggest that the more polar character of the excited state leadgives a 1/2/1 triplet at 980.1, 963.5, 931.0 ¢hwith 16120,

to sufficient extra polarization of the argon matrix to make it (Figure 4) for the vibration of two equivalent O atoms, and the
the favored lower energy species in that environment. Unfor- 16/18 ratio, 1.0527, again indicates a linear OUO species. The
tunately this argument, while plausible, cannot be made observation of a 1/1 doublet at 980.1, 931.0 “énwith

guantitative at present. 60,4180, shows that a single Onolecule is involved. Changes
(02)xUO, Complexes.The 905.1, 852.4, and 799.2 cin in O, concentration demonstrate that the sharp 980. 1! &rand
bands increase more dramatically than the 914.8'cband is not G, concentration dependent and that it, too, is a primary

upon annealing in solid neon. The 799.2¢mabsorption also reaction product. The 980.1 crhband is blue shifted 27.8 crh
exhibits a triplet absorption for the vibration of two equivalent from the 952.3 cm! argon matrix counterpart, which is blue
oxygen atoms and these bands exhibit 16/18 ratios appropriateshifted 12.1 cm! from the krypton matrix counterpatt.

for oy vibrations of linear OUO subunits. The 905.1, 852.4, and Although this region is representative of condensed phase uranyl
799.2 cn! bands are due to @RUO, complexes involving oy vibrations?® solute and/or anion interactions with the O
ground state3®,)UO,. The first such complexx(= 1) has a dication must be ignored in order to consider these absorptions
calculated bUO, frequency of 925 cmt, a small red shift from characteristic of isolated U®'.

isolated UQ, and the 905.1 crit neon matrix band is assigned Our B3LYP calculation predicts the isolated WO oy,
accordingly. The present B3LYP calculations suggest thgt (O fyndamental at 1140 cm, which is about 200 cmit higher

UO; can be represented as (WXO,") as the Mulliken charge  than the condensed phase measurements ascribed:t. W22

on Uis+ 2.01, nearly the same as that in biGand the dipole  pgjieve that the condensed phase measuredfaresmade on
moment is large (5.2 D)_. Similar polar characte_r has been f_ound a UO2* moiety which has in fact been partially neutralized by
for (O)Ir0,* The reaction of @and UQ, eq 2, is exothermic  soent and/or anion polarization. Furthermore, the second
by 297 kJ/moI.at the B3|.‘YP level. The 852.4 anq 799.Z_ém ionization energy (IE) of U®(15.4+ 2.6 eV) is in the range
bands are assigned to higher{VO, complexes with UQin of the first IE of argon (15.8 eV) and extensive polarization is

t1h1e5 g)“ gr(iun%st??t |fn S(l)l'd neon.l The large 914‘599{2 that expected for U in argon such that the dication cannot be
-0 ¢ red Shilt Tor largex vaiue IS comparable 1o tha isolated in solid argon. However, the first IE of Y(5.4 eV)

A ) "
Ebs"eg/r?gsff%rrrxﬁ (;057(;SsCoTer\:\g;ht;frr?iLrjlzgtrllal aatli(z)lgg%l?::n is in the range for cations that can be isolated in solid afg8n.
219 9 9 ' The same DFT calculation finds?@®, ground-state U@" with

i i i ,25
due to fully ligated (N),UN in solid neor oy mode at 1010 cmt, which is 3.1% higher than the 980.1

0. + U0, — (0)UO AE = —297 kJ/mol) (2 cm~1 neon matrix observation. Note that B3LYRfrequencies
2 2~ (0JUO, ( ) @) for UO,2", UO,™ and UQ ground states decrease from 1140

The 616.1 cm! band was favored with higher,@oncentra- to 1010 to 931 cm* (Table 2).
tion and increased slightly on annealing and photolysis. This The dramatic increase (2.8 times) in the 980.1 trand
band revealed a sextet at 616.1, 613.5, 601.2, 599.2, 585.3, andvith CCls added strongly supports the cation identification as
583.6 cnt! with 160, + 180, and a nonet with the statistical CCls captures electrons from the ablation process and thus
isotopic sample (Table 1). Doping with CGkduced the band  allows the survival of more cations without significant inter-
to 15% of its yield without CGl Preliminary calculations show  ference to the §-O, reaction? 4 The 980.1 cm* band is here
that the2A; anion (Q)UO, is 186 kJ/mol below the neutral  assigned to isolated UO in solid neon, and the argon matrix
species and has a strong OUO mode computed at 74%.cm 952.3 cm! band is reassigned to YO in solid argon. In
The 616.1 cm! band is tentatively assigned to aJ0O;~ addition to U atoms, W is produced by laser ablatidf,and
species. the UGt cation is formed here by insertion reactions of U

UO. The weak 889.5 cmt band increases slightly on  with O, during sample deposition and upon annealing, reaction
annealing and exhibits the 1.0564 isotopic 16/18 ratio, which 3, which is also calculated (B3LYP) to be highly exothermic.



UO,, UO,H, and UQ™ in Solid Neon

u*+0,—0ouo* (AE = =927 kd/mol)  (3)
We have just prepared the NUQation characterized in the
gas phas® by reaction of U  with NO in solid neon and offer
the observed frequencies (1118.6, 969.8 8/t as a model for
the isoelectronic isolated U® cation. These frequencies are
much higher than condensed phase uranyl frequeitsing

to perturbations by the medium. We note that B3LYP pseudo-
potential stretching frequencies calculated for isolated2O
(1140, 1041 cm') and NUO'™ (1191, 1005 cm')?® have nearly
the same average.

UO,~. A weak 857.2 cmi! band is decreased upon annealing
at 8 and 10 K and destroyed by ultraviolet photolysis. This band
shows a 1/2/1 triplet for two equivalent O atoms and a 16/18
ratio (1.0532) near that for a linear OUO unit. The 857.2°&m
band is not present with Cgladded to the sample as the
chlorocarbon preferentially captures most of the ablated elec-
trons and prevents molecular anion formatfof note that the
strong Q™ band is almost eliminated as well. The 857.2¢ém
absorption is assigned to YOmade by the electron-capture
reaction 4, which is calculated to be exothermic. Our DFT
calculations find a2®, ground state for U@ with a oy
frequency at 874 cmt, which is in excellent agreement with
the neon matrix observation.

OUO+e —0UO™ (AE = —108 kd/mol) (4)

Solid UO, Ablation. Laser ablation of solid Uggave similar
neon matrix spectra to the-tD, reaction (compare Figures 1
and 6). The major difference is acdenhancement of UO (889.5
cm™1) and 15< increase in the 871.5 crhband with the solid.
Accordingly, the latter band is presumed due to a higher oxide.
Mass spectrometric studies of material ablated from solid
uranium dioxide reveal U9 UO and UQ molecules'® and

electronic spectroscopy has characterized UO ablated from the

oxidized uranium metal surfadé.We conclude that some of
the UO absorption in Figure 6 arises from ablated UO and the
rest from atomic recombination.

The solid UQ ablation into 0.05%!80, in neon gave
interesting mechanistic results. The composit€Qd4 and 18-
U(-16)-18 band (822.1 cm) and 18-U(-18)-16 (854.9 cm)
band were 2 times the intensity of thé®0; band (865.3 cmt),
and the 18-U(-16)-16 (859.6 and 829.9 Tinbands were
weaker (by factors of 0.8 and 0.2, respectively). Furthermore,
the 18-U(-18)-16 band (726.5 c was far stronger than that
of the 18-U(-16)-18 band (734.3 c®). This suggests that UQ
is formed by UO reaction with ©through insertion, but the
intermediate relaxeasymmetricall(Cs product) in preference
to symmetrically(to give theCy, isomer). The symmetrical
transition state is suggested by observation ofGheisotopic
isomer. The yields of BO,*, U0, and (Q)U*®0, exceed
(by 1.5-2 times) the yields of thé%0, species and%0'80
counterparts are very weak. This suggests that so#® &nd
U160, are ablated, but that even more atomic U is ablated for
reaction with'80,, and that the concentration of ablated species
is less than th&?0, concentration (0.05%). Finally,'60 (889.5
cm™1) band is>5 times stronger than that of'8D (842.0 cn?).
This again shows that UO is ablated from the solid and the U
reaction with'80, forms mostly U80, with little decomposition
to U80.

Conclusions

Reactions of laser-ablated uranium atoms, cations and
electrons with @during condensation with excess neon produce
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U0, UG, UOs, UO,™ and UQ™ as characterized by infrared
spectra with oxygen isotopic substitution and B3LYP/pseudo-
potential calculations. Differences in low-lyingb, and Hyq
states give rise to substantial shifts and ground-state reversal
between argon and neon matrices forJJThe UG absorption

at 980.1 cm?! in solid neon is in a region ascribed from
condensed phase spectra to uranyl dication, but anion/solvent
polarizations partially neutralize the uranyl dication species in
condensed phases and reducedh&equency from the value
expected for the isolated uranyl dication.

Simple, low-cost B3LYP calculations have been shown to
be astonishingly reliable for the prediction of neon matrix
vibrational frequencies, for both open- and closed-shell systems,
and for neutrals, positively and negatively charged species,
despite the neglect of explicit spiorbit effects. We have nine
different comparisons of observed and computed wavenumbers;
the mean error in the computed value is 2.6% while the range

is from 0.9 to 5.1%. As we have a substantial number of cases
whose chemical nature differs yet achieve a high level of
consistency (far higher than we were initially expecting), we
can eliminate any possibility of coincidence. Aufbau-based
arguments that use energies for virtual orbitals obtained from
B3LYP calculations are shown to be unreliable for species
related to the uranyl dication. The ground state of neutraj UO
appears to havéb, symmetry, rather thafHg as supposed to
date. Systematic trends are uncovered in the bond lengths and
vibrational frequencies for the series O, UO,™, UO, and
uo,—.
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