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ABSTRACT: The compounds H,ThSe and H,USe were synthesized by the reaction of

laser-ablated actinide metal atoms with H,Se under cryogenic conditions following the j’—’ 9 -
procedures used to synthesize H)AnX (An = Th, U; X = O, S). The molecules were w i
characterized by infrared spectra in an argon matrix with the aid of deuterium substitution ~ ¥
and electronic structure calculations at the density functional theory level. The main
products, H,ThSe and H,USe, are shown to have a highly polarized actinide—selenium triple “ ‘.
bond, as found for H,AnS on the basis of electronic structure calculations. There is an even ’ 3

larger back-bonding of the Se with the An than found for the corresponding sulfur ¢
compounds. These molecules are of special interest as rare examples of multiple bonding of
selenium to a metal, particularly an actinide metal.

H,ThSe('A’)  HOMO-1 mr(ThSe)

HOMO m(ThSe) HOMO-2 o(ThSe)

B INTRODUCTION and uranium atoms with H,S under cryogenic conditions,'” we
have continued our studies of actinide—chalcogen bonding
using H,Se as the reagent. A natural bond order (NBO)
analysis of the bonding in XAnH, with X = O and S and An =
Th and U showed that there is more delocalization from the
larger S 3p orbitals back-bonding to the metal than from the
tighter O 2p orbitals."” Thus, the M—O bonding is more ionic
than the M-S bonding, as would be expected from simple
electronegativity considerations. The electron configuration on
U is predicted to be s"*d"*f*¢ for H,UO and s**d"’f** in H,US
in contrast to the f* expected for the formal +IV oxidation state.
There is more 5f population on the U than expected from the
formal oxidation state showing a role for the Sf orbitals in U
bonding to the H and O or S. The NBO analysis suggests a
highly polarized triple-bond character for both An—S bonds.
There is more metal character in the US bonds than in the ThS
bonds, and this additional character is mostly in the 7 bonds.
There is more d character in the ThS 7 bonds and more f
character in the US 7 bonds, consistent with the expected

Compounds of uranium and thorium with the light chalcogens
oxygen and sulfur have been studied extensively in the bulk due
to their importance in the nuclear fuel cycle.'™* Ligands
containing soft donors are thought to be relevant for the
separation of the later actinides from the lanthanides.*® The
infrared spectra of these molecules have been investigated by
matrix isolation spectroscopy of the products generated from
the reaction of laser-ablated metal atoms with oxygen or sulfur
vapor. The experimental observations have been supported by
electronic structure calculations, mostly at the density func-
tional theory level.”™"" Additional reactions of uranium and
thorium atoms with H,0, H,0,, H,S, or methanol have also
been reported.'””"” However, very little is known about
molecular actinide compounds containing selenium. Several
uranium and thorium selenides have been studied in the bulk,
but this work has not provided detailed information about the
structures and bonding at the molecular level.”” Most

structures of uranium with chalcogenides have bridging
chalcogenide ligands.'*2* Recently, Hayton and his group oxidation-state properties of the atoms. For example, atomic Th

have reported the synthesis of a terminal chalcogenide complex does not have any active f electrons in the grougd state of the
of uranium, [K(18-crown-6)][U(Se)(N(SiMe,),);] (with a atom, and the Th in ThX, (X = F, Cl) behaves similarly to the

terminal U—Se bond complexed to the K*crown).”* The U—Se group 4 transition metals.”” We expect that this effect will be
bond distance is 2.59 A, which is shorter than the U—Se bond even more pronounced in the corresponding selenium
distance of 2.646 reported for [Ph,PCH,][U(Se)(N- compounds H,ThSe and H,USe due to the lower electro-
(SiMe;),);] by the same group.zs The former value is the negativity of Se as compared to S. This work is of interest, as
shortest that has been reported for a U—Se bond distance.*

Following the successful synthesis and characterization of Received: June 19, 2015
H,ThS and H,US through the reaction of laser-ablated thorium Published: September 29, 2015
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there are few species containing a multiple bond between
selenium and a metal, particularly an actinide metal.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Gaseous H,Se was synthesized by hydrolysis of Na,Se or K,Se with
HCI (2 M) in a vacuum system. The effluent gas was dried through
condensation over CaCl,, then transferred into a glass bulb and stored
in the dark to minimize decomposition. The glass bulb was mounted
directly to the stainless steel matrix gas mixing system. Deuterium
enrichment of H,Se was accomplished by first exchanging the
manifold of the mixing system with D,O for several hours, then
evacuating residual D,0O, and adding H,Se for about 90 min, which
produced HDSe and D,Se with residual H,Se. The D,Se is generated
by exchange between D,0O adsorbed on the surface of the manifold
and H,Se subsequently coadsorbed. The argon matrix spectrum of the
resulting hydrogen selenide revealed an approximately 1:1:1 mixture of
H,Se/HDSe/D,Se as measured from their infrared band absorbances
normalized by computed intensities. Allowing additional time for the
latter exchange process failed to improve the enrichment. We did not
have enough enriched selenide reagent to attempt additional reactions
with more D,O.

The H,Se precursor mixed with excess argon was condensed onto a
CsI window cooled to 10 K using a closed-cycle helium refrigerator
(Sumitomo Heavy Industries, RDK-205D) supported in a vacuum
chamber.”® Uranium or thorium atoms were co-deposited with the
argon/hydrogen selenide mixture following laser ablation from solid
metal. The 1064 nm fundamental of a Nd:YAG laser (Continuum,
Minilite II, 10 Hz repetition rate and 6 ns pulse width, laser energy
about 25—40 mJ/pulse) was focused onto the rotating metal target
through a hole in the cold window. Infrared spectra were recorded on
a Bruker Vertex 70 spectrometer at 0.5 cm™ resolution in the region
between 4000 and 430 cm™' using a liquid nitrogen cooled MCT
detector. Far-IR spectra were recorded at 1 cm™ resolution using a
room-temperature LaDTGS detector. Matrix samples were irradiated
by a mercury arc street lamp (Osram HQL 250) with the outer globe
removed [radiation >220 nm, mostly UV—vis].

Calculations were performed at the B3LYP level because we have
previously shown good agreement between these calculated
frequencies and experimental values as well as with higher level
CCSD(T) calculations for the H,AnX (An = U, Th; X = O, S)
molecules.'” Calculations of the frequencies were done at the density
functional theory level with the B3LYP functional using the
Gaussian09 program.” In addition, CCSD(T) calculations®*~>> were
performed to benchmark the results for H,ThSe with the MOLPRO
program.***” The following triple-¢ basis sets were used: cc-pVTZ-PP
for Th, U; aug-cc-pVTZ-PP for Se, and aug-cc-pVTZ for H>>*’

B RESULTS AND DISCUSSION

Experimental Spectra. The infrared spectra of the reagent
gas in argon show bands for H,Se in the region 2290—2370
cm™! and at 1033.3 cm™, which are in line with bands (2357.8
(v;, asymmetric stretch), 2344.5 (v,, symmetric stretch),
1034.2 (v, bend)) reported in the literature.””*" The bending
modes for HDSe and D,Se are located at 899.8/895.3 and
741.2 cm™, respectively. The stretching modes of the Se—D
bonds are in the 1650—1700 cm™' region. These values or
ranges are in line with reports in the literature (HDSe: 2352
(v3), 1691 (1), 912 (v,); D,Se: 1697 (v3), 1687 (v,), 741
(1,))."™" In experiments with deuterated material weak
absorptions for H,O, HDO, and D,O were also observed.

The reaction of laser-ablated thorium or uranium atoms with
H,Se in excess argon yielded two new and different infrared
absorptions, shown in Figures 1 and 2, which are similar in
appearance and relative intensities and just approximately 10
cm™" higher than the band pairs assigned recently to H,ThS
and H,US in solid argon.15 It is straightforward to consider
these bands to be the two metal dihydride stretching modes
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Figure 1. Infrared spectra of reaction products of laser-ablated thorium
atoms with 2% H,Se in argon recorded after (a) SS min of deposition,
(b) annealing to 26 K, (c) photolysis for 20 min, (d) annealing to 30
K, (e) annealing to 37 K, (f) annealing to 41 K, and (g) annealing to
46 K.

(e)
'MWMM
(d)

H,USe

4 ‘/‘

Absorbance

T T T T T 1
1540 1520 1500 1480 1460 1440

Wavenumber [cm™]

Figure 2. Reaction products of laser-ablated uranium atoms with 1%
H,Se in argon. (a) After SS min of deposition, (b) annealing to 28 K,
(c) annealing to 37 K, (d) photolysis for 20 min, (e) annealing to 38
K

(symmetric and asymmetric) of the major stable dihydride
reaction products H,AnSe (An = Th, U). These new bands are
observed after reaction during sample deposition at 1445.8 and
1477.5 cm™" using thorium as the reagent (Figure 1a), and they
increase in concert on annealing together with weaker satellite
features at 1437 and 1470 cm™' (Figure 1b), which are
probably due to the major product perturbed by another
reagent molecule in analogy with the ThH,(H,), (x = 1—4)
complexes.”* The major bands decrease together by about 60%
on photolysis (Figure 1c), but they increase again in concert on
subsequent annealing cycles (Figure 1d—g). Clearly, these two
bands behave as though they are due to the same new product
molecule, as they increase together on annealing and decrease
together on photolysis.

In addition, a band assigned toThH, was observed at 1455.8
cm™, in agreement with a prior study with a band at 1455.6
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Figure 3. Reaction products of laser-ablated thorium atoms with 2% of
a 1:1:1 mixture of H,Se, HDSe, and D,Se in argon. (a) After SO min of
deposition, (b) annealing to 27 K, (c) annealing to 34 K, (d) annealing
to 39 K, (e) photolysis for 15 min, (f) annealing to 37 K.
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Figure 4. Reaction products of laser-ablated uranium atoms with 2% of
a 1:1:1 mixture of H,Se, HDSe, and D,Se in argon. (a) After SO min of
deposition, (b) annealing to 37 K, (c) annealing to 35 K for 2 min, (d)
annealing to 40 K, (e) photolysis for 15 min, (f) annealing to 41 K.

1

em™,* and the amount of ThH, increased here on annealing
along with the major product. The sharp new absorption at
1445.8 cm™" is just 1.0 cm™' higher than the split band at
1444.8, 1443.3 cm™' identified in earlier Th and H, reagent
experiments.” This split band was assigned to the intense
antisymmetric stretching mode of ThH,, which is stable on
photolysis,**** in contrast to the present major product
characterized by bands at 1445.8 and 1477.5 cm™', which
show it to be photosensitive. The very weak band at 1484.8
cm™ is probably due to ThH, previously observed at 1485.2
cm™}, but we cannot be certain of this assignment.45 We also
measured the far-infrared spectra from 200 to 400 cm™’, but we
were not able to detect any weak-intensity metal—selenium
stretching modes for either major product.

Two Th experiments were done using neon as the matrix gas,
and spectra from the better of these are shown in Figure S1.
Since the 4 K condensation temperature employed for Ne is
much closer to the freezing point of Ne [24.5 K] than the 10 K
temperature used for Ar is to its freezing point [84.0 K], Ne is
condensed more slowly, and, for successful spectral observa-
tions, it is necessary to employ a substantially lower ablation
laser energy. As a direct result, the two new product
absorptions in Ne at 1464.5 and 1499.5 cm™ are a factor of
10 weaker than the Ar matrix counterparts shown in Figure 1.
Nevertheless, these Ne matrix absorptions increase on
annealing to 10 K, decrease on UV photolysis, and increase
on annealing to 11 K, which is analogous to their behavior in
solid Ar. These Ne matrix bands are 18.7 and 22.0 cm™" higher
than the Ar matrix values, which compares very closely with the
corresponding H,ThS absorptions exhibiting 17 and 19 cm™
blue shifts in solid Ne."”

The major uranium product has bands at 1470.0 and 1493.7
cm™’, illustrated in Figure 2, which bracket UH, previously
observed at 1483.6 cm™.*® The behavior of these bands on
annealing and photolysis is essentially the same as for the major
thorium product. One other new band is observed in these
experiments, at 1457.1 cm™". The 1457.1 cm™ band shows a
similar behavior on annealing and photolysis to the major
product, so it is most likely due to a H,USe-(H,Se), complex in
analogy with the thorium experiments. We were not able to
detect any An—Se stretching modes in the far-infrared region
where our spectral sensitivity is lower. Neon matrix experi-
ments were not performed with U since U is less reactive than
Th (the corresponding uranium sulfide bands were a factor of 4
weaker than the thorium counterparts),'” and H,Se is more
difficult to manage owing to decomposition such that U
products are unlikely to be observable in solid Ne. The
anticipated blue shift from the Ar matrix absorptions in solid

Table 1. Observed Argon and Neon Matrix and Calculated Frequencies (cm™) for H,ThSe ('A’) in C, Symmetry”

H,ThSe D,ThSe HDThSe
v exptb v (D) calc v (I) calc v expt v (I) calc H,ThSe mode assignment
1477.5/1499.5 1524.8 (379) [ 1530.1] 1080.7 (191) 1461.1 1503.8 (444) Th—H sym str, a’
1445.8/1464.5 1481.5 (524) [ 1492.3] 1050.9 (266) 1043.7 1065.2 (236) Th—H asym str, a”
4804 (125) [ 482.9] 344.9 (80) 429.8 (104) ThH, bend, a’
380.5 (12) [ 383.7] 2712 (5) 299.9 (35) H-Th—Se asym bend, a”
377.9 (123) [ 374.0] 301.3 (46) 359.5 (68) H—Th—Se bend + Th—Se str a’
281.0 (4) [ 283.3] 2484 (15) 258.4 (7) Th—Se str + H-Th—Se bend, a’

“Frequencies calculated in the harmonic approximation at the B3LYP level with the following basis sets: aug-cc-pVIZ on H, aug-cc-pVTZ-PP on Se,
and cc-pVTZ-PP on Th. Calculated intensities in km mol™ are given in parentheses. The CCSD(T) frequencies are given in brackets for H,ThSe.

“Neon matrix frequencies are after the slash. Estimated gas-phase frequencies are 1475 and 1505 + 10 cm™ .
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Table 2. Observed and Calculated Frequencies for H,US (*A”) in C, Symmetry”

H,USe D,USe HDUSe
U expt v (I) calc v (I) calc VU expt v (D) calc H,ThSe mode assignment
1493.7 1532.6 (440) 1086.3 (223) 1482.2 15164 (483) U-H sym str, a’
1470.0 1499.3 (536) 1063.5 (272) 1060.0 1074.6 (252) U-H asym str, a"
4866 (67) 347.1 (42) 4239 (60) UH, bend, a’
344.5 (164) 303.3 (62) 331.3 (116) H—-U-Se bend + U-Se str, a’
309.1 (6) 220.2 (1) 274.6 (2) H-U-Se asym bend, a”
2563 (9) 206.4 (32) 212.7 (21) U—Se str + H-U—Se bend, a’

“Frequencies calculated in the harmonic approximation at the B3LYP level with the following basis sets: aug-cc-pVIZ on H, aug-cc-pVTZ-PP on Se,
and cc-pVTZ-PP on U. Calculated intensities in km mol™" are given in parentheses. We estimate the gas-phase frequencies for H,USe to be 1500 and

1525 + 10 em™.

Table 3. B3LYP-Optimized Structural Parameters for the
H,MSe (M = Th, U) Molecular Ground States

property H,ThSe (C, — 'A’)" H,USe (C, — 3A")
r(M—Se), A 2.534 [2.541] 2484
r(M—H), A 2.059 [2.068] 1.999
£Se—M—H, deg 101.2 [100.8] 101.7
ZH-M-H, deg 101.1 [130.5] 99.8

“Values in brackets are CCSD(T).

Table 4. CCSD(T)/aug-cc-pvIZ Values for the ThSe and
USe Diatomic Molecular Ground States”

property 'ThSe SUSe
r(Th-X), A 2.500 (2.530) 2.526 (2.518)
Th—X str. (harmonic), cm™ 306.0 (308.5) 284.6 (274.3)
anharmonicity, cm™ 043 0.77
AE, kJ mol™ 53.2 (S=T)" 285 (Q-T)°

“Data obtained from a five-point fit. B3LYP values are in parentheses.
bSinglet—triplet energy splitting. “Quintet-triplet energy splitting.

Table 5. CCSD(T) Reaction Energies and Heats of
Formation at 298 K in kJ mol ™

molecule AH{298 K) reaction AH,__ (298 K)
H,ThO —79.1 ThO, + H,0 — H,ThO + 598.3
0,
H,ThS 1833 ThO, + H,S — H,ThS + 639.3
2
H,ThSe 205.4 ThO, + H,Se — H,ThSe + 610.4
0,
205.9 H,ThO + H,Se — H,ThSe 12.6
+ H,0
215.9 H,ThS + H,Se — H,ThSe —18.4
+ H,S
H,UO -18.8 U0, + H, » H,UO + O, 776.1
H,US 258.6 H,UO + H,S — H,US + 56.1
H,0
H,USe 305.9 H,US + H,Se — H,USe + -338
H,S
333.0 H,UO + H,Se — H,USe + 79.5
H,0
H,0 —241.87
H,S —20.5 + 0.8¢
H,Se 29.7°
Th 602.1 + 5.9¢
U 533.0 + 8.4
ThO, —435.6 + 12.6"
uo, —796.7 + 10”

“Reference 54. PReference 55. “Reference 56. “Reference 57.
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Ne for H,USe is most probably close to that observed for
H,US, namely, 20—22 cm™".

In addition to the experiments with H,Se, we also
investigated isotopic shifts of the product spectra on deuterium
substitution. Several experiments with mixtures of H,Se, HDSe,
and D,Se were carried out. The H,Se/HDSe/D,Se sample
employed was approximately 1:1:1 as determined by
comparison of the relative band intensities with calculated
harmonic intensities; see Figure S2 in the Supporting
Information. Many attempts to increase the amount of D,Se
such as longer exchange times failed. Due to the low content of
D,Se and the overall low IR band intensities of the desired
products, we were not able to detect fully deuterated products.
However, mixed isotope products were identified in these
experiments, as shown in Figures 3 and 4, which confirm the
present identifications and assignments.

Weaker new bands for the mixed isotopic product with Th
were found at 1461.1 and 1043.7 cm™". These bands show the
same behavior on first annealing and photolysis as the bands of
the Th hydride product. However, the re-formation on
annealing of either the hydrogenated product or the mixed
isotope product after UV photolysis was difficult to observe in
the mixed H/D experiments. Similar experiments have been
carried out with laser-ablated uranium atoms and mixed
isotopic reagents, resulting in weak new bands for the mixed
isotope product with U at 1482.2 and 1060.0 cm™".

The test for the uncoupled Th—H stretching mode of
HDThSe is that it should be the average of the coupled a’
(symmetric) and a” (antisymmetric) Th—H stretching modes
observed for H,ThSe: this average (1461.6 cm™) is in excellent
agreement with the observed 1461.1 cm™" mixed isotopic band.
This observation of a single mixed isotopic band at the median
between two fully hydrogenated symmetric and antisymmetric
stretching counterparts confirms the identification of the major
product as a dihydride. The proximity of the subject 1445.8 and
1477.5 cm™! bands to those mentioned above for ThH, and
ThH, supports their origin as a new thorium dihydride bearing
molecule, and their appearance just 10 cm™' above the two
Th—H stretching modes for H,ThS invites their assignment to
H,ThSe.

This identification is confirmed by our calculated electronic
structure frequencies for H,ThSe and HDThSe in Table 1.
First, the average calculated value is 1503.2 cm™" for the two
stretches for H,ThSe, and the value for HDThSe is 1503.8
cm™". The same rationale can also be applied to the Th—D
stretching mode for HDThSe, but we were not able to observe
the a’ symmetric and a” antisymmetric stretching modes for
D,ThSe. The expected band positions can be predicted from
the H,ThSe counterparts when divided by the H/D frequency

DOI: 10.1021/acs.inorgchem.5b01383
Inorg. Chem. 2015, 54, 9761-9769


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01383/suppl_file/ic5b01383_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01383/suppl_file/ic5b01383_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.5b01383

Inorganic Chemistry

Table 6. B3LYP Natural Electron Configurations on Th and U and Charges on All Elements®

molecule M(7s)" M(7p)® M(6d)" M(s6)" q(M)® q(E)° q(H)
ThO 1.84 0.10 0.71 0.34 1.10 —1.10
ThS 1.80 0.06 1.18 0.24 0.77 -0.77
ThSe 1.79 0.06 1.29 0.21 0.68 —0.68
Uuo 0.93 0.07 0.88 3.10 1.07 -1.07
usS 0.95 0.06 1.03 3.10 0.88 —0.88
USe 0.99 0.06 1.04 3.09 0.84 —0.84
H,ThO 0.36 0.10 1.28 0.39 1.99 —-1.02 —0.48
H,ThS 0.42 0.08 1.72 0.31 1.56 —0.69 —-0.43
H,ThSe 0.44 0.08 1.79 0.28 1.48 —0.62 —-0.43
H,UO 0.35 0.10 1.21 2.61 1.81 —0.86 —-0.47
H,US 0.43 0.10 1.66 2.54 1.32 —0.56 —-0.38
H,USe 0.46 0.10 1.70 2.52 1.26 —-0.51 —-0.38
“Units of electrons. ®M = Th or U. E = O, S, or Se.
Table 7. Calculated B3LYP NBO Analysis for H,MSe
bond M pop % M %7s M %6d M %Sf H/Se pop % H/Se %s Se %p
H,ThSe
Th—Se n 21 80 15 79 95
Th—Se 7 20 81 16 80 100
Th—Se o 27 23 66 8 73 14 86
Th-H o 29 30 59 8 71 100
H,MSe CA") a
U-Se n 25 68 27 75 97
U-Se 7 28 53 44 72 100
U-Se o 28 24 65 11 72 13 87
U-H o 33 26 52 19 67 100
Ulp 100 97
Ulp 100 100
H,MSe (PA”) g
U-Sen 19 71 25 81 99
U-Se 7 19 68 28 81 100
U—Se o 26 22 60 18 74 17 83
U-H o 30 28 5SS 13 70 100

ratios, 1.4021 and 1.3992, observed for the analogous modes of
H,Th and D,Th.** This gives 1033.3 and 1053.8 cm™" values
and a 1043.6 cm™" average that is in excellent agreement with
the 1043.7 cm ™" band observed for the Th—D stretching mode
for HDThSe. Again, our electronic structure calculations verify
this relationship: the average calculated a” and a” frequency for
D,ThSe is 1065.8 cm™, and the calculated Th—D stretching
mode for HDThSe is 1065.2 cm™". The fact that the lower and
more intense band of D,ThSe is probably underneath the
1033.3 cm™" band for the H,Se precursor and the upper band
has a quite low intensity provide possible reasons that D,ThSe
could not be detected in this experiment.

Bands for D,USe are estimated at 1049.6 and 1066.0 cm™
from the H,USe modes observed at 1470.0 and 1493.7 cm™,
and the H/D isotopic ratios are 1.4005 and 1.4012 for the two
modes of H,U and DZU;46 however, these bands were not
observed here. However, the average frequencies of the pure
isotopic product species, 1481.9 cm™' from observed H,USe
modes and 1057.8 cm™" from estimated D,USe modes, and the
computed frequencies in Table 2 support our 14822 and
1060.0 cm™" assignment to the U—H and U-D stretching
modes for HDUSe. The sharp weak band at 1050.9 cm™,
which increases markedly on full arc photolysis, is due to NUN
from the reaction of U* with a trace of N, impurity in the
vacuum system, which is detected in most of our experiments
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with laser-ablated uranium.'”***” This observation confirms
that the experimental laser ablation conditions for U atoms are
appropriate for the formation and spectroscopic detection of
new molecules.

Computational Results. The harmonic frequencies and
intensities computed at the DFT/B3LYP level are given in
Tables 1 and 2. The good correspondence between the
experimental and calculated values for the major product bands
of H,ThSe and H,USe provides confirmation of the above
assignments as belonging to these molecules. For the thorium
product in the 'A’ ground state, the more intense
antisymmetric stretching a” mode is computed to be 2.5%
higher than observed, and the less intense symmetric stretching
a’ mode is computed to be 3.2% higher than observed: similar
differences were found for the sulfide analogue H,ThS."” This
is to be expected when comparing the experimental
anharmonic frequencies with the calculated harmonic frequen-
cies, especially for those involving hydrogen.'” We further
validated the use of DFT for the harmonic frequencies by
petforming CCSD(T) calculations with the same basis sets on
H,ThSe (Table 1) and showed that the DFT and CCSD(T)
values are within 11 cm™ of each other. We estimate the gas-
phase frequencies for H,ThSe to be 1475 + 10 and 1505 =+ 10
cm™" based on the experimental values being 2% too low due to
Ar matrix effects, consistent with the Ne matrix shifts.
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Figure S. Comparison of ¢ and 7 molecular orbitals calculated for the
for H,ThSe and H,USe molecules using the B3LYP functional with an
iso-electron density counter of 0.04 e/au®. Alpha spin orbitals are
plotted for the U 3A” species, and doubly occupied orbitals are plotted
for the Th A’ species.

For the uranium product in the *A” ground state, the
computed DFT frequencies are slightly closer to experiment,
2.0% and 2.6% higher than the observed values. The triplet
ground state for H,USe is *A” derived from a (a’)'(a”)"
occupancy. There are two slightly higher energy triplets with
A’ symmetry derived from the (a’)'(a’)" occupancy (10.5 kJ
mol™!) and (a”)'(a”)! occupancy (14.6 k] mol™') for the
vertical energies at the *A” geometry. (We were unable to
optimize the geometry for H,USe at the CCSD(T) level due to
wave function convergence issues in the optimization, nor were
we able to converge the two A’ states at the DFT level during
the geometry optimization.) We estimate the gas-phase
frequencies for H,USe to be 1500 + 10 and 1525 + 10 cm™!
based on the experimental values being 2% too low due to Ar
matrix effects. The DFT gas-phase frequencies are in good
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agreement with these estimated frequencies derived from the
Ar matrix values.

In order to exclude the possibility of another species that
might be the carrier of the 1457.1 cm™! band, we also
optimized the structure of HSeUH, which is a quintet. It is 27.6
kJ mol™" above the triplet ground state of H,USe. It has a
planar cis structure with r(Se—H) = 1.484 A, r(U-H) = 2.042
A, 7(Se—U) = 2.786 A, ZH—Se—U = 79.8°, and ZH-U-Se =
104.6°. The calculated U—H stretching frequency is 1423.7
cm™ (393 km mol™"). Taking the average shift of about 30—40
cm™ between calculation and experiment into account, the
expected experimental frequency is in the 1375—1390 cm™'
range. Thus, we do not assign the 1457.1 cm™ band to
HSeUH. The large predicted difference between the U—-H
stretches in H,USe and HSeUH are due to different isomeric
structures with different formal uranium oxidation states. This
is in contrast to what is observed for CUO, where the spin state
was found to depend on whether the molecule is in an Ar or Ne
matrix with significant shifts in the Ar matrix due to interactions
of the CUO with the Ar, leading to a change in the spin state.*®
As noted above, when estimates are taken into account for the
Ar matrix shifts, there is good agreement with the values
predicted for the gas-phase molecule, so the matrix is not
affecting the basic structure of the molecule.

For H,ThSe, the two lowest frequency modes are
combinations of the Th—Se stretch and the H—Th—Se
symmetric bend, with more bend in the higher frequency
mode and more stretch in the lower frequency mode. The
antisymmetric bend and symmetric bend plus stretch modes
are almost degenerate in H,ThSe. For H,USe, the makeup of
these low frequency modes is somewhat different. Again, the
U—Se stretch and the symmetric H-U—Se bend are coupled.
For H,USe, the asymmetric H-U—Se bend is between the two
low-energy a’ modes, and there is no approximate accidental
degeneracy of an a’ and a” mode as in H,ThSe. The
comparison of the dideuterated with the dihydrogen low-
energy modes provides additional insights into the amount of
M-—Se stretch mixed with the symmetric H-M—Se bend. For
the higher frequency mode with more bend, the H,:D, ratio is
1.254 for M = Th and 1.14 for U as compared to the ratio of
1.414 expected from the masses. For the lower frequency mode,
the ratio is 1.13 for Th and 1.24 for U, showing that there is
more bend in the low-frequency mode for U and more bend in
the high-frequency mode for Th. For comparison, the H,M
bend ratios are 1.393 for Th and 1.402 for U, and the a” HMSe
bend ratios are 1.403 for Th and 1.404 for U, showing the
expected isotopic mass ratios.

We also used the numerical differentiation of analytically
derived normal modes available in Gaussian09 to calculate the
anharmonic corrections to the harmonic frequencies at the
same DFT level used to calculate the harmonic frequen-
cies.”’™* The default displacement of 0.025 A was used in the
numerical differentiation. The results (Supporting Information)
show that the anharmonic corrections to the Th—H and U-H
stretching frequencies are small (<6 cm™), so that any further
differences between the calculations and experiment are due to
errors in the prediction of the harmonic frequencies. There are
larger anharmonic effects on the bends with corrections of 20
to 35 cm™. For H,ThSe, most of the anharmonic corrections
to the bends are positive, increasing the frequency. For H,USe,
the anharmonic corrections for most of the bends are negative,
with only one showing an increased frequency due to
anharmonicity.
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The optimized molecular structure parameters for H,MSe
are given in Table 3. Both molecules are nonplanar. The U—Se
and U—H bond distances are shorter than the corresponding
Th—Se and Th—H bond distances. The U—H stretching
frequencies are higher than the Th—H stretching frequencies,
consistent with the shorter bond distances for the uranium
compound. The bond angles are essentially the same for
uranium and thorium compounds. The calculated U—Se bond
distance of 2.48 A is ~0.1 A shorter than the shortest known
U—Se bond reported by Hayton and co-workers.”* The shorter
value for the simple H,USe molecule is not surprising given
that the Se in the complex reported by Hayton is complexed to
a K*(18-crown-6), which will lengthen the U—Se bond. The
calculated values for the Th—Se and U—Se bond lengths of 2.53
and 2.48 A, respectively, are slightly longer than the respective
sum of the double-bond lengths calculated from the r, covalent
radii of Pyykks and Atsumi™® of 2.50 and 2.41 A.

The geometry parameters and vibrational frequencies for
diatomic MSe are given in Table 4 at the CCSD(T) and B3LYP
levels. The open-shell calculations were performed at the R/
UCCSD(T) level starting with restricted open-shell Hartree—
Fock orbitals and a spin-unrestricted CCSD(T).”*™*> ThSe is
predicted to be a ground-state singlet, with the triplet state 54.4
kJ mol ™" higher in energy. The ground state of USe is a quintet
state. The spatial state description is more difficult to assign due
to the use of only C,, symmetry and the lack of spin—orbit
corrections. A triplet state is 29.3 kJ mol™' higher in energy.
There is reasonable agreement between the CCSD(T) and
B3LYP values. ThSe is predicted to have a shorter bond
distance at the CCSD(T) level than USe, and the reverse is
predicted at the B3LYP level. The difference between the
B3LYP and CCSD(T) results is small, as all of the calculated
diatomic bond distances are within 0.03 A of each other.
Surprisingly, the stretching frequencies have the same order at
both computational levels, with the ThSe stretch predicted to
be higher than the USe stretch.

The heats of formation for H,MSe were calculated at the
CCSD(T) level with the various triple-{ basis sets described
above and available experimental data using the reactions in
Table 5.°*7°” We include the data needed to calculate the
values for H,MO and H,MS as well, as these were used in the
calculation of the heats of formation for H,MSe. There is good
agreement for the heats of formation from the various reaction
energies for H,ThSe, giving an average value of AH{H,ThSe,
298 K) = 209.2 k] mol ™. There is a larger variation for the heat
of formation of H,USe, with the average value of AH{H,USe,
298 K) = 303.8 kJ mol~". These heats of formation are probably
good to +15 kJ/mol considering the errors in the experimental
heats of formation and in the calculations.

The heats of formation were then used to calculate the
following reaction energies in kJ mol ™.

Th + H,0 — H,ThO AH,__ (298 K) = —439 (1)
Th + H,S - H,ThS AH,_ (298 K) = —398 )
Th + H,Se — H,ThSe AH,__ (298 K) = —423 (3)
U+ H,0 - H,UO AH_(298K) = —-310 (4)
U + H,S - H,US AH,_ (298 K) = —255 (8)
U + H,Se — H,USe AH,_ (298 K) = —243 (6)
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The reactions are all exothermic, with the Th reactions more
exothermic than the U reactions. The Th reactions do not show
any periodic trends, whereas the U reactions show a decrease in
the reaction energy from O to Se.

We performed a natural population analysis (NPA) based on
the NBOs**™*” calculated at the B3LYP level of theory for
H,MSe to better understand the bonding in these molecules.
The results are shown in Table 6 together with our prior results
for H,MO and H,MS as well as the corresponding diatomics.

The ThX diatomics have ~1.8 electrons in the 7s on the Th.
As the atom changes from O to S to Se, the 6d population
increases from 0.7 to 1.3 e and the Sf population decreases from
0.34 to 0.21 e. Thus, the dominant electron configuration is
~7s*6d" for ThX. The ionicity of the bonding decreases as X
changes from O to Se, consistent with the decrease in
electronegativity going down the column. The UX diatomics
have a different electron configuration that can be described as
~7s'6d'Sf%. The ionicity of the bonding also decreases as X is
changed from O to Se. In both cases, the metal has about one
electron on it. In ThX, the electron transferred to the X comes
from the 6d and for UX from the 7s.

For H,ThX, the ionicity decreases from O to Se, as in the
diatomics with Th being substantially more ionic in H,ThX
than in ThX. There is less than 0.5 e in the 7s, and the
population in the 7s increases from O to Se. The 6d population
increases from 1.3 e for H,ThO to 1.8 e for H,ThSe. The 5f
population is in the range of 0.4 to 0.3 e. The corresponding
H,UX compounds show similar populations in the 7s and 6d
and ~2.5 e in the 5f. The H,UX are less ionic than the H,ThX.
The electron configurations for H,ThSe and H,USe are
s"4d"8%3 and s*°d""f*>% and show close similarity to the
bonding in the H,MS compounds previously described."’

We also analyzed the NBOs for H,ThSe and H,USe, as
shown in Table 7. The NBO analysis is essentially the same as
that for H,MS."” There are two very polarized Th—Se 7 bonds
with about 80% population on the Se p orbitals. In both 7
bonds, 80% of the small Th population is in the 6d. The Th—H
and Th—Se ¢ bonds have about 70% population on the H or
Se. There is little population in the 5f in the o bonds with two-
thirds of the Th population found in the 6d and 20—30% of the
population in the 7s. Very similar results for the bonding
orbitals are found for the U in H,USe for the  and f§ electrons.
As expected, the two unpaired electrons are 5f orbitals on the
U.

The Kohn—Sham orbitals are shown in Figure 5. The three
highest occupied molecular orbitals for H,ThSe show that the
bonding for the Th—Se can be described as a 6 bond plus two
7-type bonds, which are highly localized on the Se, just as found
in H,ThS. The bonding for the doubly occupied orbitals is
essentially the same in H,USe. The two singly occupied orbitals
in H,USe are 5f orbitals that are partially delocalized on the Se.
The two 0 U—H orbitals show some delocalization to the Se,
but no such delocalization is predicted for the Th—H o orbitals.
This is very similar to what was predicted for H,ThS and H,US.
However, the back-bonding in H,ThSe and H,USe and
therefore also the stabilization of the An—H bonds are stronger
than in the sulfur and oxygen species, as the higher An—H
stretching frequencies compared to H,AnO and H,AnS show.

B CONCLUSIONS

We report the successful synthesis of H,ThSe and H,USe in an
Ar matrix and their characterization by IR spectroscopy.
Together with the dihydrogen compounds, the mixed H/D
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compounds HDThSe and HDUSe were observed by using a
mixture of H,Se/HDSe/D,Se, although the dideuterated
compounds were not observed. Comparison of the infrared
spectra obtained in a Ne matrix supports the assignment of the
argon matrix vibrational bands to H,ThSe. Our experimental
results for the frequencies and their assignments are confirmed
by quantum chemical calculations at the DFT level, with the Th
results further benchmarked at the CCSD(T) level. An NPA
and NBO analysis shows that the bonding in H,ThSe and
H,USe is quite similar to the sulfur analogues. The higher An—
H stretching frequencies in the Se compounds than in the S
compounds provide experimental evidence for a slightly
stronger back-bonding from the Se-4p orbitals compared to
the S-3p orbitals, consistent with the lower electronegativity of
the Se as compared to S. This is consistent with a decrease in
the ionic character of the M—Se bond. On the basis of the
NBOs, the M—Se bond can be described as a highly polarized
triple bond, like the bond between Th and U with S in H,ThS
and H,US. The calculated bond distance for U—Se in H,USe
represents the shortest U—Se distance known. Even the simple
analysis in terms of the r, double-bond radii suggests that the
M-—Se bonds are close to double bonds. The fact that the M—
Se bond is less ionic than the M-S bond, yet there is
comparable bonding in terms of the NBO analysis, also
suggests that there is some type of multiple bonding in the M—
Se bond in H,MSe. The combined experimental and
computational results thus provide strong evidence for multiple
bonding between An and Se. We do note that there are many
types of analyses that can be used to describe the bond between
any two atoms and that the description of the bond does
depend on how it is analyzed.
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