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ABSTRACT: Reactions of laser-ablated Th atoms with F, produce ThF, as the major
product based on agreement with matrix spectra recorded of the vapor from the solid at
800—850 °C. Weaker higher-frequency bands at (567.2, 564.8), (575.9, 575.1), and
(531.0, 528.4) cm™! in argon are assigned to ThF, ThF, and ThF;, ThF;(F,) on the
basis of their chemical behavior upon increasing reagent concentrations, annealing, and
irradiation, the use of NF;, OF,, and HF as F-atom sources, and a comparison with
frequencies calculated at the DFT/B3LYP and CCSD(T) levels with a large segmented

747eV

+ ECP basis set on Th and the aug-cc-pVTZ basis set on F. An additional broader band

at 460 cm™' is assigned to the ThF;~ anion. The trigonal-bipyramidal ThF~ anion

ThF,

ThFg~

(calculated electron detachment energy of 7.17 €V) increases at the expense of

ThF,(F,) and F;~ on full mercury arc irradiation. [ThE;*][F,”] is shown by calculations to be an ionic complex with a side-
bound F,” subunit. This paper reports the first evidence for novel pentacoordinated thorium species including the unique
[ThF;*][F,”] ionic radical-ion pair molecule and its electron-capture product, the very stable ThF;~ anion.

B INTRODUCTION

Uranium hexafluoride is the basis for the important uranium
isotope separation process by gaseous diffusion.' The UF
molecule is also interesting in its own right for vibrational
spectroscopy (laser isotope separation)® and its large electron
affinity with values of 4.9 + 0.5, >5.1,* and 5.3 eV.> However,
the corresponding highest thorium fluoride, ThF,, has received
much less attention. The vapor in equilibrium with solid ThF,
at 1200 °C exhibited an IR band at 520 cm™, which was
assigned to the antisymmetric Th—F stretching mode.® Spectra
of the vapor generated from the solid at 800—850 °C and
trapped in argon and neon matrixes produced matrix site-split
bands in the 520 cm™" region.” Vapor-pressure data for thorium
tetrahalides support the tetrahedral structure expected for the
4+ oxidation state of Th.* A high-resolution spectroscopic
investigation of ThF and ThF" together with high-level
electronic structure calculations has recently appeared.” The
gaseous species ThF, ThF,, ThF; and ThF, have been
generated in a heated effusion beam source and observed as
cations by mass spectrometry.10

The laser-ablation technique has been employed to generate
both Th and U atoms for reactions with small molecules and to
trap the novel intermediate reaction products in noble gas
solids in this laboratory. Most recently, we have investigated the
OUF, and OThF, molecules with polarized triple oxo bond
character from reactions with OF,."" Earlier work provided
characterization of N—ThF;, thorium oxides, the NThO
molecule, and thorium hydrides.">~"
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B RESULTS AND DISCUSSION

IR spectra recorded from the reaction products of laser-ablated
Th atoms codeposited with molecular fluorine (F,) using
established experimental methods'®™" are illustrated in Figure
1 for 0.5% F, (scans a—d) and 1.0% F, (scans e—h). First, the
strong absorptions at 521.0, 519.2, and S14.5 cm™' in the
region of the 520 cm™" gas-phase absorption for ThF, are in
agreement with argon matrix spectra of ThF, vapor from the
solid at 800—850 °C.%” New absorptions of interest here are
the unresolved doublet at (575.9, 575.1) cm™!, the resolved
doublet at (567.2, 564.8) cm™, the 531.0 cm™ band, and the
528.4 cm™! band, which survives 20 K annealing, decreases
upon >220 nm irradiation, and increases slightly upon final 30
K annealing. Meanwhile, absorption appears at 460 cm™' upon
deposition, decreases upon 20 K annealing, increases slightly
and sharpens upon >220 nm irradiation, and decreases again
upon final 30 K annealing. The F;~ absorption at 510 cm™ is
destroyed by >220 nm irradiation.'” Note the reversal of the
531.0 and 5284 cm™' band intensities with increasing F,
concentration, where more F, favors the lower frequency band.

Additional laser-ablated thorium experiments were done in
collaboration with the Riedel group at Freiburg using higher
fluorine concentrations. Spectra for 2% F, in argon are
illustrated in Figure SI-1 in the Supporting Information. Several
points in comparison with the 1 and 2% F, experiments are
noteworthy: (1) the same absorptions were observed within 0.1
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Figure 1. IR spectra of laser-ablated Th atom and F, molecule reaction
products in solid argon: (a) Th + 0.5% F, deposition for 60 min; (b)
after annealing to 20 K; (c) after A > 220 nm irradiation; (d) after
annealing to 20 K [spectra absorbance scale expanded two times]; (e)
Th + 1% F, deposition for 60 min; (f) after annealing to 20 K; (g)
after 1 > 220 nm irradiation; (h) after annealing to 30 K.

cm™; (2) the 5284 cm™' band was slightly stronger than the
530.1 cm™ band, photolysis destroyed them both, and
annealing restored only the 528.4 cm™' band; (3) the 460
cm™" absorption was stronger, and it increased upon UV
irradiation.

IR spectra using the NF; reagent instead of F, are shown in
Figure 2 (scans a—e). As reported previously,'” the major N—
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Figure 2. IR spectra of laser-ablated Th atom and NF; or OF,
molecule reaction products in solid argon: (a) Th + 0.4% NF,
deposition for 60 min; (b) after annealing to 20 K; (c) after 1 >
220 nm irradiation; (d) after annealing to 30 K; (e) after A > 220 nm
irradiation. (f) Th + 1% '®OF, (91% enriched) deposition for 60 min;
(g) after annealing to 20 K; (h) after A > 220 nm irradiation; (i) after
annealing to 30 K.

ThF; product can clearly be identified, and its strongest band,
the antisymmetric ThF; stretching mode, appeared at 525.3
cm™", Here, we note first that exactly the same frequency, but
weaker bands, was observed for ThF,, and for the new products
at (5759, 575.1), at (567.2, 564.8), and at 531.0 cm.
Annealing to 20 K increased the latter three band groups
slightly with the (567.2, 564.8) cm™' peaks increasing more.
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Full mercury arc irradiation substantially decreased the (567.2,
564.8) cm™" and 531.0 cm ™' peaks, doubled the intensity of the
new (575.9, 575.1) cm™ and ThF, bands, and enhanced a weak
absorption at 460 cm™'. Next annealing to 30 K slightly
increased the 567.2 and 531.0 cm™" peaks and a 528.4 cm™
satellite feature and decreased the lower-frequency band, as
observed with the F, reagent. A final >220 nm irradiation
enhanced the broad 460 cm™" absorption. The weak S11.1 and
482.3 cm™' peaks are due to OThF, owing to the trace ThO
impurity in the system.'!

Matrix spectra from the reaction of Th with '*OF, are
illustrated in Figure 2 (scans f—k), which includes regions not
illustrated previously."' As reported, weaker bands were
observed for ThF, and stronger new bands at 510.8 and
482.1 cm™ for the major *OThF, product.'' Additional weak
bands were observed at 575.2, 567.2, 564.8, 531.0, and 528.2
cm™". The (567.2, 564.8) cm™" peaks and the major product
bands increased upon annealing to 20 K, as before. Full arc
photolysis increased the 575.2 cm™ band and decreased the
other weaker peaks. A final annealing to 30 K restored some of
the 564.8 cm™! band intensity. In this case, features in the 460
cm™" region show small oxygen isotopic shifts and are due to
the precursor and its aggregates.'’ It is significant that the
575.2, 567.2, 564.8, 531.0, and 528.2 cm™ product bands did
not shift in a similar experiment with Th and natural isotopic
OF,. Hence, their observation from Th reactions with F,, NF;,
and OF, with no O-18 shift shows that these are due to
molecular thorium fluoride species.

Additional chemical support can be derived from the fact that
the same 576, 575, 567.2, 564.8, and 531.0 cm™ absorption
peaks were observed with the same annealing and photolysis
behavior in analogous argon matrix experiments with Th and
HE performed at Freiburg. Spectra from an HF experiment are
shown in Figure SI-2 in the Supporting Information for
comparison.

Evidence will be presented for the identification of thorium
fluoride molecules in the order of increasing numbers of F
atoms. The experimental assignments together with our
computational results are given in Tables 1 and 2. First, the
two sharp bands at 567.2 and 564.8 cm™" and a weaker matrix
site splitting at $69.2 cm™' can be assigned to the ThF
molecule. These bands are photosensitive, and they are restored
upon annealing, more than any other new product bands in this
system. Thus, a straightforward reaction must be available to
form this product, and that reaction is the direct exothermic
combination of atoms to form ThF, whose energy is given for
reaction 1 in Table 3.7'° UV irradiation by the laser-ablation
plume provides F atoms from precursor photodissociation.
Second, these bands are observed with the F-atom precursors
NF,;, OF,, and HF with relative product band intensities even
more prominent than those with F, itself. Third, an
approximate gas-phase fundamental of 605 + 15 cm™ was
deduced from electronic band spacings, which is in reasonable
agreement with a multireference configuration interaction
calculation (574 cm™).” Fourth, our calculations®®?! at the
spin-unrestricted density functional theory (DFT) level with
the B3LYP exchange-correlation functional’™*® and at the
correlated molecular orbital theory coupled cluster CCSD-
(T)**%” level produce frequencies in this region appropriately
slightly higher than the above argon matrix values and
consistent with the experimental gas-phase result (Table 1).
[R/UCCSD(T) has a restricted open-shell Hartree—Fock
calculation for the starting wave function with the spin
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Table 1. Calculated Thorium Fluoride Geometry
Parameters, Frequencies (cm™), IR Intensities (km/mol),
and Observed Argon Matrix Frequencies (cm™)

CCSD(T)/aug-cc-  B3LYP/aug-cc-

parameter pVTZ/ECP pVTZ/ECP? obsd”
ThE(*A)
r(Th—F) (A) 2.0319 2.037
Th—F str 598.9¢ 587.2 (78)° 5672, 564.8,
(605 + 15)4
ThE,(Cy, 'A)
r(Th—F) (A) 2.061 2.061
2(F—Th-F) 1292 1423
(deg)
F—Th—F bend 67.1 106.1 (2)
(ar)
Th—F sym str 5854 581.8 (17)
(ar)
Th—F asym str 5734 577.2 (186) 575.1, 575.9
(b))
ThEy(Dy, *A,)
*(Th—F) (A) 2.103 2.105
out-of-plane 28.5 65.6 (5)
bend (a,”)
FzTh—F bend 105.6 96.9 (20)
e
T}(l_«f asym str 5372 539.3 (394) 531.0
e
Th—F sym str 570.8 571.9 (0)
(ar)
ThE,(T, 'A,)
*(Th—F) (A) 2.117 2.112
F—Th—F asym 112.0 101.7 (0)
bend (e)
Th—F sym bend 1132 93.9 (90)
(t)
Th—F asym str 528.3 537.5 (627) 521.0, 519.2,
(t) 514.5
T}(1—§ sym str 563.3 588.6 (0)
a

“IR intensity (km/mol) in parentheses. “Argon matrix frequencies.
‘g, = 2.1 cm™'. “Gas phase’

constraint relaxed in the coupled cluster calculation where both
use the aug-cc-pVTZ basis set on F** and the small-core
relativistic effective core potential (ECP) from the Stuttgart
group with a corresponding segmented basis set on Th.*’ We
denote this basis set as aug-cc-pVIZ/ECP.] The CCSD(T)
calculations correlated 12 electrons on Th and 7 electrons on F.
Furthermore, the CCSD(T) harmonic value for the asymmetric
Th—F stretch of ThF, is within 8 cm™ of the experimental
anharmonic matrix value (Table 1). The calculated bond
dissociation energy for ThF requires a spin—orbit correction of
8.8 kcal/mol for the Th atom> and a correction of 0.38 for the
F atom.>" The site-split ThF, absorptions were 8 cm™" higher
in solid neon than argon,” so we expect a higher neon matrix
value for ThF. From these observations, we predict a gas-phase
fundamental in the $80—600 cm™! range, which is in
accordance with the calculations and the estimate from the
band structure.’

The matrix site-split doublet at (575.9, 575.1) cm™" observed
in all experiments with F,, NF;, OF,, and HF increased slightly
in intensity upon 20 K annealing and increased substantially in
intensity upon photolysis. This band is the most prominent
product after ThF,. Our CCSD(T)/aug-cc-pVITZ/ECP calcu-
lation predicts a C,, ' A, state to be the ground state for ThF,
and the strongest mode, the antisymmetric stretch, to be within

Table 2. Calculated ThF,”, [ThF;*][F, ], and ThF;~
Geometry Parameters, Frequencies (cm™), and IR
Intensities (km/mol), and Observed Argon Matrix

Frequencies (em™)

parameter

r(Th—F) (A)

Th—F sym str (alg)
Th—F asym str (e,)
Th—F asym, sym str (blg)

*(Th—F) (A)
Th—F sym str (a)
Th—F asym str (t)

r(Th_Fbonded) (A)
7(Th=F onbonded) (A)

7(Fnonbonded=Frnonbonded) (&)
ZPyonded—Th=Fpongea (deg)

ZFponded (on Cs)— Th=Fygnbonded
deg)

(deg
Th—F sym str (a’)
Th—F asym str (a”)
Th—F asym str (a’)
F—F str (a’)

r(Th-F,) (A)
(Th-F,) (A)

Th—F sym str (a,’)
Th—F,, asym str (e')
Th—F,, asym str (a,")
Th—F sym str (a,’)

CCSD(T)/aug-
cc-pVIZ/ECP

ThE,"(Dy, *Asg)

2.180
S11.1
456.4
428.3
ThE, (T, A,)
2.149

[ThF;"][F,7](C, *A")

2.106
2.356
1.908

106.6/101.5

110.2

ThE™(Dy, 'A,")

2.194
2.183
534.4
463.5
451.7
426.7

B3LYP/aug-
cc-pVTZ/
ECP®

obsd
2.179

504.0 (0)*

452.5 (503)
418.4(0)

2.161
511.7(0)
481.8 (268)

2.108
2.363
1.962
108.4/102.1
109.1

580.2 (55)
534.3 (206)
531.1 (166)
457.4 (44)

528
528

2.194
2.190

523.8 (0)
452.5 (242)
446.1 (323)
415.6 (0)

460
460

“Values in parentheses are IR intensities (km/mol).

Table 3. Calculated Reaction Enthalpies (kcal/mol) at 298 K
for the Lowest-Energy Conformer Involved in These Matrix

Isolation Experiments

reaction
no. reaction
Th + F - ThF

2 Th + F, —
ThF,

3 ThF + F —
ThF,

4 ThF, + F —
ThF,

S ThF, + F, —
ThF,

6 ThF; + F =
ThF,

7 ThE, + e~ —
ThE,”

8 ThFg — ThF,
+F,

9 ThF; — ThF;*
+F,”

10 ThF; — ThF,
+F

11 ThFs + e~ —
ThF¢~

12 ThF, + F~ —
ThFg~
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B3LYP/aug-cc-
pVTZ/ECP

—156.1
—292.6

—164.0

—153.5

—273.1

—-156.0

—-16.3 [0.71 eV]
134.6

204.3

15.0

—158.1

[—6.86 eV]
—-91.8

CCSD(T)/aug-cc-pVTZ/
ECP

—153.1 (=155 + 2)>*°
—289.2

-162.9

—-1534

—2754

-157.9

—9.8 [0.42 eV]
127.6

211.1

57

—165.4 [=7.17 €V]

—94.7
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2 cm™! of the matrix doublet (Table 1). The weaker symmetric
stretch is computed to be 4 cm™ higher with 10% of the
strongest band intensity, which is too weak to observe here.
The 575 cm™ band was labeled ThF, in Figure 1 of our report
on the reaction of Th with NF; where N—ThF; was the major
product with a strong antisymmetric ThF; subunit stretching
absorption at 525 cm™.'* At that time, it was thought that the
much weaker (calculations predict 8%) symmetric mode might
be covered by the ThF, band and 575 cm™" was also listed in
the tables for this weaker symmetric mode. Further
examination of our Th + NF; reaction spectra reveals a weaker
band at 566 cm™", which is tentatively assigned to this weaker
mode for N—ThF,. Observation of the same (575.9, 575.1)
cm™ band in Th experiments with F,, NF;, OF,, and HF and
our frequency calculations demonstrate that this absorption is
due to ThF,. The slight increase of these bands upon annealing
to 20 K suggests that the Th + F, reaction is spontaneous,
which is consistent with the large negative energy for reaction 2
(Table 3).

Our CCSD(T) calculations predict ThF; to be a trigonal-
planar radical with a very strong antisymmetric stretching
fundamental at 537 cm™' and no symmetric-mode intensity as
long as the radical remains planar. Thus, both the 531.0 and
5284 cm™! bands, just above this mode at 525 cm™! for N—
ThF;,"> merit consideration for ThF; itself. Note that the latter
band is a weak shoulder on the former band using 0.5% F, and
the former band is a weak shoulder on a much stronger latter
band with 1% F, (Figure 1). Then note that only the 531.0
cm™" band is observed upon sample deposition with the NFs,
OF, and HF reagents, where the ablation plume photolysis
byproduct F, concentration is very low; however, final
annealing produces a weak 528.2 or 528.4 cm™' satellite peak
(Figure 2). This and the understanding that molecular
perturbations usually red shift isolated molecule frequencies
lead us to assign the 531.0 cm™" band to isolated ThF; and the
528.4 cm™" band for ThF, perturbed by a fluorine molecule, the
most abundant molecule present in the Ar/F, matrix samples.
Our B3LYP calculations predict a 3 cm™' red shift for this
interaction. The ThF; radical is probably made here by the F-
atom reaction with ThF,, reaction 4 in Table 3. The major
product in these experiments, ThF,, can be made by both the
F-atom and molecule reactions 5 and 6 in Table 3. It is
interesting that the first F-atom elimination energies for
ThF,,;, are nearly the same, but this is highest for ThF,
(Table 3), as is its stretching frequency.

Our DFT B3LYP/aug-cc-pVIZ-ECP calculations showed
that the approach of F, to ThF; on the C; axis leads directly to
ThF, and an F atom, but if the F—F molecule is not restricted
to this axis, it converges without barrier to the C; side-bound
structure. We found no minimum for an end-bound structure.
A sideways approach forms a (C, *A”) (ThF,;)(F,) complex
very exothermically, reaction 8 in Table 3. On the basis of the
geometry parameters, natural charge analysis,>> and the spin
density (Figure 3), (ThF;)(F,) is best written as [ThF;*][F,”].
The calculated frequencies for the ground state (C, *A”)
[ThF;*][F,”] complex are given in Table 2, and the structure is
illustrated in Figure 3. We used the B3LYP/aug-cc-pVTZ/ECP
calculation frequency predictions for this larger open-shell
molecule because of the computational cost at the CCSD(T)
level. The good agreement between the CCSD(T) and DFT/
B3LYP results for the frequencies in Table 1 and for the
geometries in Table 2 shows that the DFT frequencies are
reliable. We assign the 528.4 cm™ band (3 cm™ full-width at
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Figure 3. (a) Structures and natural charges for the lowest-energy
conformers of ThF,”, [ThF;*][F,~], and ThF~ and (b) spin densities
for ThE, (D) (0.95 on Th), [ThF,"][F,”] (0.51 on each F in the
F,” fragment and —0.02 on Th), and ThF, (T,) (0.98 on Th),.

half-maximum) to the strong antisymmetric stretching mode(s)
for the ThF; subunit in the [ThF;"][F,”] complex, which are
predicted by DFT to be separated by 3 cm™' and would be
degenerate under 3-fold symmetry. Although the ThF; subunit
in the [ThF;*][F,] complex is nonplanar, the symmetric mode
associated with the ThF; subunit is expected to have a small IR
intensity, and this weaker mode is not observed. Note that our
calculations predict the symmetric mode to be near 580 cm™
with ~15% of the total antisymmetric-mode intensities at 534
and 531 cm™' (Table 2). The weaker F—F stretching mode
calculated at 457 cm™" is not observed because this band may
be broad and matrix-shifted too low for detection.

The related alkali-metal (M*)(F,”) species were observed by
matrix Raman spectroscopy, and the F,” stretching modes
ranged from 452 to 475 cm ™! for different alkali-metal reactions
with fluorine.*® We calculated the isolated F,” fundamental to
be at 435 cm™ (w, = 446.6 cm™! and wx, = 6.0 cm™) at the
CCSD(T)/aug-cc-pVTZ/ECP level with r(F—F) = 1.927 A.**
It is typical for (cation)(anion) paired species to have higher
anion frequencies than isolated anions, as found for [M*][F,”]
and the current [ThF;*][F,”] species. As another example,
[M*][F;7] has the antisymmetric F—F—F stretching funda-
mental at 550 cm™! for M = K, Rb, Cs relative to an isolated
F;~ value at 510 cm™ in solid argon.'”* It is useful to note a
weak F;~ band at 510 cm™ in our solid argon experiments,
which verifies the presence of laser-ablated electrons and F™ in
fluorine bearing argon condensed with metal ablation."®
Further support for our observation of the [ThF;"][F,”]
complex in these fluorine-rich samples is the high stability of
ThF,;(F,) with respect to dissociation to ThF; + F, (reaction 8,
Table 3). The Th—F bond in ThE, is very strong (158 kcal/
mol; reaction 6, Table 3), so it is not surprising that this ThF;
isomer is stable by only 6 kcal/mol with respect to the ThE, +
F asymptote (reaction 10, Table 3). Thus, ThFs can only be
stabilized at low temperatures, such as those in our matrix
isolation experiments.

Our calculations further show that electron capture by
[ThF;*][F,”] is a highly exothermic process (reaction 11,
Table 3), leading to the trigonal-bipyramidal ThF;~ anion with
strong antisymmetric Th—F stretching modes predicted in the
446—464 cm™' range (Table 2). The broader 460 cm™" band
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shows the decrease upon annealing expected for an isolated
molecular ion, and its increase upon UV irradiation, with
destruction of the F;~ band at 510 cm™, is expected for the more
stable anion. Thus, the 460 cm™" band is assigned to the ThF;~
anion, and it probably contains the absorptions for both
antisymmetric Th—F stretching modes. Another highly
exothermic process possible here is fluoride-anion capture by
ThF,, reaction 12 in Table 3. As noted above, observation of
the F;~ band provides evidence for F~ reactions in these
experiments because the fluoride affinity of F, is 23 kcal/mol."”

Similar experiments with U and F, produced strong UF and
weaker UF4~ anion absorptions at 620 and 520 cm™.>**” The
electron affinity of ThF, is much smaller than that of UF, only
0.42 eV (reaction 7 in Table 3), and there are two ThF,”
structures that are very close in energy. The lowest-energy
structure is the planar D, structure.*® The Dy, conformer has a
predicted very strong e, mode at 456 cm™". It is possible that
broad absorption near 450 cm™' is due to ThF,”, formed
through electron capture by the major reaction product ThF,.
It is interesting to note that this possible frequency ratio for the
strongest mode of the D,, ThF, anion and the corresponding
neutral, 450/521 = 0.86, is almost the same as that for the UF
anion and the neutral, 520/620 = 0.84. The T, structure of
ThE,™ is 2.9 kcal/mol higher in energy at the CCSD(T)/ aug-
cc-pVTZ/ECP level and only 0.5 kcal/mol higher at the DFT/
B3LYP level. The intense band for T; ThF,” is predicted to be
at 480 cm™" at the DFT/B3LYP level.

B CONCLUSIONS

We have shown that reactions of laser-ablated Th with F,
produce the expected small thorium fluoride molecules ThF,
ThF,, ThF;, and ThF, on the basis of the behavior of their
argon matrix IR spectra upon increasing sample concentration,
annealing, and irradiation, the use of complementary NF;, OF,,
and HF precursor reactions, and a comparison with frequencies
calculated by the CCSD(T) and DFT/B3LYP levels using the
aug-cc-pVITZ/ECP basis set. Additional lower-frequency
absorptions are assigned to the thorium pentafluoride species
[ThF;*][F,”] and ThF;~, which are formed in highly
exothermic reactions. This is the first characterization of new
pentacoordinated thorium species including the stable molec-
ular cation—molecular anion [ThF;*][F,”] and the isolated
ThF;~ anion. We believe that it will be possible to prepare the
ThF;~ anion with an appropriate stabilizing cation in a solid-
state compound.
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