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Matrix Infrared Spectra of Dihydrido Cyclic and Trihydrido Ethynyl Products from
Reactions of Th and U Atoms with Ethylene Molecules

Han-Gook Cho' and Lester Andrews®**

Department of Chemistry, University of Incheon, 177 Dohwa-dong, Nam-ku, Incheon, 402-749, South Korea,
and Department of Chemistry, University of Virginia, P.O. Box 400319, Charlottesville, Virginia 22904-4319

Received: January 20, 2009; Revised Manuscript Received: February 25, 2009

Reactions of laser-ablated thorium and uranium atoms with ethylene isotopomers have been carried out and
the primary products identified in the matrix IR spectra. The dihydrido cyclic and trihydrido ethynyl products
(MH,—C;H,; and MH3;CCH) are identified from the matrix spectra of both Th and U, whereas the insertion
product absorption is observed only in the U spectra. The present results indicate that C—H insertion and
following H migration from C to M also occur in reaction of the actinides with ethylene. Formation of the
trihydrido ethynyl products is parallel to the previous results of group 4 metals. Metal hydride (MH,) absorptions
are not observed in the infrared spectra, suggesting that the H, elimination from the dihydrido cyclic intermediate
is relatively slow. Density functional theory calculations reproduce the vibrational characteristics of the identified
products and the relative stabilities. The cyclic triangular ThH,—C,H, system with two 7 electrons is aromatic,
which contributes to the unique stability of this thorium dihydrido cyclic product.

Introduction

The hydrocarbon C—H bonds, once considered chemically
inactive, are now becoming a common subject for insertion
reactions, providing chances to prepare precursors for more
valuable end products.'~® The following rearrangements expand
the possibilities to generate related transient species, which allow
insights to understand the key steps for numerous synthetic
reactions and catalytic processes.* Recent studies have shown
that transition metals are effective C—H bond insertion agents
and often proceed to form simple, distinct complexes showing
unique structures and intriguing photochemical properties.>?
These small metal complexes also serve as model systems to
investigate the properties and reactivity of large transition metal
complexes because they are more amenable to high level of
theoretical approaches.

Elimination of H, in reaction of ethylene with early transition
metal atoms (particularly the early second row transition metals)
has been examined in previous reaction dynamics studies, and
the details about the reaction path have been the subject of
theoretical studies as well.~® The results reveal that group 4
metals are the most reactive. It is also generally accepted that
H, elimination by transition metal atoms proceeds in the order
of M + ethylene — m-complex — metallacyclopropane —
insertion product — dihydrido cyclic complex — M-C,H, +
H,.° The first formed weak 7 complex converts into the more
strongly bound complex (metallacyclopropane). It then under-
goes C—H insertion to form MH-CHCH, and later rearranges
to a dihydrido cyclic product (MH,—C,H,). Finally, H, elimina-
tion is believed to occur from the dihydrido product, leaving a
metal—acetylene complex.

Recently the insertion and dihydrido cyclic complexes were
identified in the matrix IR spectra from reactions of groups 4—6
metals atoms with ethylene isotopomers, providing strong
evidence for the suggested reaction path for the H, elimination.'*~ '3
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It is also interesting that the unexpected trihydrido ethynyl
complex (MH;—CCH) is identified from reactions of group 4
metals, indicating that a second H migration occurs from C to
M.!! Binary metal hydride (MH,) absorptions are also observed
in the groups 4 and 5 metal spectra, which provides evidence
for H, elimination.'"'? Density functional theory (DFT) calcula-
tions show that H, elimination from the group 6 metal dihydrido
cyclic complex is energetically less favorable, consistent with
absence of the metal hydride absorptions.'?

Interestingly enough, the actinides are also effective C—H
bond insertion agents. The insertion and other primary products
formed via H migration such as the first actinide methylidene
CH,=ThH, have been observed in previous studies.!* In this
study we report matrix IR spectra from reactions of laser-ablated
Th and U atoms with ethylene isotopomers. The primary
products via C—H insertion and following rearrangements are
identified, parallel to the early transition metals. While they are
similar to those from reactions of group 4 metals, no metal
hydride absorptions are observed, suggesting that the H,-
elimination process is considerably slow. DFT computations
reproduce the stability of the products and their vibrational
characteristics.

Experimental and Computational Methods

The experimental apparatus has been described previously.>!3

Laser-ablated Th and U atoms, produced by laser ablation of
metal targets (Oak Ridge National Laboratory) with a Nd:YAG
laser (5 to 20 mJ/pulse), were reacted with C,Hy, C,Dy, *CoHy
(Cambridge Isotope Laboratories, 99%), and CH,CD, (MSD
Isotopes) in excess argon during condensation at 10 K using a
closed-cycle refrigerator (Air Products Displex). Reagent gas
mixtures ranged 0.5—1.0% in argon. After reaction, infrared
spectra were recorded at a resolution of 0.5 cm™! using a Nicolet
550 spectrometer with an MCT-B detector. Samples were later
irradiated for 20 min periods by a mercury arc street lamp (175
W) with the globe removed and a combination of optical filters
and subsequently annealed to allow further reagent diffusion.'
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Figure 1. IR spectra in the regions of 1560—1310 and 580—440 cm ™!
for laser-ablated Th atoms codeposited with C,H, and '*C,H, in excess
argon at 10 K and their variation. (a) Th + 0.5% C,H, in Ar codeposited
for 1 h. (b) The same as part a after photolysis with A > 420 nm. (c)
The same as part b after photolysis with 240 < 4 < 380 nm. (d) The
same as part ¢ with annealing to 28 K. (e) Th + 0.5% '*C,H, in Ar
codeposited for 1 h. (f) The same as part e after photolysis with 240 <
A <380 nm. d and t denote the product absorption groups. P and ¢
designate the precursor and common absorptions.

To support the assignment of new experimental frequencies
and to correlate with our previous investigations,'' ™13 similar
DFT calculations were carried out using the Gaussian 03
package,'® B3LYP density functional,'” 6-311++G(3df,3pd)
basis sets for C, H,'® and the small (60 electron) core SDD
pseudopotential and basis set!” for Th and U to provide a
consistent set of vibrational frequencies for the reaction products.
Geometries were fully relaxed during optimization, and the
optimized geometry was confirmed by vibrational analysis.
BPW91% calculations were also done to complement the B3LYP
results. The vibrational frequencies were calculated analytically,
and the zero-point energy is included in the calculation of
binding energies. Previous investigations have shown that DFT
calculated harmonic frequencies are usually slightly higher than
observed frequencies,>!!"132! depending on the mode anhar-
monicity, and they provide useful predictions for infrared spectra
of new molecules.

Results and Discussion

Reactions of laser-ablated thorium and uranium atoms with
ethylene isotopomers were carried out, and the matrix infrared
spectra of new products will be compared with frequencies
calculated by density functional theory.

Th + C,H,. Figure 1 shows the C,H, and '*C,H, spectra in
the Th—H stretching and low frequency regions. Two sets of
product absorptions marked “d” and “t” (d and t for di- and
trihydrido products) are observed on the basis of the intensity
variations upon photolysis and annealing. The d absorptions
increase about 40 and 10% on visible (A > 420 nm) and UV
(240 < A < 380 nm) irradiation, respectively, and gradually
decrease in the process of annealing, whereas the t absorptions
remain almost the same on visible photolysis but increase about
30% on UV irradiation. The observed frequencies of the d and
t absorptions are listed in Table 1 and compared with the DFT
computed frequencies in Tables 2 and 3.

The d absorptions in the Th—H stretching region at 1422.2
and 1383.1 cm™! with about 1:3 intensity ratio have their D
counterparts at 1013.1 and 989.3 cm™! (H/D ratios of 1.403
and 1.398) as shown in Figure 2 and show negligible '*C shifts
as listed in Tables 1 and 2. These are similar to bands at 1435.7
and 1397.1 cm™! observed for the Th—H stretching modes of
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the methylidene CH,=ThH, complex.'*® They are also compared
with the hydrogen stretching frequencies of 1480.1 and 1455.6
cm™! for ThH,, 1435.4 and 1434.1 cm™! for ThHs, and 1444.8
and 1443.3 cm™! for ThH, and the deuterium counterparts of
1055.6 and 1040.3 cm ™! for ThD,, 1025.9 and 1024.8 cm ™ for
ThD3;, and 1032.1 and 1031.1 cm™! for ThD,.?? Binary thorium
hydride absorptions are not observed in this study. The metal
hydride absorptions are observed in the previous matrix studies
of groups 4 and 5 metals with ethylene but not in the group 6
metal studies. The results are correlated with the energies of
the hydrogen elimination products relative to the dihydrido
cyclic products (MH,—C,H,).!'~13

The two strong Th—H stretching d absorptions indicate that
a primary reaction product with a ThH, moiety is generated in
reaction of Th with ethylene. It is most probably a dihydrido
complex (ThH,—C,H,) on the basis of the previous studies,>*°~!3
and these bands are due to the symmetric and antisymmetric
ThH, stretching modes, as the slightly lower H/D ratio and
stronger absorption are appropriate for the antisymmetric motion.
The ThH, symmetric stretching mode is evidently mixed with
the C=C stretching mode, whose frequency is expected about
30 cm™! higher than the ThH, stretching band. However, the
C=C stretching absorption is most probably covered by the
precursor CH, scissoring band. The d absorption at 559.9 cm™!
has its D and *C counterparts at 508.2 and 554.1 cm™! (H/D
and 12/13 ratios of 1.102 and 1.010) and is assigned to the ThC,
symmetric stretching mode of the cyclic product on the basis
of the frequency, isotopic shifts, and agreements with DFT
values. Another low frequency d absorption at 539.0 cm™! has
its D and '*C counterparts at 468.1 and 516.3 cm™! (H/D and
12/13 ratios of 1.151 and 1.044) and is assigned to the ThC,
antisymmetric stretching mode. Both the symmetric and anti-
symmetric stretching modes are highly mixed with the ThH,
scissoring mode.

The CH,CD, spectra shown in Figure 3 provide further
structural information for the dihydrido product. The d Th—H
and Th—D stretching absorptions are observed at the centers
(1402.8 and 1001.7 cm™") of the symmetric and antisymmetric
ThH, and ThD, stretching frequencies, strong evidence that the
two Th—H bonds are the same. The low frequency d absorptions
at 523.1 and 478.4 cm™! also correlate with the predicted ThC,
symmetric and antisymmetric stretching bands for the half-
deuterated dihydrido product. The good agreement between the
four observed frequencies for each isotopomer and the predicted
values (Table 2) substantiate formation of the dihydrido cyclic
complex (ThH,—C,H,) with two equal Th—H bonds in reaction
of the actinide metal atoms and ethylene. The Th dihydrido
cyclic complex is in line with those of the early transition metals
prepared and studied earlier.>%~13

The t absorptions observed at 1505.5, 1457.4, and 1449.3
cm™! in Figure 1 show essentially no '3C shift but have the D
counterparts at 1037.1 and 1036.1 cm™! (H/D ratios of 1.405
and 1.399) in Figure 2. The high-frequency Th—D stretching
absorption is believed covered. These three Th—H stretching
absorptions strongly suggest that another major product with
probably three Th—H bonds is also generated in the Th reaction,
which is similar to the group 4 metal trihydrido ethynyl
complex.!! The t Th—H stretching absorptions are also observed
in the CH,D; spectra (Figure 3). The low frequency t absorption
at 463.0 cm™! has its '3C counterpart at 459.3 cm™!, but the D
counterpart is believed to be beyond our observation range. It
is assigned to the ThHj3 deformation mode of the ThH;—CCH
in the singlet ground state as shown in Table 3.
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TABLE 1: Frequencies of Product Absorptions Observed from Reactions of Th with Ethylene in Excess Argon*

C,H, C,Dy 3C,H, CH,CD, description
t 1950.0, 1949.2 1838.1, 1837.6 1879.8, 1879.1 1949.0, 1838.0 A, C=C str.
1505.5 1505.4 A, ThH; str.
1457.4, 1450.4, 1449.3 1037.1, 1036.1 1456.8, 1450.2, 1449.3 1456.6, 1059.0, 1049.4, 1037.0 E ThH; str.
463.0 459.3 A, ThH; deform
d 1422.2 1013.1 1421.7 1402.8 A" ThH; s. str.
1383.1 989.3 1382.9 1001.7 A" ThH, as. str.
559.9 508.2 554.1 523.1 A" ThC, s. str.
539.0 468.1 516.3 478.4 A" ThC, as. str.

@ All frequencies are in cm™!. Description gives major coordinate. d and t stand for dihydrido and trihydrido products, respectively.

TABLE 2: Observed and Calculated Frequencies of the Fundamental Bands of ThH,—C,H; in its Ground 'A’ State’

ThH,—C,H, ThD,—C,D, ThH,—*C,H, ThHD—CHCD
description obs’ BPWOI1¢ B3LYP? intY obs® BPW91¢ B3LYP? intY obs® BPWO91¢ B3LYP? int? obs’® BPWO9I¢ B3LYP? int
A" C—H str. 3064.2 3127.6 19 2279.4 2326.7 3 3053.4 3116.6 20 3028.0 3093.8 28
A' C—H str. 3022.2 3088.0 27 2223.1 2271.1 9 3013.0 3078.6 28 2264.1 2311.0 5
A' C=C str. 1417.7 1437.3 90 1351.2 1388.6 9 1415.5 1374.4 41 1401.1 1413.4 186
A" ThH; s. str. 14222  1388.4 14152 283 1013.1 1002.4 1008.2 182 1421.7 1338.9 14249 333 1402.8 1368.9 13984 387
A" ThH, as. str. 1383.1 1384.9 13845 803 989.3 983.3 983.0 411 13829 13849 1384.5 802 1001.7 992.7 995.5 324
A' HCCH IP as. 1091.7 1135.5 82 916.6 949.2 35 1074.9 1118.5 83 1034.5 1074.4 55
bend
A" HCCH OOP 967.9 999.5 0 765.5 790.2 0 958.6 990.0 0 891.7 919.5 3
as. bend
A' HCCH IP s. 808.6 843.8 16 581.5 606.6 0 807.8 843.0 18 674.1 700.5 7
bend
A" HCCH OOP s. 632.3 646.4 54 482.3 492.6 32 628.4 642.5 53 535.9 545.9 58
bend
A' ThC; s. str. 559.9 553.2 556.0 220 508.2 505.5 506.1 121 554.1 544.7 548.0 219 523.1 523.0 5269 158
A" ThC, as. str. 539.0 522.9 520.0 91 468.1 449.0 4499 65 5163 510.7 506.9 84 4784 476.7 476.2 71
A' ThH, scis. 478.8 474.0 13 358.7 358.2 36 470.2 464.9 14 438.0 438.7 25
A" ThH, twist 385.9 378.5 6 275.0 270.9 3 385.7 378.2 6 352.7 331.0 43
A’ ThH, wag 328.2 292.1 164 238.2 211.0 87 326.8 291.3 161 258.2 242.7 85
A" ThH, lock 256.2 241.8 58 197.5 189.6 25 253.9 239.0 60 216.8 203.2 41

“Frequencies and intensities are in cm™' and km/mol. ”Observed in an argon matrix. °Frequencies computed with BPW91/

6-311++G(3df,3pd). ¢ Frequencies and intensities computed with B3LYP/6-311++G(3df, 3pd). SDD core potential and basis set are used for
Th. ThH,—C,H, has a C; structure.

TABLE 3: Observed and Calculated Frequencies of the Fundamental Bands of ThH;—CCH in its Ground 'A’ State®

ThH,—CCH ThD,—CCD ThH,—*C*CH

description obs? BPWOI¢ B3LYPY int! obs’” BPW91¢ B3LYP! int? obs? BPWOI¢ B3LYP? int?
A; CH s. str. 3367.3 3435.5 30 2592.7 2651.3 1 3350.2 3417.9 32
A, C=C str. 1950.0 1968.2 2036.4 95 1838.1 1847.4 1906.9 112 1879.8 1897.3 1963.1 86
A ThHj str. 1505.5 1465.6 1494.7 380 1037.5 1058.1 189 1505.4 1465.5 14947 380
E ThH; str. 14574, 1449.3 1410.4 1431.5 800 x 2 1036.1 1000.9 10159 407 x 2 1456.8,1449.3 14104 1431.5 800 x 2
E HCC bend 691.9 7289 35 x2 548.1 578.0 14 x 2 685.2 721.8 36 x 2
E ThH; deform 551.3 5495 59 x 2 391.8 3905 26 x2 551.1 5493 62 x 2
A, ThH; deform  463.0 478.1 486.8 380 372.4 3773 242 459.3 477.3 486.0 374
A; Th—C str. 352.0 351.1 30 315.0 315.8 14 340.6 339.7 31
E ThH; rock 324.1 328.6 113 x 2 249.0 250.6 70 x 2 322.0 326.7 107 x 2
E CCTh bend 104.0 111.7 2x2 90.5 97.7 1 x2 101.2 108.5 2x2

“ Frequencies and intensities are in cm™! and km/mol. ® Observed in an argon matrix. ¢ Frequencies computed with BPW91/6-311++G-
(3df,3pd). ¢ Frequencies and intensities computed with B3LYP/6-311++G(3df, 3pd). SDD core potential and basis set are used for Th.

ThH;—CCH has a Cj, structure with three equivalent Th—H bonds.

Moreover, Figure 4 shows the C=C stretching product
absorptions. The heavy Th atom is a good isolator for the C=C
stretching motion, and therefore, its frequency would clearly
show the effects of D and '*C substitution for the H—C=C
moiety, regardless of the isotopic composition of the ThHj
moiety. The t absorption pair at 1950.0 and 1949.2 cm™!, which
are most probably split by the matrix and ~10 and ~20 cm™!
lower than the corresponding values in the Zr and Hf cases,'!
have their D counterparts at 1838.1 and 1837.6 cm™! (H/D ratios
of both 1.061) and '3C counterparts at 1879.8 and 1879.1 cm™!
(12/13 ratios of both 1.037). Moreover, the t absorptions at
1949.0 and 1838.0 cm™! in the CH,CD> spectra show minimal
isotopic shifts from the values of the corresponding isotopomers.
The good correlation of the observed frequencies with the

predicted values for the five vibrational modes of the Th
trihydrido ethynyl complex including the C=C stretching mode
as shown in Table 3 support formation of ThH;-CCH.

DFT computations also show that the dihydrido cyclic and
trihydrido ethynyl complexes are the most stable among the
plausible products. ThH,—C,H, and ThH;—CCH in the singlet
ground states are 64.2 and 59.7 kcal/mol more stable than the
reactants (Th(’F) + C,H,), whereas the insertion product
(ThH—CHCH,), metallacyclopropane (Th—C,H,), and dihy-
drido vinylidene complex (ThH,=C=CH,) in their singlet
ground states are only 43.4, 37.8, and 44.0 kcal/mol more stable
than reactants, respectively. On the other hand, in the triplet
states the dihydrido cyclic and trihydrido ethynyl complexes
are much higher in energy than the insertion complex as shown
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Figure 2. IR spectra in the regions of 1100—950 and 580—440 cm™'
for laser-ablated Th atoms codeposited with C,D, in excess argon at
10 K and their variation. (a) Th + 0.5% C,D, in Ar codeposited for
1 h. (b) As in part a after broadband photolysis with A > 420 nm. (c)
As in part b after photolysis with 240 < A <380 nm. (d) As in part ¢
after annealing to 28 K. d and t denote the product absorption groups.
P designates the precursor absorption.
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Figure 3. IR spectra in the regions of 1500—1350 and 1100—970 cm™!
for laser-ablated Th atoms codeposited with CH,CD, in excess argon
at 10 K and their variation. (a) Th + 1.0% CH,CD, in Ar codeposited
for 1 h. (b) As in part a after broadband photolysis with 4 > 420 nm.
(c) As in part b after photolysis with 240 < 4 <380 nm. (d) As in part
c after annealing to 28 K. i and d denote the product absorption groups.
d and t denote the product absorption groups. P and ¢ designate the
precursor and common absorptions.
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in Figure 5. The present results suggest that the reaction probably
proceeds in the singlet potential surface. If it occurs on the triplet
surface, the insertion complex and metallacyclopropane would
be the primary products.

In contrast to the dihydrido cyclic and trihydrido ethynyl
complexes, the insertion complex is not identified in the Th
matrix IR spectra, similar to the case of the group 5 metals.
The insertion complex is 20.8 kcal/mol higher than the dihydrido
cyclic complex, which is comparable with the energy differences
for the group 5 metals.®"!> The transition state between the
insertion and dihydrido complexes in the singlet states is 13.2
kcal/mol higher than the insertion complex. The DFT frequen-
cies of the unobserved insertion complex are listed in Table S1
of Supporting Information. The metallacyclopropane absorp-
tions, on the other hand, are predicted to be mostly very weak
(Table S2 of Supporting Information), in line with the previous
cases.!!!3 The stronger ones are the C—C stretching band (30
km/mol infrared intensity) and ThC, symmetric and antisym-
metric stretching bands (29 km/mol), and the absence of these
product absorptions indicates that the metal complex is not
formed and isolated in the matrix in a measurable amount. The
energetically less favorable vinylidene products have not been
observed in the previous studies with early transition-metals,>9~13
and such a product is not identified in this study either. Its strong
ThH, scissoring band, which would appear at ~500 cm™!, is
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Figure 4. IR spectra in the region of 2000—1800 cm™! for laser-ablated
Th atoms codeposited with C,H, isotopomers in excess argon at 10 K
and their variation. (a) Th + 0.5% C,H, in Ar codeposited for 1 h. (b)
As in part a after broadband photolysis with 240 <4 <380 nm. (c) Th
+ 0.5% "“C,H, in Ar codeposited for 1 h. (d) As in part c after
broadband photolysis with 240 < 1 <380 nm. (e) Th + 1.0% CH,CD,
in Ar codeposited for 1 h. (f) As in part e after broadband photolysis
with 240 < 4 < 380 nm. (g) Th + 0.5% C,D, in Ar codeposited for
1 h. (h) As in part g after broadband photolysis with 240 < 4 < 380
nm. t denotes the trihydrido product absorption, and P stands for the
precursor band.
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Figure 5. The energies of the plausible products relative to the reactants
(ThC’F) + ethylene). Notice that the dihydrido cyclic and trihydro
ethynyl complexes in the singlet ground states are the most stable ones.
The C—H insertion and following rearrangement probably occur in the
singlet potential surface on the basis of the fact that the di and trihydrido
complexes are identified, but the insertion complex is not.

not observed, while the ThH, stretching frequencies are
predicted to be similar to those of the dihydrido cyclic product.

Figure 6 illustrates the B3LYP structures of the plausible
products from reactions of Th atoms with ethylene. The
metallacyclopropane, insertion, dihydrido cyclic, dihydrido
vinylidene, and trihydrido ethynyl complexes have C,,, planar
Cs, C,, Cy, and C;, structures, respectively. Parallel to the
previous studies for groups 4 and 5 metals,'""'> the C—M and
C—C bond lengths decrease in the order of metallacyclopropane,
insertion, and dihydrido complexes. The longer C—C bond of
the metallacyclopropane complex reflects the fact that it is
essentially a single bond. The natural bond orbital (NBO)
analysis'6* describes a single bond with 28.6% s and 71.0% p
characters. Because of the high strain in the cyclic structure,
the C—Th bonds in the metallacyclopropane have low s
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Figure 6. The B3LYP structures of the plausible products from reaction
of Th atoms with ethylene. The dihydrido cyclic and trihydrido ethynyl
complexes are identified from the matrix IR spectra, which are also
the most stable complexes among the plausible ones as shown in Figure
5. The 7 complex has a C,, structure; the insertion, dihydrido cyclic,
and vinylidene complexes have a C; structure, and the trihydrido ethynyl
product has a Cj, structure. The illustrated structures are in the singlet
ground states except for the insertion complex in the triplet state.

character (13.4%) from the carbon atom, which is compared
with the relatively high s character (22.2%) in the insertion
complex.

The dihydrido cyclic complex has shorter C—C and C-M
bonds. While the metal atom in a higher oxidation state tends
to form a stronger bond,?* stronger back donation to the C—C
7% orbital is also expected in the dihydrido complex than in
the insertion product, further strengthening the C—M bonds.
Interestingly enough, the NBO occupancies of the C—Th o*
orbitals for the dihydrido complex (0.044 and 0.019) are higher
than those of the C—C sr* obital (0.014), suggesting that the
back donation in fact occurs to the cyclic &t system rather than
just to the C—C sr* obital. The cyclic triangular system with
two 7 electrons can be considered as a small metal containing
aromatic system, which contributes to the unique stability of
the dihydrido cyclic product.>9~13

NBO analyses also reveal that the C—Th bond of the
vinylidene complex, which is much shorter than those of the
metallacyclicpropane, insertion, and dihydrido cyclic complexes,
is a double bond. Its C—C bond length (1.327 A) is compared
with that of ethylene (1.325 A) computed at the same level of
theory. The C—C bond length of the trihydrido complex
(1.218 A) is compared with the computed value for acetylene
(1.196 A).

U + C,Hy. Shown in Figure 7 are the product matrix IR
spectra in the U—H stretching absorption region from reactions
of U with ethene isotopomers. The product absorptions are
generally weaker than those in the Th spectra described above
as U appears to be less reactive than Th under these conditions.
Three sets of product absorptions marked d, t, and i are observed
on the basis of the intensity variations on photolysis and
annealing. The d absorptions double on visible irradiation but
decrease to the original intensity on UV irradiation, whereas
the t absorptions stay almost the same on visible photolysis but
double on UV irradiation. The weaker i absorptions decrease
on visible irradiation but increase to twice the original intensity
on UV irradiation. The product absorption frequencies are listed
in Table 4 and compared with DFT values in Tables 5—7.

The d absorption at 1411.3 cm ™! shows no '3C shift and its
D counterpart at 1009.6 cm™! (H/D ratio of 1.398) as illustrated
in Figure 8. In the C,D, spectra, another d absorption is observed
at 1024.7 cm™'; however, the H counterparts in the C,H4 and
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Figure 7. IR spectra in the regions of 1600—1300 cm™! for laser-
ablated U atoms codeposited with C,H, and '3C,H, in excess argon at
10 K and their variation. (a) U + 0.5% C,H,4 in Ar codeposited for
1 h. (b) As in part a after photolysis with 4 > 420 nm. (c) As in part
b after photolysis with 240 <1 <380 nm. (d) As in part ¢ with annealing
to 28 K. (e) U + 0.5% '3C,H, in Ar codeposited for 1 h. (f) As in part
e after photolysis with 4 > 420 nm. (g) As in part f after photolysis
with 240 < 4 <380 nm. (h) As in part g annealing to 28 K. d, i, and
t denote the product absorption groups. P, ¢, and CH, designate the
precursor, common, and residual CH,4 absorptions, which is formed by
cracking of the pump oil vapor.

TABLE 4: Frequencies of Product Absorptions Observed
from Reactions of U with Ethylene in Excess Argon®

C2H4 C2D4 ]3C2H4 CH2CD2 description
t 19470 1826.1 1876.2  1946.8, 1835.8 A; C=C str.
1539.1 1091.8 1539.1 ° A" UHj s. str.
1487.4 1066.0 14874 ° A" UHj as. str.
1472.0 1053.8 1472.0 * A" UHj; as. str.
d 1009.6 1425.5 A" UH, s. str.
1411.3 1024.7 14113 10413 A" UH, as. str.
1092.8 867.2 1073.2 A" HCCH IP as.
bend
543.3 506.9 529.6 A" UG, s. str.
i 13484, 13448 9524 ° 1349.4 U—H str.

@ All frequencies are in cm™!. Description gives major coordinate.
t, d, and i stand for trihydrido, dihydrido, and insertion products,
respectively. ” Covered by precursor absorption.

BC,H, spectra, expected near 1432 cm™!, are unfortunately

covered by a precursor absorption. The observed H and D
stretching frequencies are compared with the U—H stretching
frequencies of 1461.1 and 14254 cm™' for the CH,=UH,
complex,? of 1399.0 and 1365.3 cm™! for UH,, 1346.8 cm™!
for UH;, and 1483.6 and 1481.7 cm™!' for UH, and U—D
stretching frequencies of 1044 and 1016 cm™! for the CD,=UD,
complex, of 998.3 and 975.7 cm™! for UD,, 962.5 cm™! for
UDj3, and 1060.7 and 1059.8 cm™! for UD,.>® None of the UH,
absorptions are observed in this study. A trace of the very
strongly absorbing NUN molecule is observed at 1051.0 cm™!.2

Following the Th and other previous cases'' and computation
results, the d U—H and U—D stretching absorptions are assigned
to the U dihydrido cyclic complex (UH,—C,H,). The U—H
stretching band of the insertion complex is expected below 1360
cm™!, slightly lower than the frequencies of UH,,>* and the
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3 —or~—mnasowost P trihydrido complex absorptions are normally weaker than those
E 7 E irr € 8 N § SRR % z for );he dihydriIZio complgx. The latter applies to the original
Elnowoanos o —<o0—no g E deposition spectrum b§f0re subsequent. photolysis bec.aluse
5 CRUZoSSgdasd=gtys % é formation of the trihydrido complex requires another H migra-
2 ToIcstedr oI taa g& tion.!!
9 5= As shown in Figure 8, the d absorption at 1092.8 cm™! has
5 aé =8 § E RTETSEREA 5 a E s its D and '*C counterparts at 867.2 and 1073.2 cm™' (H/D and
5 % é 12/13 ratios of 1.260 and 1.018). On the basis of the frequency
5 5 RSB VIR e St et ie S =y and the sizeable D and small *C shifts, it is assigned to HCCH
23R ELSITREEION 22 in-plane bending mode. Another d absorption in the low-
SR 27 frequency region at 543.3 has its D and '*C counterparts at 506.9
- ! S Eg and 529.6 cm™!' (H/D and 12/13 rati.os of 1.Q72 and 1.026),
é § § S = and it is assigned to the %Cz' syl;rllmlfglchs‘;ret;h;)r;g ;nol(lie Ont;]hi
- - 29 basis of the frequency and sizable '*C shift. Table 5 shows tha
RIS Bl Dol B =l e =R NN ﬁ: E the observed dgbsorgtions are in fact the strong bands predicted
I L R 52 for the dihydrido cyclic complex, supporting formation of the
Blmoaanonacrac~®non $ g uranium dihydrido cyclic complex in reaction with ethylene.
AR EEE R R Te It is also noticeable in Table 5 that the symmetric UH, and
SRR FrIif=EoerenTIad < g the C=C stretching modes are strongly coupled particularly in
T = § B3LYP frequency calculation, which result in switching the
9 E =3 § gRETE7BEw E 2 & § ) order of the symmetric and antisymmetric UH, stretching
—|~ . = = frequencies, which are just a few inverse centimeters apart.
5 § 3 g qE= ;; § é é § g § g 2 é g 2 However, such a frequency ;evelzrsal dg'efsf not occ;lrt hm tthe
% ESIRRERKRIILIZIERTE & BPWO1 frequencies, due to the larger difference of the two
§ R g ;: frequencies.the two DFT methods yield two different structures
5 5 o o 2 82 for the dihydrido cyclic complex as well. A C; structure with
= é Er g § S g the two equivalent U—H bonds is predicted by B3LYP anfl a
E - T § ) C structure with two different U—H bonds by BPWO1, }eadmg
g L|ThIQuICHCRERYR2 Z 2 to the larger difference in the UH, stretching frequencies.

E B o - - ‘Qé) § The t U—H stretching absorptions at 1539.1, 1487.4, and
'2 Bltvoamneos o —ost 20 1472.0 cm™! have their D counterparts at 1091.8, 1066.Q, and
2|2 REESEEESEEREE B 1053.8 (H/D ratios of 1.410, 1.395, and 1.397), respectively,
= mee=== g 8 and show no "3C shifts. These three U—H stretching absorptions
(T) D: LU oon—ILZ8 = gf indicate that parallel to the Th and group 4 I(liletal cases, the i
S|P E R g trihydrido complex (UH;—CCH) is produced in reaction wit
E é‘ © :U: _!_:“ eth;/lene. Figure 9 provides more evidence, the C=C stretching
31=\3 NdmSreadanscadad = absorptions and relevant isotopic shifts of the trihydrido
'é E § § § 3 5 RESEFITATS E5 complex. While they are weaker than Th counterparts, the
2 = i & observed stretching frequencies are 2.3—3.6 cm™! lower than
s 3, oy o v %8 the corresponding values for the Th trihydrido isotopomers
g 8 28 2 b o 3 described above (the B3LYP frequencies are 3.1—4.2 cm™!
E - : g lower). The C=C stretching absorption at 1947.0 cm™! has D
i L|mSERBRESEZEEALYE 53 and 3C counterparts at 1835.8 and 1876.2 cm™! (H/D and 12/
= ) “TT D % 2 13 ratios of 1.061 and 1.038). The absorptions at 1946.8 and
& Eloomtowmtan egmeas 2 8 1835.8 cm™! in the CH,CD; spectra show negligible shifts from
% ; it S % 2 § § § 5 lo\oo CERLRI ° ':% the values of corresponding isotopomers. As shown in Table 6,
A coTmTmTT é = the observed t absorptions are in fact the strong ban.ds predlf:ted
g % L oeuIeNoROTRIG2R £ for the U trihydrido ethynyl complex (UH3—.CCH) in the Frlplf:t
AR tas - ~ ‘g ground state. However, the UH3 deformation band, which is
5 %N S T NN g % 2 also prec.iictefi to be strong, is unfortunately too close to our

: 2 drgszggg®dscasse S observatlon‘ limit to obserlve. o
«}; Blom=—== °a A weak i U—H stretching e!bsorptlon is obferved at 13T48.4
= =@ cm™!, and its D counterpart is at 952.3 cm™! (H/D ratio of
é % ; § 5 §§ 1.416), while the *C counterpart is covered by a c;)mm(in
°© X =2 e 8. absorption in the *C,H, spectra. On the basis of the relatively
E < § E low g)equency, the product absorption is probably due to the U
3 < E % % $ insertion complex, UH.—CHCHz, while ng other 1 e.d?sorptlons
Z 5, 2-° =t are observed due to their very low absorptlop intensities (Table
E § o B . i : 3 ,: o 7). Unlike the case of Th, where the insertion complex is far
C -§ z : 52 ,: 8 Z o 8 55 s ond 8§ £ less stable than the dihydrido cyclic and trihydrido ethynyl
w 2 e o4 2 E T 2 E o 435 % 2 § ~ S products, the U insertion product is the most stable product as
= ST SETS o) S o SOEEE 232 2 shown in Figure 10. They are predicted to be 28.5, 26.6, and
g COSSUEESE =5555° E’: = ) 13.0 kcal/mol more stable than the reactants (UCL) + C,H,),
ﬁ R E R R Epe respectively, and the higher oxidation-state complexes are
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TABLE 6: Observed and Calculated Frequencies of the Fundamental Bands of UH;—CCH in its Ground 3A’ State®

UH;—CCH UD;-CCD UH;-C"*CH

description obs® BPW91¢ B3LYPY int! obs® BPW91¢ B3LYPY int? obs® BPW91¢ B3LYPY int?
A" C—H str. 3369.9 3435.9 33 2590.5 2650.2 2 3353.0 3418.3 35
A" C=C str. 1947.0 1951.7 2032.0 89 18358 1834.6 1903.7 107 1876.2 1881.2 1958.8 80
A" UHj s. str. 1539.1 1527.8 1568.7 411 1091.8 1081.5 1110.6 206 1539.1 1527.8 1568.6 412
A’ UHj; as. str. 1487.4 1475.6 1500.7 827  1066.0 1047.0 1065.0 421 14874 1475.6 1500.7 827
A" UHj as. str.  1472.0 1478.4 1492.7 738 1053.8 1049.0 1059.0 376 14720 1478.4 1492.7 738
A" CCH bend 663.9 773.1 33 525.7 582.0 13 657.6 725.9 34
A" CCH bend 688.0 713.5 39 545.8 565.4 15 681.3 706.6 40
A’ UHj; scis. 564.3 579.2 41 404.0 411.6 22 563.7 579.1 41
A" UHj scis. 504.6 523.5 89 358.6 371.1 47 504.5 523.5 89
A’ UH; deform 459.3 475.4 344 363.9 377.3 203 458.4 474.1 336
A" C—U str. 345.6 350.1 19 304.7 307.4 18 334.5 339.1 22
A" UHj; rock 302.7 338.5 78 234.5 260.9 47 300.5 336.2 76
A" UHj; rock 280.1 308.7 113 218.8 239.8 71 277.8 306.4 110
A" CCU bend 105.3 116.2 1 90.9 101.0 0 102.5 113.0 1
A" CCU bend 100.4 109.4 0 85.5 94.1 0 97.9 106.5 0

“ Frequencies and intensities are in cm™!

and km/mol. » Observed in an argon matrix. ¢ Frequencies computed with BPW91/6-3114++G-

(3df,3pd). ¢ Frequencies and intensities computed with B3LYP/6-311++G(3df, 3pd). SDD core potential and basis set are used for U.
UH;—CCH has a C; structure with two equal U—H bonds with both B3LYP and BPWO1.

TABLE 7: Calculated Frequencies of the Fundamental Bands of UH-CHCH, in its Ground 5A State®

UH—CHCH, UD—-CDCD, UH-"*CH"*CH,

description obs” BPWO91¢ B3LYP! intY  obs BPW91¢ B3LYPY intY obs’? BPW9I¢ B3LYP? int?
C—H str. 3077.9 3121.7 24 2283.0 23159 9 3067.6 3111.1 24
C—H str. 3047.2 3094.9 22 2242.4 2278.8 10 3038.1 3085.7 22
C—H str. 2783.3 2926.3 36 2036.0 2140.6 18 2776.4 2919.0 37
C=C str. 1552.2 1608.3 1 1422.8 1501.9 2 1528.0 1576.5 2
CHj; scis. 1363.0 1424.4 17 1042.0 1075.6 11 1335.8 1395.6 18
U—H str. 1348.4 1326.1 1338.6 549 9524 940.6 948.8 274 ¢ 1320.8 1338.5 547
HCCH IP s. bend 1166.4 1233.6 9 960.5 1007.3 6 1149.9 1217.0 10
HCCH OOP bend 950.8 1039.8 1 728.3 792.7 10 946.2 1036.0 2
CH, wag ¢ 857.1 961.1 55 ¢ 663.5 744.6 24 849.1 950.7 54
HCCH IP as. bend 847.1 915.1 15 616.1 665.8 7 844.4 912.5 14
C—U str. 442.4 460.3 74 395.3 415.3 54 430.3 447.7 72
CH, twist 317.2 355.1 22 241.2 266.4 13 315.2 353.1 22
CUH bend 216.7 305.1 63 188.1 219.5 32 212.7 304.5 62
UH OOP bend 187.7 189.7 83 138.9 129.2 38 185.8 190.4 84
CCU bend 70.3 172.0 16 49.2 154.5 13 70.3 167.3 14

“ Frequencies and intensities are in cm™' and km/mol. ® Observed in an argon matrix. ¢ Frequencies computed with BPW91/6-311++G-
(3df,3pd). ¢ Frequencies and intensities computed with B3LYP/6-311++G(3df, 3pd). SDD core potential and basis set are used for U.

UH—CHCH, has a C; structure. ¢ Covered.

believed to be stabilized more in the matrix, because of
interaction of the more polarized bonds with the matrix
host. 3"~ As with Th, we found no evidence for the U
metallacyclopropane complex (frequencies given in Table S3
of Supporting Information).

Figure 10 shows the energies of the plausible products relative
to the reactants computed without accounting for spin orbit
coupling. For the methane system, the inclusion of spin orbit
coupling lowered the energy of triplet relative to quintet
products.?® In general the products are less stable relative to
the reactants in comparison with the Th case, consistent with
the lower yields for the products. Unlike the case of Th, the U
insertion complex is predicted to be the most stable product,
which is analogous to the methane product systems.'**? In view
of the products identified (the insertion, dihydrido cyclic, and
trihydrido complexes), the reaction probably begins on the
quintet potential energy surface and crosses to the triplet surface.
If the reaction proceeded on the quintet surface, the dihydrido
cyclic complex would be a minor product, and if formed, H,
elimination would likely follow. We found no evidence in the
matrix infrared spectra for the U acetylene complex or uranium

hydrides, which would be formed in the reaction of U and H,
released from the dihydro complex.!4¢:2%

Figure 11 illustrates the plausible product structures (B3LYP)
from reaction of U and ethylene. The metallacyclopropane,
insertion, dihydrido cyclic, dihydrido vinylidene, and trihydrido
ethynyl complexes have C,,, C, C,, C; (close to Cy), and C;
(close to Cj,) structures in their ground electronic states,
respectively. In the insertion complex, the U, two C, and three
H atoms form a near-planar structure, and the remaining H atom
bonded to the metal atom is located slightly above it. The C—C
bond length of the metallacyclopropane complex is again longer
than those of the insertion and dihydrido cyclic complexes,
indicating that it is essentially a single bond. The C—C bonds
of the insertion and dihydrido cyclic complexes (both 1.336 A)
are, however, longer than that of the vinylidene complex (1.319
A), due to back donation. The NBO occupation numbers of the
C—U o* bonds for the dihydrido cyclic complex (0.0373 and
0.0462) are again larger than those of the C—C #z* bond
(0.0220), showing again that the back donation occurs to the
UG, triangular st system rather than just to the C—C z* orbital.
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Figure 8. IR spectra in the regions of 1120—820 and 580—480 cm™!
for laser-ablated U atoms codeposited with ethylene isotopomers in
excess argon at 10 K and their variation. (a) U + 0.5% C,Hy4 in Ar
codeposited for 1 h. (b) As in part a after photolysis with 1 > 420 nm.
(c) As in part b after photolysis with 240 <A <380 nm. (d) U + 0.5%
13C,H, in Ar codeposited for 1 h. () As in part d after photolysis with
A > 420 nm. (f) As in part e after photolysis with 240 < 4 < 380 nm.
(g) U+ 1.0% CH,CD; in Ar codeposited for 1 h. (h) As in part g after
photolysis with 4 > 420 nm. (i) After photolysis with 240 < A < 380
nm. (j) U + 0.5% C,D, in Ar codeposited for 1 h. (k) After photolysis
with 4 > 220 nm. d, i, and t denote the product absorption groups. P,
¢, and C,D, designate the precursor, common, and C,D, absorption,
which is produced by plume photolysis of C,Ds.
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Figure 9. IR spectra in the regions of 2000—1800 cm™! for laser-
ablated U atoms codeposited with ethylene isotopomers in excess argon
at 10 K and their variation. (a) U + 0.5% C,H,4 in Ar codeposited for
1 h. (b) As in part a after photolysis with 240 < A <380 nm. (c) U +
0.5% '3C,Hy in Ar codeposited for 1 h. (d) As in part c after photolysis
with 240 < 1 <380 nm. (e) U + 1.0% CH,CD, in Ar codeposited for
1 h. (f) As in part e after photolysis with 240 <1 <380 nm. (g) U +
0.5% C,Dy in Ar codeposited for 1 h. (h) As in part g after photolysis
with 4 > 220 nm. t denotes the trihydrido product absorption, and P
stands for the precursor band.

Unlike the B3LYP structure, the BPW91 dihydrido cyclic
complex has a C; structure with two different U—H bonds as
described above. The C—U bond of the vinylidene complex is
a double bond (2.194 A), which is much shorter than those of
the other complexes (2.263—2.352 A). The U trihydrido ethynyl
complex has a C; structure. It is very close to a C;, structure,
but with the C;, constraint, it gives imaginary frequencies for
the UH; deformation modes. The C—C bond length of 1.218 A
is essentially the same as that for the Th counterpart
(ThH;—CCH), consistent with the similar C—C stretching
frequencies, and compared with that of 1.196 A for acetylene
at the same level of computation.
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Figure 10. The energies of the plausible products relative to the
reactants (UC’L) +ethylene). Notice that UH—CHCH,(Q) is the most
stable, while UH,—C,H,(T) and UH;—CCH(T) are almost as stable.
The three complexes are identified form the matrix IR spectra.
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Figure 11. The B3LYP structures of the plausible products from
reaction of U atoms with ethylene in their ground electronic states.
The insertion, dihydrido cyclic, and trihydrido ethynyl complexes are
identified from the matrix IR spectra, which are also the most stable
complexes among the plausible ones as shown in Figure 10. The
metallacyclopropane complex has a C,, structure, and the insertion,
dihydrido cyclic, vinylidene, and trihydrido ethynyl complexes have a
C; structure. The dihydrido cyclic complex has a C; structure with two
different U—H bonds with BPW91 and the trihydrido complex structure
is close to a Cjs, structure.

Conclusions

Reactions of laser-ablated Th and U atoms with ethylene have
been carried out, and the primary products are identified in the
matrix IR spectra on the basis of their vibrational characteristics.
The dihydrido cyclic and trihydrido ethynyl complexes are
identified from reactions of Th with ethylene isotopomers while
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the absorptions from the insertion along with the di and
trihydrido complexes are observed in the U spectra. The present
results reveal that C—H insertion and following H migration
also take place in reactions of the actinides with ethylene to
form the dihydrido cyclic complexes. While the dihydrido
product is considered as the key reaction intermediate for H,
elimination,” no metal hydride absorptions are observed, sug-
gesting that unlike the cases of the groups 4 and 5 metals'!!?
the H, elimination from the actinide dihydrido cyclic complex
is slow. Absence of the insertion complex in the Th spectra is
traced to the substantially higher energy of the product. The
second H migration from the C to metal atom leads to formation
of the Th and U trihydrido ethynyl complexes, supporting the
general perception that the actinides are chemically similar to
the group 4 metals. The DFT calculations reproduce the
observed vibrational characteristics of the identified products
and their relative stabilities in comparison to other possible
reaction products.
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