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Reactions of Th and U Atoms with C2H2: Infrared Spectra and Relativistic
Calculations of the Metallacyclopropene, Actinide Insertion, and Ethynyl
Products

Lester Andrews,*[a] Gary P. Kushto,[a, b] and Colin J. Marsden[c]

Introduction

Adsorption and reactions of C2H2 on metal surfaces have
been studied thoroughly owing to the industrial importance
of hydrocarbon hydrogenation and dehydrogenation pro-
ACHTUNGTRENNUNGcesses.[1–3] Although the catalytic transition metals have re-
ceived the most attention in this regard, actinide metals are
very reactive, based on our experience with U and Th atom
reactions with such small molecules as O2, N2, H2, CO and
methane.[4–14] How will Th and U interact with C2H2, where
metallacyclopropene, metalvinylidine and HMCCH inser-
tion products are all possible? Metallacyclopropenes have

been observed for Li, In, Ti, Ni, Pd and Pt where these mol-
ecules have been identified by vibrational spectroscopy and
characterized by C=C stretching modes at 1655, 1668, 1364,
1647, 1710 and 1654 cm�1, respectively, which are all sub-
stantially lower than the C�C stretching mode for C2H2 at
1974 cm�1.[15–22] Furthermore, the possibility of additional d
and f to p* interaction for Th and U with C2H2 and forming
actinide cyclopropenes stimulates our interest in these reac-
tion products.[23] In addition, will the vinylidine isomer be
more stable for the actinide as it is for the third row metal
Pt?

While the use of matrix-infrared spectroscopy for the
identification of new reactive molecular species spans from
the present back five decades,[24] the performance and relia-
bility of computational methods has been put to the test
more recently particularly in the actinide field. A variety of
theoretical methods ranging from the straightforward DFT
to the more sophisticated MOLCAS and CASPT2 have
been employed to investigate known large actinide com-
plexes as well as new small molecules, and we list some
recent examples.[25–37] The simple DFT approach appears to
work well in many cases, particularly for the prediction of
vibrational frequencies, and in the case of UO2, uranium di-
oxide, DFT in combination with matrix IR spectroscopy,
first identified the 3F ground state.[4,26] It is therefore impor-
tant to compare vibrational frequencies calculated by simple
methods such as density functional theory with observed fre-
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quencies for new species, including those involving heavy
metals, which present a particular challenge, due to the im-
portance of relativistic effects. Such calculations have suc-
cessfully modeled vibrational frequencies for a number of
small thorium and uranium-containing molecules.[4–14]

Experimental and Computational Methods

The laser-ablation and matrix-isolation experiment has been described
previously.[4, 9,38] The Nd/YAG laser fundamental (1064 nm, 10 Hz repeti-
tion rate, 10 ns pulse width) was focused on rotating actinide metal target
(Oak Ridge National Laboratory) using 5–20 mJ per pulse. Laser-ablated
actinide atoms were co-deposited with C2H2 (typically 0.25%) in excess
argon onto a 7 K CsI window at 2–3 mmol for one hour. Acetylene
(Matheson, distilled to remove acetone stabilizer), C2D2 (Cambridge Iso-
topic Laboratories) and 13C2H2 (MSD Isotopes) were used in different ex-
periments. Infrared spectra were recorded at 0.5 cm�1 resolution on a
Nicolet 550 spectrometer with 0.1 cm�1

accuracy using a HgCdTe detector.
Matrix samples were irradiated with a
medium-pressure mercury arc lamp
(Philips, 175W, globe removed, l >

220 nm) and annealed at different tem-
peratures to allow diffusion and further
association of metal atoms and acety-
lene.

Density functional theory calculations
were done for expected product mole-
cules using the Gaussian 03 program
system.[39] Standard all-electron triple-
zeta basis sets were used for C and H,[40]

augmented with polarization functions
(d-type exponent 0.75 for C, p-type ex-
ponent 0.9 for H), while “very small-
core” pseudopotentials were adopted
for Th and U (60 electrons treated as
“core”, corresponding to those in atomic
orbitals whose principal quantum
number is less than 5), together with the
associated flexible basis sets.[41] Three
different versions of density functional
theory were employed: B3LYP,[42] PW91
and B3PW91.[43] The “ultrafine” grid
was used for all the calculations of vi-
brational frequencies that are reported
here. A few calculations of the coupled-
cluster type (CCSD and CCSD(T))
were undertaken,[44] sometimes with ge-
ometry optimization, for purposes of
comparison. In these calculations, exci-
tations out of the 11 lowest-energy occu-
pied orbitals and into their virtual coun-
terparts were excluded. Multi-reference
calculations at the CASSCF and MR-
CISD levels were performed for Th-
ACHTUNGTRENNUNG(C2H2) with the MOLPRO program[45]

using the B3LYP structures to obtain a
more reliable singlet-triplet state energy
difference.

Results

Infrared spectra of laser-ablated Th and U reaction products
with C2H2, and DFT structure and vibrational frequency cal-
culations of product molecules will be presented.

Th+C2H2 : Infrared spectra of thorium and acetylene reac-
tion products in solid argon are illustrated in Figure 1; the
product absorptions are listed in Table 1. Weak ThO and
ThO2 absorptions at 876.3 and 787.1 cm�1 (not shown), and
weak ThH and ThH2 absorptions at 1485.1 and 1455.9 cm�1

and Th(N2)2 at 1895.5 cm�1 were observed.[5,7] Infrared ab-
sorptions for C4H2, the CCH radical, cation and anion are
common to laser-ablated metal and acetylene experi-
ments.[46–49] A weak HCO band[50] appears at 1862 cm�1 on
annealing and it attests the formation of H atoms for the fa-

Figure 1. Infrared spectra in the 3000–2800, 2000–1650, 1550–1310, 1180–1080, and 650–450 cm�1 regions for
laser-ablated Th co-deposited with 0.25% C2H2 in argon at 7 K. a) Sample deposited for 1.5 ; b) after an-
nealing to 23 K; c) after annealing to 28 K; d) after annealing to 34 K; e) after annealing to 43 K.
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vorable reaction with trace CO impurity present in all of
these experiments. In addition weak absorptions at 1972,
1908, and 1760 cm�1 are near the IR-silent fundamental of
C2H2,

13C2H2, and C2D2, and these bands are due to acety-
lene clusters in the matrix. The above bands increase slightly
on annealing and are surpassed on higher temperature an-
nealing by lower bands at 1967, 1904, and 1755 cm�1 that are
probably due to larger acetylene clusters. No isolated C2H2

monomer survives the final 40–43 K annealing cycle. Bands
at 2854.0�0.2 and 2829.0�0.3 cm�1 increase on 23 K an-
nealing, decrease on l > 240 nm irradiation, and decrease
on annealing to 33 K and above. These bands show no pre-
cursor isotopic shifts, depend on laser energy, and are
common to Th experiments with other reactants.[7,14,47] The
annealing and photolysis behavior are consistent with a Thx

cluster, and the absorptions are probably due to a d–d elec-

tronic transition, as discussed briefly below in the section on
Electronic absorptions.

New product absorptions are associated with each other
in two major and three minor groups that have different be-
havior on annealing and photolysis of the deposited solid
sample. The major absorption band groups are A (2946.2,
2920.2, 1373.0, 1110.6, 630.2, 535.1 and 464.5 cm�1) and B
(2988.2, 2969.5, 1121.4, 609.7, 535.9 and 488.7 cm�1). The A
bands are very weak on sample deposition, and the B bands
are not observed. The A bands increase markedly and the B
bands appear on annealing (Figure 1b), both groups de-
crease on full arc photolysis (not shown), and both groups
increase on further annealing with group B increasing a
larger proportion than group A on late annealing
(Figure 1c,d). On final annealing group A decreases slightly
and group B increases slightly (Figure 1e). The minor group
C bands at 1099.7 and 641.3 cm�1 are observed on sample
deACHTUNGTRENNUNGposition, increase on first annealing, and decrease on pho-
tolysis and further annealing. Group D absorptions at 1436.6
and 1430.8 cm�1 are strong on deposition, sharpen on an-
nealing, increase on photolysis, and decrease slightly on sub-
sequent annealings. The broad E band with sharp
1937.6 cm�1 peak increases on annealing and decreases on
photolysis, but gives way on final annealings to a sharp
1944.2 cm�1 peak. Experiments were done under different
conditions of C2H2 concentration and laser energy, which af-
fects the Th concentration and plume radiation intensity on
the metal surface.

Further investigations were performed with 13C2H2 and
C2D2. Similar results were obtained, and the isotopic fre-
quencies are compared in Table 1. Figure 2 illustrates spec-
tra for the Th reaction with C2D2.

Table 1. Product absorptions [cm�1] observed from laser-ablated thorium
atom reactions with acetylene in excess argon.

Assignment 12C2H2
13C2H2

12C2D2

C4H2 3325.4 3308.8 2593
Th ACHTUNGTRENNUNG(C2H2)2 2988.2 2975.1
Th ACHTUNGTRENNUNG(C2H2)2 2962.2 2954.1
Th ACHTUNGTRENNUNG(C2H2) 2946.2 2935.2 2168.5
Th ACHTUNGTRENNUNG(C2H2) 2920.2 2912.3 2151.8
electronic 2854 2854 2854
electronic 2829 2829 2829
H2CCO 2142 2080 2112
C4H 2060.4 1981.5 2049.4
C3 (weak) 2039 1963.8 2039
HCCO (weak) 2019.2 1961.4 1989.8
ACHTUNGTRENNUNG(C2H2)x (weak) 1972, 1967 1908, 1904 1760, 1755
ThCCH (C2H2)x 1944.2 1874.1 1833.5
ThCCH 1937.6 1868.2 1825.8
electronic – 1937 1937
electronic 1927 1927 1927
CCH 1845.8 1785.5 1746.5
CCH+ 1820.4 1755.1 1724.6
CCH� 1770.5 1711.8 1676.7
electronic 1679 1679 1679
electronic 1657 1657 1657
electronic 1544 1544 1544
electronic 1534 1534 1534
ThH 1485.1 1485.1 1060.4
HTh-X 1472 1472 1051
ThH2 1455.9 1455.9 1040
HThCCH 1436.6 1436.6 1027.7
HThCCH (site) 1430.8 1430.8 1022.2
HTh-X 1404.6 1403.8 1002.2
Th ACHTUNGTRENNUNG(C2H2) 1373.0 ACHTUNGTRENNUNG(1322)[a] 1334.2
weak 1173.3 1153.7 948.6
Th ACHTUNGTRENNUNG(C2H2)2 1121.7 1104.7 948.6
Th ACHTUNGTRENNUNG(C2H2) 1110.6 1094.5 930
Th+

ACHTUNGTRENNUNG(C2H2) 1099.7 1081.3 922.3
Th ACHTUNGTRENNUNG(C2H2) 630.2 625.3 473.2
Th ACHTUNGTRENNUNG(C2H2)2 609.7 606.3
CCH+ 549.5 544.8 433.8
Th ACHTUNGTRENNUNG(C2H2)2 535.9 521.4 468.9
Th ACHTUNGTRENNUNG(C2H2) 535.1 520.8 460.9
HTh-X 523.5 506.7
Th ACHTUNGTRENNUNG(C2H2)2 488.7 473.1 –
Th ACHTUNGTRENNUNG(C2H2) 464.5 449.6 –

[a] Masked by 13C2H2: Deduced from calculated isotopic shift.

Figure 2. Infrared spectra in the 1960–1640, 1340–1280, and 1100–
900 cm�1 regions for laser-ablated Th co-deposited with 0.25% C2D2 at
7 K. a) Sample deposited for 1.5 h; b) after annealing to 23 K; c) after
annealing to 28 ; d) after annealing to 34 K; e) after annealing to 42 K.
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U+C2H2 : Infrared spectra of uranium and acetylene reac-
tion products in solid argon are shown in Figure 3, and the
product absorptions are listed in Table 2. The common C4H2

and CCH species absorptions were observed,[46,47] and weak
UN2, UO, and UO2 bands were detected at 1051.0, 819.5
and 776.0 cm�1.[3,4] In addition a weak UH band is observed
at 1423.5 cm�1.[6] New product absorptions are arranged by
common behavior into one major and four minor groups.
Group A (2944.4, 2920.1, 1112.1, 602.9, 521.2, and
494.9 cm�1) bands are extremely weak on sample deposition
but grow strongly on annealing, decrease on photolysis, in-
crease on intermediate annealing, and decrease on final an-
nealing just as the analogous Th product. Group B (2970
and 1093.8 cm�1) bands also appear on annealing, decrease
on photolysis, and increase more on intermediate annealing
than group A before decreasing on final annealing. Group C
consists of a single weak 1106 cm�1 absorption that increases
on early annealing, decreases on photolysis, and decreases
markedly on subsequent annealing. Group D bands are ob-

served on sample deposition at
1392.6 and 1375.5 cm�1, the
former increases slightly on
photolysis, at the expense of
the latter and both increase
further on intermediate an-
nealing before decreasing on
final annealing. Finally, a
group E band produced at
1934.9 cm�1 on sample deposi-
tion increases on first anneal-
ing, and decreases on higher
annealing with the growth of
higher-frequency satellite fea-
tures.

The spectrum of the U +
13C2H2 reaction is particularly
important because a diagnostic
group A band falls under the
very strong 12C2H2 bending-
mode combination band at
1330–1338 cm�1. This group A
band appears at 1289.0 cm�1 on
annealing, below the strong
13C2H2 absorption at 1326 cm�1,
along with additional group A
bands at 1095.8, 599.1, 507.1,
and 477.3 cm�1 (Figure 4).
Group A bands are also ob-
served in the C–H region at
2932.3 and 2911.9 cm�1. The
strong group D bands are not
shifted with 13C2H2. Other
13C2H2 counterpart absorptions
are listed in Table 2.

The spectrum of U + C2D2

reaction products gives group
A bands (2164.5, 1303.8, 917.0,

478.5 and 457.5 cm�1), but strongest group D absorptions
are shifted to 994.9 and 982.7 cm�1 (Figure 5).

Calculations : DFT calculations were first performed for
three Th+C2H2 isomers, Th–h2-C2H2, ThCCH2 and
HThCCH, at the B3LYP level for singlet and triplet states.
The global minimum is 1A1 Th ACHTUNGTRENNUNG(C2H2) with 1A1 ThCCH2

65 kJmol�1 higher and 1A’ HThCCH 92 kJmol�1 higher. The
3A2 state (unpaired electrons in a1 and a2 orbitals) of Th-
ACHTUNGTRENNUNG(C2H2) is only 22 kJmol�1 higher, but this state for ThCCH2

is 116 kJmol�1 higher and the 3A’’ state of HThCCH is
195 kJmol�1 higher. However, with the B3PW91 and PW91
functionals, the 3A2 state of ThACHTUNGTRENNUNG(C2H2) is only 1 kJmol�1

higher than the 1A1 state.
The B3LYP geometries of the singlet and triplet isomers

of Th ACHTUNGTRENNUNG(C2H2) are sketched in Figure 6. Notice that the C–C
distances in both species are substantially longer than that
calculated for free acetylene (1.201 R with the same basis
and method), but are close to that calculated for free ethyl-

Figure 3. Infrared spectra in the 3000–2800, 2000–1650, 1550–1310, 1180–1080, and 650–450 cm�1 regions for
laser-blated U co-deposited with 0.25% C2H2 in argon at 7 K. a) Sample deposited for 1.5 h; b) after annealing
to 23 K; c) after annealing to 28 K; d) after annealing to 34 K; e) after annealing to 43 K.
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ene (1.328 R). The most significant orbitals for the singlet
are the HOMO�1 and HOMO, which have b2 and a1 sym-
metries, respectively, while the LUMO has a2 symmetry. The
HOMO�1 involves an interaction between an in-plane d or-
bital on Th (6dyz if the atoms are in the y,z plane) and the y
component of the p* C–C antibonding orbital of acetylene.
This orbital therefore corresponds to the “back-donation”
interaction between Th and acetylene, which significantly
weakens the triple bond. The HOMO is essentially a lone
pair on Th, of hybrid 7s/6d character, oriented away from
the acetylene. Since the back-donation interaction is much
stronger than that involving donation from acetylene to Th,
the metal atom acquires an appreciable net positive charge
(0.39 or 1.35 electrons, according to the Mulliken[51] or
NBO[52] analyses, respectively: as there are quite diffuse
functions in the basis set, and since the numerical values
Mulliken-type populations are very sensitive to the presence
of such functions, we think that the “natural” or NBO popu-
lations are more realistic). Finally, the calculated dipole
moment is 1.66 D.

The 3A2 state of ThACHTUNGTRENNUNG(C2H2) is obtained from the singlet by
the HOMO–LUMO single excitation. As the a2 orbital that
is now singly occupied is essentially a d-type atomic orbital,

Table 2. Product absorptions [cm�1] observed from laser-ablated uranium
atom reactions with acetylene in excess argon.

Assignment 12C2H2
13C2H2

12C2D2

C4H2 3325.4 3308.8 2593
C2H2

+ 3104 3095 2311.5
U ACHTUNGTRENNUNG(C2H2)2 2971
U ACHTUNGTRENNUNG(C2H2) 2944.4 2932.9 2164.5
CCH 2942
U ACHTUNGTRENNUNG(C2H2) 2920.1 2911.6 –
H2CCO 2142 2080 2112
CCH 2105 2053 –
C4H 2060.4 1981.5 2049.4
C3 (weak) 2039 1963.8 2039
HCCO (weak) 2019.2 1961.4 1989.8
ACHTUNGTRENNUNG(C2H2)x (weak) 1972, 1967 1908, 1904 1760, 1755
UCCH ACHTUNGTRENNUNG(C2H2)x 1939 1871 1829
UCCH 1934.9 1867.3 1825.9
CCH 1845.8 1785.5 1746.5
CCH+ 1820.4 1755.1 1724.6
CCH� 1770.5 1711.8 1676.7
UH (site) 1435.4 1435.4 1025.1
UH 1423.5 1423.5 1016.1
HUCCH (site) 1392.6 1392.6 994.9
HUCCH 1375.5 1375.5 982.7
U ACHTUNGTRENNUNG(C2H2) ACHTUNGTRENNUNG(1337)[a] 1289.0 1303.8
U ACHTUNGTRENNUNG(C2H2) 1112.1 1095.8 917.0
U+

ACHTUNGTRENNUNG(C2H2) 1106.1 1089.5
U ACHTUNGTRENNUNG(C2H2)2 1093.8 1076.9
HUCCH 674.3
HUCCH 664.2 658.1 526.6
C4H2 627.5 622.4 495.6
U ACHTUNGTRENNUNG(C2H2) 602.9 599.1
CCH+ 549.5 544.8 433.8
U ACHTUNGTRENNUNG(C2H2) 521.2 507.1 457.5
U ACHTUNGTRENNUNG(C2H2) 494.9 477.3 478.5

[a] Masked by C2H2: Deduced from calculated isotopic shift and detected
after annealing to 43 K to allow C2H2 to diffuse and aggregate.

Figure 4. Infrared spectra in the 3000–2800, 2000–1650, 1550–1310, 1180–
1080, and 650–450 cm�1 regions for laser-ablated U co-deposited with
0.25% 13C2H2 in argon at 7 K. a) Sample deposited for 1.5 h; b) after an-
nealing to 25 K,; c) after l > 240 nm irradiation for 30 min; d) after an-
nealing to 30 K; e) after annealing to 35 K; f) after annealing to 40 K.

Figure 5. Infrared spectra in the 1860–1660 and 1330–900 cm�1 regions for
laser-ablated U co-deposited with 0.25% C2D2 in argon at 7 K. a) Sample
deposited for 1.5 h; b) after annealing to 25 K; c) after annealing to
33 K; d) after annealing to 39 K.

Figure 6. Structures calculated for Th ACHTUNGTRENNUNG(C2H2) and UACHTUNGTRENNUNG(C2H2) states at the
B3LYP level of theory.
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strongly localized on Th, the geometries of the two states
are very similar, as are the charge distributions (the net
charge on Th in the triplet state is +0.48 or +1.48 e, at the
Mulliken or NBO levels, respectively). The dipole moment
is accordingly larger at 3.18 D. The spin density on Th is
1.95 electrons, another indication of the localized nature of
the unpaired electrons.

Vibrational frequencies were computed for the 1A1 and
3A2 states of ThACHTUNGTRENNUNG(C2H2) using the B3LYP, B3PW91 and
PW91 functionals. In most cases, the differences found be-
tween B3LYP and B3PW91 frequencies were small (5–
15 cm�1), so only the B3LYP and PW91 values are reported
in Table 3. Frequencies calculated for the ThACHTUNGTRENNUNG(13C2H2) and

ThACHTUNGTRENNUNG(C2D2) isotopic products are also compared for the
B3LYP functional in Table 3. In addition, vibrational fre-
quencies are given in Table 4 for the higher-energy ThCCH2

and HThCCH isomers. These results are compared with the
experimental data in the Discussion section.

The ThACHTUNGTRENNUNG(C2H2)
+ cation in the 2A1 state was found to be

560 kJmol�1 higher than 1A1 ThACHTUNGTRENNUNG(C2H2) at the B3LYP level.
The strongest absorptions, the b2 and b1 bending modes, are
3 and 49 cm�1 higher than 3A2 state neutral values. The Th-
ACHTUNGTRENNUNG(C2H2)2 dimer was converged in a 1A1 state of C2v symmetry
with a 105.28 angle between the two Th–C2H2 ligand planes.
As expected, frequencies (Supporting Information, Table

S1) are changed slightly from Th ACHTUNGTRENNUNG(C2H2) values. Structural
parameters for the two equivalent C2H2 ligands are Th–C
2.330 R; angle C-Th-C 33.78 ; C–H 1.091 R; angle C-C-H
126.58. Interestingly the b2 and a1 modes calculated at 521
and 469 cm�1 for ThACHTUNGTRENNUNG(C2H2) (3A2) split into strong b1

(523 cm�1) and b2 (468 cm�1) and weak a1 (515 cm�1) and
forbidden a2 (495 cm�1) modes for ThACHTUNGTRENNUNG(C2H2)2.

The abundance of CCH radical in the spectrum suggested
our consideration of the ThCCH product. Three low-lying
ThCCH states computed are summarized in Table 5.

Similar DFT calculations were performed for three U +

C2H2 isomers. The 5A1 state of UACHTUNGTRENNUNG(C2H2), which appears to
be the global minimum, is sketched in Figure 6; it is lower

than the 3A2 state by 25, 44
and 34 kJmol�1, respectively,
at the B3LYP, B3PW91 and
PW91 levels. The four un-
paired electrons in 5A1 U-
ACHTUNGTRENNUNG(C2H2) are distributed in orbi-
tals of a1, a2, b1 and b2 symme-
tries (one electron in each). In
a formal sense, the electronic
structure of 5A1 UACHTUNGTRENNUNG(C2H2) may
be derived from 3A2 Th ACHTUNGTRENNUNG(C2H2)
by the addition of two un-
paired electrons, to orbitals of
b1 and b2 symmetries. Careful
inspection of the MO of the

two systems shows that the relationship is more than merely
formal; the highest-lying doubly-occupied orbitals of 5A1 U-
ACHTUNGTRENNUNG(C2H2) are extremely similar to those of 3A2 Th ACHTUNGTRENNUNG(C2H2), as is
the singly-occupied a1 orbital. The a2, b1 and b2 singly-occu-
pied orbitals are essentially pure f-type atomic orbitals, very
strongly localized on U, giving a spin density on U of 4.06
electrons. Given these close similarities in structure of the
orbitals that correspond to M-acetylene interactions (M =

Th or U), it is not surprising to find that the net charge on
U in 5A1 U ACHTUNGTRENNUNG(C2H2) of +0.51 e (Mulliken) (or +1.36 e, NBO)
is similar to that on Th in 3A2 ThACHTUNGTRENNUNG(C2H2). The triplet-state
calculations for UACHTUNGTRENNUNG(C2H2) suffered from severe spin-contami-
nation, with values of <S2> being close to 2.9 for the appa-
rently lowest-energy 3A2 state (but for the quintet states,
and for triplet ThACHTUNGTRENNUNG(C2H2), spin contamination was always

Table 3. Frequencies [cm�1] computed for the low lying 1A1 and 3A2 states of Th ACHTUNGTRENNUNG(C2H2) using DFT.
1A1

3A2

PW91 B3LYP OBS PW91 B3LYP B3LYP B3LYP

3068 3133 (a1, 24)[a] 2946[b] 3070 3122.6 (a1, 21)[a] 3111.9[c] 2324.1[d]

3041 3106 (b2, 13) 2920 3045 3096.8 (b2, 12) 3088.3 2276.7
1440 1478 (a1, 2) 1373 1302 1380.5 (a1, 25) 1330.5 1340.6
1080 1124 (b2, 39) 1111 1074 1125.6 (b2, 27) 1108.6 946.5
957 995 (a2, 0) – 906 966.5 (a2, 0) 958.7 765.3
801 843 (a1, 0.1) – 784 832.7 (a1, 0) 831.9 602.3
637 658 (b1, 45) 630 617 642.6 (b1, 73) 638.8 485.4
524 524 (a1, 40) 535 525 521.7 (b2, 30) 507.5 453.8
505 504 (b2, 16) 465 441 469.1 (a1, 9) 453.9 451.7

[a] Mode symmetry in C2v point group: infrared intensity in kmmol�1. Normal isotopic frequencies. [b] Ob-
served frequencies (argon matrix) listed for comparison. [c] Th ACHTUNGTRENNUNG(13C2H2) frequencies. [d] Th ACHTUNGTRENNUNG(C2D2) frequencies.

Table 4. Frequencies [cm�1] computed for the low lying 1A’ and 3A’’
states of HThCCH and 1A1 state of ThCCH2 using DFT.

HThCCH 1A’ HThCCH 3A’’ ThCCH2
1A1

PW91 B3LYP OBS B3LYP B3LYP

3364 3434 (51)[a] 3435 (58)[a] 3097 (b2, 14)[a]

1932 2020 (33) 2005 (9) 3042 (a1, 86)
1502 1515 (358) 1436[b] 1481 (468) 1652 (a1, 87)
706 739 (33) 717 (41) 1438 (a1, 6)
644 699 (39) 693 (40) 1026 (b2, 8)
449 438 (83) 387 (100) 998 (b1, 21)
352 348 (0.7) – 492 (a1, 39)

[a] Infrared intensities [kmmol�1]. [b] Observed frequency (argon
matrix) listed for comparison.

Table 5. Frequencies [cm�1] calculated for the low lying 2D, 2p, and 4F

states of ThCCH using the B3LYP DFT.[a]

2D OBS 2P 4F

3436 (s, 61)[b] 3436 (s, 74)[b] 3437 (s, 100)[b]

2048 (s, 143) 1938[c] 1983 (s, 0.1) 1958 (s, 31)
735 (p, 102) 760 (p, 75) 738 (p, 83)
731 647 605

[a] Bond lengths: 2D state 2.363, 1.221, 1.066 R. 2P state 2.346, 1.225,
1.066 R. 4F state 2.364, 1.227, 1.065 R. [b] Mode symmetry in C1v point
group: infrared intensity in kmmol�1. Normal isotopic frequencies.
[c] Observed frequencies (argon matrix) listed for comparison.
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negligible). We therefore do not report calculated vibration-
al data for these triplet states.

As there are many ways in which three electrons may be
placed in the seven f-type orbitals, and as these orbitals are
so spatially concentrated on the metal as to have little inter-
action with the acetylene ligand (see Discussion section),
there are several quintet electronic states that are almost de-
generate. In particular, a 5A2 state, with unpaired electrons
in a1, a1, b1 and b2 orbitals, is only 2 kJmol�1 higher in
energy than the 5A1 state described above. In these circum-
stances, we obviously do not claim that our methods can
identify the ground state with certainty, even in the spin-free
approximation, but as the geometries of the two states are
extremely similar, as are their calculated vibrational frequen-
cies (differences typically of only 2–3 cm�1), we feel that
these uncertainties do not limit our use of the calculated vi-
brational frequencies to help assignment of the observed
data. Table 6 summarizes frequency calculations for the 5A1

state adduct. The quintet HUCCH insertion product is only
4 kJmol�1 higher at the B3LYP level of theory, and the
quintet UCCH2 vinylidene is 26 kJmol�1 higher. The most
important vibrational bands for these two species are con-
sidered in the Discussion section.

Discussion

The new Th and U product absorptions will be assigned on
the basis of isotopic shifts and DFT frequency calculations.
When comparing observed vibrational wavenumbers with
the values calculated here, it is important to remember that
the effects of vibrational anharmonicity, which are com-

pletely neglected in our calculations, are not negligible. In
acetylene, the C–H stretching frequencies are lowered by
120–130 cm�1 (3.6%) by anharmonicity, while the triple-
bond stretching frequency is lowered by nearly 40 cm�1

(1.8%).[53]

Th–h2-(C2H2): The group A bands are assigned to ThACHTUNGTRENNUNG(C2H2),
the thorium cyclopropene. The 2988.2 and 2946.2 cm�1 ab-
sorptions are due to the a1 and b2 C–H stretching modes.
First, these bands are red-shifted 386 and 341 cm�1 from the
sg and su C–H stretching modes of C2H2.

[15,16] The
12C2H2/

13C2H2 product frequency ratios, 1.00375 and 1.00271,
respectively, are different for the a1 and b2 modes, as pre-
dicted by B3LYP calculations for the 3A2 (1.00363 and
1.00298) and 1A1 (1.00375 and 1.00294) states.

The important 1373.0 cm�1 band is assigned to the C=C
stretching mode: this band is red-shifted 601 cm�1 from the
C�C stretching mode of acetylene. Unfortunately the 13C=
13C stretching counterpart is calculated to appear at
1322 cm�1, which is covered by the strong pg + pu absorp-
tion of 13C2H2 at 1324 cm�1; however, the C2D2 counterpart
is observed at 1334.2 cm�1. The C2H2/C2D2 frequency ratio
1373.0/1334.2 = 1.0292 is very nearly the frequency ratio
1.0298 predicted for the 3A2 state but much below the
1.0349 ratio computed for the 1A1 state.

The degenerate pg and pu bending vibrations of C2H2 at
612 and 729 cm�1 in the gas phase are computed to blue-
shift substantially in ThACHTUNGTRENNUNG(C2H2), but only b2 and b1 modes
have observable intensity, the b2 mode predicted at
1126.1 cm�1 and the b1 mode at 642.3 cm�1 (3A2 state,
B3LYP). The sharp 1110.6 cm�1 absorption with 1.01471 and
1.1942 12/13 and H/D isotopic frequency ratios is assigned
to the b2 mode with computed 1.01579 and 1.1898 isotopic
ratios, respectively (values for the 1A1 state are almost the
same). The 630.2 cm�1 band with 1.00784 and 1.3318 12/13
and H/D ratios is due to the b1 mode with computed
1.00548 and 1.3232 isotopic frequency ratios, respectively.
Although the b2 and b1 vibrations are both “C–H deforma-
tion modes,” these normal coordinates involve very different
C and H participations. Such is also the case for the pg and
pu modes of C2H2.

Two important new vibrations in the Th ACHTUNGTRENNUNG(C2H2) molecule
are b2 and a1 Th–C stretching vibrations observed at 535.1
and 464.5 cm�1. These are predicted at 521.7 and 469.4 cm�1

(3A2) and at 510.2 and 531.8 cm�1 (1A1), respectively, with
12/13 isotopic frequency ratios of 1.0280 and 1.0335, respec-
tively (computed 3A2 values given). The experimental 535.1
and 464.5 cm�1 bands exhibit different 1.0275 and 1.0331
ratios for 12/13, which are near the calculated b2 and a1 Th–
C stretching modes in ThACHTUNGTRENNUNG(C2H2) in the order predicted for
the triplet state and not the singlet state. Hence, we con-
clude that the triplet state for ThACHTUNGTRENNUNG(C2H2) is trapped in the
argon matrix.

The 1A1 and 3A2 states for ThACHTUNGTRENNUNG(C2H2) are computed to be
close in energy at the DFT level without spin-orbit coupling
(less than 1 kJmol�1 for PW91 and B3PW91, 22 kJmol�1 for
B3LYP, always in favor of the singlet). More sophisticated

Table 6. Frequencies [cm�1] computed for the 5A1 state of U ACHTUNGTRENNUNG(C2H2) using
DFT.

PW91
U ACHTUNGTRENNUNG(C2H2) U ACHTUNGTRENNUNG(13C2H2) U ACHTUNGTRENNUNG(C2D2)

3038.7 (a1, 39) 3027.9 2259.5
3009.2 (b2, 25) 3000.2 2211.3
1351.4 (a1, 10) 1301.4 1312.3
1079.9 (b2, 43) 1063.4 905.2
946.1 (a2, 0) 937.2 745.8
791.9 (a1, 0.3) 790.9 567.9
611.1 (b1, 41) 607.6 463.8
505.7 (b2, 32) 492.0 441.7
446.8 (a1, 21) 431.9 433.4

B3LYP
U ACHTUNGTRENNUNG(C2H2) U ACHTUNGTRENNUNG(13C2H2) U ACHTUNGTRENNUNG(C2D2)

3093.4 (a1, 53) 3082.8 2300.3
3062.8 (b2, 31) 3054.3 2250.7
1406.9 (a1, 5) 1354.5 1368.8
1133.4 (b2, 40) 1116.6 944.6
996.6 (a2, 0) 987.1 785.2
846.1 (a1, 0.4) 844.9 607.6
621.9 (b1, 45) 618.3 470.0
500.9 (b2, 35) 487.0 439.7
485.0 (a1, 50) 468.9 468.8
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single-reference methods also predict a singlet ground state:
the singlet is lower than the triplet by 33 or 42 kJmol�1 at
the CCSD or CCSD(T) level of theory (CCSD-optimized
geometries used, but these turn out to be very similar to
those obtained at the B3LYP level, with no parameter dif-
fering by more than 0.6%. Since the T1 diagnostic is 0.025
for the singlet, the CCSD(T) method should be relatively re-
liable.[54]).

Multi-reference calculations were then undertaken, to
provide more reliable predictions for the relative energies of
the singlet and triplet states. A series of CASSCF calcula-
tions (8 electrons in nine orbitals) showed that the 3A2 state
is indeed clearly the lowest of the possible triplet states. The
active space was then progressively increased to 14 electrons
in 18 orbitals, and the singlet-triplet energy separation deter-
mined: note that 14 electrons corresponds to the full valence
space of Th ACHTUNGTRENNUNG(C2H2). The singlet is found to be lower than the
triplet by 48 � 1 kJmol�1, for active spaces varying between
(8,10) and (14,18). The energy separation is lowered slightly
(by about 5–6 kJmol�1) by MR-CISD calculations, and our
best estimate of the energy separation before considering
spin-orbit coupling is 41 kJmol�1. The differential effects of
spin-orbit coupling turn out to be remarkably small: the sin-
glet manifold is preferentially stabilized by some
0.2 kJmol�1, a quantity smaller than the dispersion in our re-
sults as a function of the active space.

Since our MR-CISD and CCSD(T) values for the relative
energies of the singlet and triplet states are so similar, at 41
or 42 kJmol�1, we feel confident that the ground state for
ThACHTUNGTRENNUNG(C2H2) in the gas phase is 1A1, particularly since the ef-
fects of spin-orbit coupling are so small. However, the vibra-
tional frequencies provide a clear basis of preference for the
3A2 state for the molecule trapped in the argon matrix. Al-
though many of the observed frequencies are predicted
equally well for the two states (Table 3), the diagnostic low
frequency b2 and a1 Th–(C2H2) stretching modes are com-
puted much closer to the observed values (14 and 4 cm�1)
for the 3A2 than for the 1A1 state (25 and 68 cm�1). Further-
more, more coupling is predicted for the two highest a1

modes (sym C–H and C=C) for the 1A1 state where the C=C
mode is calculated higher (1478 cm�1) than for the 3A2 state
where the C=C mode is computed lower (1381 cm�1). It is
important that the later is in much better agreement with
the diagnostic 1373 cm�1 observed value. This is also mani-
fest in the H/D ratio observed for the C=C stretching mode,
1373.0/1334.2 = 1.0291, and calculated for the 3A2 state
(1.0307) and in contrast to the 1A1 state (1.0349). These vi-
brational frequency and isotopic shift comparisons support
our preference for the 3A2 state of ThACHTUNGTRENNUNG(C2H2) trapped in
solid argon.

This brings the CUO case back to mind, which has a sin-
glet ground state recently calculated at the relativistic cou-
pled-cluster level to be 58 kJmol�1 lower than the triplet
state.[34] However, the triplet state is observed in solid argon.
The CUO(Ar)n complex in the triplet state is stabilized by
more than the singlet complex such that the triplet argon
complex is the ground state.[55] Thus, we believe the prefer-

ential stabilization for (Ar)n(Th ACHTUNGTRENNUNG(C2H2)) in the triplet state is
enough to reverse the calculated 3A2 and 1A1 order of states
for ThACHTUNGTRENNUNG(C2H2) in the solid argon matrix. This interaction with
argon at the metal center is assisted by the higher charge
computed for Th in the triplet than in the singlet state Th-
ACHTUNGTRENNUNG(C2H2) and the higher dipole moment for the triplet state.
Similar argon complexes have been observed and calculated
recently for the UO2

+ and Group 3 M(OH)2
+ cations isolat-

ed in solid argon.[12,56] This is an interesting conclusion in its
own right as it further underscores the principle that we are
in fact dealing with argon complexes of guest molecules in
the argon matrix environment, particularly guest molecules
involving electropositive metal atoms.

The above vibrational frequencies for Th ACHTUNGTRENNUNG(C2H2), the sub-
stantially red-shifted C�H and C=C stretching modes and
markedly blue-shifted C�H deformation modes relative to
C2H2, and the high Th�C stretching frequencies all argue for
a strong Th–C2H2 interaction. This is in accord with the sub-
stantial 284 kJmol�1 binding energy estimated from B3LYP
calculation without spin-orbit coupling, and the significant
increase in the computed C–C distance compared with free
acetylene. Furthermore, Reaction (1) is spontaneous based
on the marked increase in absorption intensities on anneal-
ing solid argon into the 23–34 K range.

Th ð3FÞ þ C2H2 ! ThðC2H2Þ 3A2 ð1Þ

Th–h2-(C2H2)2 : The group B bands fall in the same regions
as the A bands and they behave similar to the group A
bands except group B bands increase less on lower and
more on higher temperature annealing than group A bands
including the highest temperature annealing cycle where B
bands slightly increase at the expense of A bands. In fact
some of the B bands are very close to their A counterparts
(609.7 vs 630.2 cm�1, 535.9 vs 535.1 cm�1, 488.7 vs
464.5 cm�1). The C2H2 monomer absorptions decrease and
(C2H2)x cluster bands increase on these annealing cycles.
Thus, assignment of the B absorptions to Th ACHTUNGTRENNUNG(C2H2)2 follows.
Here we have two C2H2 molecules coordinated to Th as sim-
ilarly found for Pd.[19] The C–H stretching modes at 2988
and 2962 cm�1 for species B are red-shifted from C2H2

slightly less than these modes for species A. Unfortunately,
a C=C mode for Th ACHTUNGTRENNUNG(C2H2)2 was not observed as this region
is rich with strong Th–H stretching modes.

The C–H deformation region for Th ACHTUNGTRENNUNG(C2H2)2 contains ad-
sorptions at 1121.4 and 609.7 cm�1, near the 1110.6 and
630.2 cm�1 bands for ThACHTUNGTRENNUNG(C2H2). The Th–C stretching region
contains two strong bands at 535.9 and 488.7 cm�1 with 12/
13 ratios 1.0278 and 1.0330, almost the same as the 535.1
and 464.5 cm�1 bands for ThACHTUNGTRENNUNG(C2H2). These are assigned to b1

and b2 out-of-phase combinations of stretching modes of the
two Th-(C2H2) subunits. The in-phase combinations of these
modes are not observed.

Computations find a C2v structure for ThACHTUNGTRENNUNG(C2H2)2 of 1A1

symmetry with computed frequencies (Supporting Informa-
tion, Table S1) comparable to those for ThACHTUNGTRENNUNG(C2H2) (Table 3).
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Th–h2-(C2H2)
+ : The group C bands at 1099.7 and 646.3 cm�1

increase and decrease on annealing cycles at lower tempera-
ture than group A bands. Hence these absorptions are due
to a more reactive encounter and product species than Th-
ACHTUNGTRENNUNG(C2H2). Since the 1099.7 cm�1 band is only 10.9 cm�1 below
the strongest Th ACHTUNGTRENNUNG(C2H2) absorption at 1110.6 cm�1, the
former could simply be due to a less stable matrix site. How-
ever, we expect Th+ to be ablated and the ThACHTUNGTRENNUNG(C2H2)

+

cation complex is a possibility. Our B3LYP calculations pre-
dict this mode 3 cm�1 higher than the corresponding mode
for Th ACHTUNGTRENNUNG(C2H2). A possible associated band is observed at
641.3 cm�1. We tentatively assign the 1099.7 cm�1 band to
ThACHTUNGTRENNUNG(C2H2)

+ .

ThCCH : The 1937.6 cm�1 band increases on 23–33 K anneal-
ing then gives way to a stronger 1944.2 cm�1 absorption on
38–43 K annealing. The broader 1927 cm�1 electronic band
is not associated with this absorption as the former shifts to
1868.2 cm�1 with 13C2H2 and to 1825.8 cm�1 with C2D2 while
the latter electronic band remains unshifted. The
1937.6 cm�1 absorption shows 12/13 and H/D isotopic fre-
quency ratios 1.0371 and 1.0612, respectively, which are in
line with the 1.0338 and 1.0569 values for the CCH radical
absorption at 1845.8 cm�1 and indicate a similar coupled C�
C and C–H stretching mode. The 1937.6 cm�1 band is as-
signed to ThCCH, thorium ethynyl, and the 1944.2 cm�1

band to the associated acetylene cluster ThCCHACHTUNGTRENNUNG(C2H2)x.
Our B3LYP calculations find low-lying 2D and 2P states for
ThCCH, and the former has a strong C�C stretching mode
computed at 2048 cm�1 but the latter has a very weak such
mode computed at 1983 cm�1. The energies of these two
doublet states are very close: a B3LYP calculation favors
the 2P state by 6 kJmol�1, but the 2D state is lower by just
3 kJmol�1 at the CCSD level. Spin-orbit effects have been
neglected in both these calculations, and it does not seem
possible to assign the gas-phase ground state with confi-
dence. The vibrational data argue in favor of a 2D state in
the argon matrix. Our B3LYP calculation gave the (har-
monic) C�C mode for C2H2 at 2072 cm�1, which is 98 cm�1

above the observed fundamental, so it is quite consistent to
predict the C�C mode for ThCCH 110 cm�1 too high.

Electronic absorptions : Preliminary TDDFT calculations ne-
glecting the effects of spin-orbit coupling have been per-
formed for the simplest thorium cluster, namely Th2. We
find a 3�u ground state (2.752 R, 173 cm�1) and a low-lying
3Dg state (2.663 R, 192 cm�1) approximately 1500 cm�1

higher. This is appropriate for d–d electronic transitions to
be observed in the infrared region covered here. Although
this is expected to be a weak electronic transition, we are
dealing with the higher concentrations needed for IR spec-
tra and such a weak electronic transition should be observa-
ble under these conditions. Similar observations have been
made for titanium-containing species, and for the Ti2 mole-
cule itself in solid neon, though the ground state for Ti2 is
3Dg.

[57,58]

U–h2-(C2H2): The six group A bands are assigned to urani-
um cyclopropene, U ACHTUNGTRENNUNG(C2H2). The 2944.4 and 2920.1 cm�1 ab-
sorptions are due to the a1 and b2 C–H stretching modes.
The 12C/13C ratios, 1.00392 and 1.00292, are in accord with
B3LYP predictions for the 5A1 state modes (1.00357 and
1.00295), which is computed to be the ground state of the U-
ACHTUNGTRENNUNG(C2H2) complex at the DFT level of theory.

The diagnostic C=C stretching mode is masked by the
strong 1330–1338 cm�1 C2H2 precursor absorption, but the
U13C2H2 and UC2D2 counterparts are observed at 1289.0
and 1303.8 cm�1, respectively. Our DFT isotopic frequency
calculations predict this mode at 1339 cm�1 based on shifts
from the observed U13C2H2 and UC2D2 fundamentals. After
annealing to 43 K the C2H2 monomer absorption is removed
in favor of (C2H2)x aggregate bands and a weak band is de-
tected at 1337 cm�1, which is probably due to the C=C fun-
damental of U ACHTUNGTRENNUNG(C2H2).

The observable components of the acetylene bending
modes computed at 1135 and 634 cm�1 appeared for U-
ACHTUNGTRENNUNG(C2H2) at 1112.1 and 602.9 cm�1. The sharp 1112.1 cm�1

band exhibits 1.0149 and 1.2128 values for the 12/13 and H/
D isotopic frequency ratios, and it is assigned to the B2

mode with computed 1.0152 and 1.2011 isotopic ratios, re-
spectively, for the 5A1 state. The 602.9 cm�1 band with the
12/13 ratio 1.00634 is due to the b1 mode with 1.00635 com-
puted ratio. Note that the a2 and a1 counterparts of these C–
H bending modes are not observable (Table 6).

The important b2 and a1 U-C stretching vibrations are ob-
served at 521.5 and 494.9 cm�1 with 1.0278 and 1.0369 12/13
and with 1.1392 and 1.0343 H/D ratios, which are in very
good agreement with the computed 1.0289, 1.0344 and
1.1370, 1.0344 ratios, respectively. These “U�C” single-bond
stretching frequencies are much lower than the 1047 cm�1

value observed for C�U�O.[5]

The uranium and acetylene reaction is spontaneous as the
product absorptions increase on annealing 23–34 K in solid
argon. The reaction is estimated to be 249 kJmol�1 exother-
mic at the B3LYP level without spin-orbit coupling.

U þ C2H2 ! UðC2H2Þ 5A1 ð2Þ

U–h2-(C2H2)2 : Two group B bands are near group A bands,
but the B bands increase more on higher temperature an-
nealing as C2H2 diffuses and aggregates these bands at 2970
and 1093.8 cm�1 are just above and below C�H stretching
and bending modes for U ACHTUNGTRENNUNG(C2H2). Following the assignments
to Th ACHTUNGTRENNUNG(C2H2)2, the above B bands are most likely due to
UACHTUNGTRENNUNG(C2H2)2.

U–h2-(C2H2)
+ : The sharp 1106.1 cm�1 band appears on 23 K

annealing, decreases at 28 K, and is gone after 34 K anneal-
ing when U ACHTUNGTRENNUNG(C2H2) is strongest. Hence the sharp 1106.1 cm�1

band is due to a more reactive species. We know that U+ is
evaporated in the laser ablation process as UO2

+ has been
observed in the matrix spectra,[4b] and accordingly the
1106.1 cm�1 band is tentatively assigned to UACHTUNGTRENNUNG(C2H2)

+ .
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HUCCH : The strong 1392.6 and 1375.8 cm�1 bands ob-
served on sample deposition increase on annealing and are
accompanied by weaker 674.3 and 664.2 cm�1 absorptions.
The former bands show no 13C shift and a large H/D ratio
(1.3997), hence they are due to U–H stretching modes as
they fall in this region of the spectrum.[6] The former band
increases at the expense of the latter on full arc photolysis:
These two bands are believed to be matrix site absorptions
of the same species. The 664.2 cm�1 band, on the other hand
shows a 12/13 ratio 1.00927 and H/D ratio 1.261, which are
appropriate for a CCH bending mode (the nearby CCH+

band gives 1.0086 and 1.267 ratios, respectively). Isotopic
counterparts could not be observed for the 674.3 cm�1 band.
These absorptions are in good agreement with the strongest
modes calculated for the quintet HUCCH insertion product
at 1438 cm�1 (455 kmmol�1), 711 cm�1 (a’’, 41 kmmol�1),
707 cm�1 (a’, 46 kmmol�1).

UCCH : The 1934.9 cm�1 band is strong on sample deposi-
tion, it increases on 23–28 K annealing while CCH radical
decreases, and it decreases on 34–43 K annealing as isolated
C2H2 is lost and blue satellites appear at 1942–1939 cm�1.
This feature exhibits 12/13 and H/D ratios 1.0362 and
1.0597, respectively, which are comparable to 1.0338 and
1.0569 values for the CCH radical at 1845.8 cm�1 and indi-
cate a similar coupled C�C and C�H stretching mode. On
the other hand C2H2 itself exhibits 1.0335 and 1.0653 isotop-
ic frequency ratios, and the latter shows the greater H–-D
coupling for two bonded H(D) atoms. The 1934.9 cm�1 band
is assigned to the UCCH uranium ethynyl species. Our
B3LYP calculations find a 4F ground state with a strong C�
C stretching mode at 2026 cm�1, which is in good agreement
with our observation. Our calculated value is 91 cm�1 above
the observed value whereas our calculated value for acety-
lene is 98 cm�1 above the experimental frequency.

The satellite bands which appear on annealing are attrib-
uted to the UCCH ACHTUNGTRENNUNG(C2H2)x cluster complex as acetylene dif-
fuses and aggregates on annealing.

Metal ethynyl species have been observed in the C�C
stretching region for Pd (1988 cm�1) and alkaline earth
metals (Be, 2019 cm�1; Mg, 1984 cm�1), and Group 13 (B,
2039 cm�1; Al, 1977 cm�1).[16, 48,59] Our 1938 and 1935 cm�1

observations for ThCCH and UCCH reveal a stronger inter-
action for carbon with the actinide metal atoms.

Comparisons of M–h2-(C2H2) species : Vibrational data are
now available for several M-
ACHTUNGTRENNUNG(HCCH) systems which con-
tain h2-(C2H2), including M=

Li, Ti, Ni, Pd and Pt,[15–20] as
well as the cases of Th and U
studied in this work (see
Table 7). It is striking that the
vibrational frequency of the C–
C stretching mode is lower for
UACHTUNGTRENNUNG(HCCH) than for any other
metal, implying that the inter-

action between uranium and acetylene is the strongest of all
those studied to date. It is also remarkable that the vibra-
tional and geometrical properties of Th ACHTUNGTRENNUNG(HCCH) and U-
ACHTUNGTRENNUNG(HCCH) are so similar, despite the profound differences in
ground-state electronic configurations of the two actinide
atoms (7s2 6d2 for Th, 7s2 6d1 5f3 for U). When the overlap
populations for 5A1 U ACHTUNGTRENNUNG(HCCH) are analyzed in detail, we
find that the predominant U–C interaction involves the 6d
orbitals (of a total U–C overlap population of 0.241 at the
B3LYP level, s orbitals on U contribute 0.029, d orbitals
0.226 and f orbitals only 0.047, the p orbitals giving an anti-
bonding contribution of 0.061). The d–f balance is remarka-
bly similar for 3A2 ThACHTUNGTRENNUNG(HCCH): 0.267 for d orbitals and
0.050 for f orbitals. It is not surprising that f-type orbitals on
Th should be of little importance in bonding, but their small
contribution in UACHTUNGTRENNUNG(HCCH) might appear unexpected, given
that they are lower in energy than 6d.

In fact, the dominant M–HCCH interaction concerns the
p* C–C antibonding orbital, as has already been noted
above. This orbital is clearly at higher energy than any occu-
pied metal orbital, so the higher energy of the metal orbital,
the better the energy-match criterion is satisfied, and the
stronger the interaction expected. But the energy-match cri-
terion is not the only important one: a strong interaction
can occur only between orbitals of comparable sizes. The 5f
orbitals on the actinides are much smaller than 6d, so when
interactions over fairly long distances are concerned (note
the Th–C and U–C distances in Figure 6 of nearly 2.3 R),
the participation of the 5f orbitals will be of only minor im-
portance, as we have already noted when comparing the ge-
ometries of US2 (bent) and UO2 (linear).[4] It is informative
to compare the energies and sizes of the valence orbitals for
several metals. The data that follow are taken from the
Tables prepared by Desclaux and are thus on a comparable
basis.[60] We list orbital energies, in atomic units, followed by
the expectation value of the orbital radii value, in R: where
necessary, we have averaged the values for the two compo-
nents of different J : Th 6d, �0.217, 3.01; 7s, �0.209, 4.31: U
5f, �0.334, 1.44; 6d, �0.188, 3.22; 7s, �0.202, 4.34: Ti 3d,
�0.397, 1.50: Pd 4d, �0.383, 1.54; Pt 5d, �0.421, 1.65.

Since the valence d orbitals for Pd and Pt are substantially
lower in energy than those for Th or U, the analysis above
implies that their interaction with acetylene will be weaker,
as is indeed observed. The comparison of Ti with Th or U is
more difficult : the orbital energy match with the p* C–C an-
tibonding orbital appears less favorable for Ti than for the

Table 7. Comparison of vibrational frequencies [cm�1] observed for several matrix-isolated M–h2-C2H2 com-
plexes in solid argon.

Mode Li[a] Ti[b] Ni[c] Pd[d] Pt[e] Th[f] U[f]

C–H str. 2952.5 2968.1 ACHTUNGTRENNUNG(3112) 2946.6 2944.4
C–H str. 2909.7 2939.0 – 2920.2 2920.1
C–C str. 1655.0 1364.5 1647.4 1710 1654 1373.0 ACHTUNGTRENNUNG(1337)
C–H bend, in plane 714.0 1050.9 847.3 766 883 1110.6 1112.1
C–H bend, out plane 635.0 656.0 658.1 675 666 630.2 603
M–(C)2 str. 479.7 573.0 548.6 464.5 512.3

[a] Ref. [11]. [b] Ref. [13]. [c] Ref. [14]. [d] Ref. [15]. [e] Ref. [16]. [f] this work.
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actinides, but the sizes are quite different. It is also possible
that the 4s orbital on Ti contributes appreciably to the inter-
action: its energy of �0.224 au is similar to that of the 6d or-
bitals on the actinides. Despite the nuclear charge being
higher by two units, the 6d orbitals in U are slightly higher
in energy than those in Th; presumably, in a one-electron
picture they are strongly screened by the 5f electrons. This
higher orbital energy is then consistent with a stronger inter-
action with acetylene, again following the analysis above.

Conclusion

Actinide metallacyclopropenes are formed in the spontane-
ous reaction of Th and U atoms with C2H2 on annealing in
solid argon. The C–H and C=C stretching modes of C2H2

are red-shifted in ThACHTUNGTRENNUNG(C2H2) and UACHTUNGTRENNUNG(C2H2), but the C=C
stretching mode is about 36 cm�1 lower, the C-H stretching
mode 2.2 cm�1 lower, the C-C-H bending mode 1.5 cm�1

higher, and the a1 M–C2 stretching mode 30 cm�1 higher in
the uranium compound, which indicates a slightly stronger
interaction. Our DFT calculations yield vibrational frequen-
cies that match the experimental data reasonably well. How-
ever, the calculations of binding energy, C�C bond length
and stretching frequency, in fact suggest a marginally stron-
ger interaction in the Th species. We conclude that our ne-
glect of spin-orbit coupling is probably responsible for these
deficiencies. We analyze the C�C stretching mode in a
group of related metallacyclopropenes, including with the
Li, In, Ti, Ni, Pd and Pt metals,[15–20] and draw attention to
the importance of both orbital energies and orbital sizes. Fi-
nally, we find that the argon matrix interaction with Th-
ACHTUNGTRENNUNG(C2H2) is stronger with the 3A2 than the 1A1 state such that
the order of states is reversed in the argon matrix for this
(Ar)n(Th ACHTUNGTRENNUNG(C2H2)) complex.
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