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Two new species have been formed by codeposition of ground-state Ti atoms and ethylene molecules in
excess argon at low temperature, followed by selective electronic excitation of the Ti atoms. The two products
are identified as H2Ti(C2H2) (titanacyclopropene) and HTi(C2H3) (vinyltitanium monohydride) based on IR
spectroscopy with various isotopic precursors (12C2H4, 13C2H4, C2D4, CH2CD2, and the natural Ti isotopes),
vibrational analysis, and density functional theory (DFT) calculations. Theoretical results are also presented
for a Ti(C2H4) π-complex structure, not observed in this study. Although DFT predicts a strongly bound
Ti(C2H4) system having a stability similar to H2Ti(C2H2) and HTi(C2H3), this molecule is not observed in our
experiments. It is found that Ti atoms react with ethylene when in the first excited states (3F, 3D, or 3G) to
form first an insertion product and next, after a 1,2-hydrogen shift, the dihydrotitanacyclopropene.

I. Introduction

The interest shown in organometallic derivatives of low-valent
titanium (with formal oxidation states less than IV) is due to
the activity of organotitanium species of this type in Ziegler-
Natta alkene polymerization reactions.1 The presently admitted
conception that olefin polymerization is initiated at a titanium-
carbon bond increases the importance of well-defined, low-
valent organotitanium molecules, and these offer models of the
structures and properties of larger compounds important for
hydrogenation or organometallic syntheses.2 Some important
advances have been made in the characterization of low-valent
Ti compounds following the first syntheses of arene complexes
using “direct” metal vapor synthesis,3 paving the way for
conventional preparative methods involving reduction of the
metal chloride in solutions.4 Later, several workers using matrix
isolation continued on the same idea5 and prepared other reactive
or undercoordinated hydride6,7 or carbonyl species.8,9 However,
to our knowledge, no study has yet been devoted to reaction
products of simple alkene molecules with Ti(0) and the synthesis
of elementary compounds containing titanium-carbon bonds.
We present here an IR spectroscopic study of the reaction

products of Ti atoms with the simplest alkene, ethylene, isolated
in rare gas. Results obtained from density functional theory
(DFT) calculations on possible reaction products are also
reported in this paper to confirm the identification of the
observed species, to determine their equilibrium structures, and
finally to understand the bonding mechanisms in these new
molecules.

II. Experimental and Computational Details

The experiments were performed using a high-vacuum
stainless steel cryostatic vessel and a titanium evaporation device
fitted directly in a 150 mm diameter vacuum chamber evacuated
by a Leybold 1000 L/s diffusion pump equipped with a large

capacity liquid nitrogen trap. The base pressure before starting
an experiment, after outgassing but with the titanium filament
hot, was always less than 5× 10-7 mbar.
About 5.5 mmol of a mixture of ethylene and argon (1/100

to 1/4000 molar ratios) were deposited in 2 h onto one of the
four sides of a flat, highly polished, chromium-plated copper
mirror cube maintained around 10 K by an APD displex system.
The samples were probed in the transmission-reflection mode
by the infrared beam of a Bruker 120 FTIR spectrometer with
a resolution varied between 0.5 and 0.1 cm-1 using a HgCdTe
detector and a KBr/Ge beam splitter in the 4500-500 cm-1

range, and with 0.5 cm-1 resolution in the 500-150 cm-1 region
using a silicon bolometer and a Mylar beam splitter. Each
sample spectrum was processed against a bare mirror back-
ground recorded at 10 K just before sample deposition and was
baseline-corrected to compensate for infrared light scattering.
Broad and narrow band excitations were achieved using a

200 W high-pressure mercury-xenon arc lamp and either cutoff
colored glass filters or narrow band (10 nm fwhm) interference
filters were used for selective excitations.
Titanium was vaporized from a piece of 1.0 mm diameter

Ti-Mo 85/15 alloy wire (Goodfellow) in the 1500-1700 °C
range. The metal effusion rate was continuously monitored
using a quartz microbalance and varied between 9 and 120×
10-8 g/min.
High-purity argon (Prodair, 99.995%), C2H4 (Air Liquide,

99.50%), C2D4 (MSD, 99.20% D), and13C2H4 (MSD> 90.0%)
were used without further purification but after several freeze-
pump-thaw cycles to minimize possible atmospheric contami-
nation. Another isotopic species of ethylene (1,1-D2) was
prepared by the Wittig reaction of deuterated formaldehyde with
triphenylmethylphosphonium according to the procedure de-
scribed by Atkinson etal.10 The purity of this product was
checked using IR spectroscopy. Its main impurities (CHDdCD2

and CH2dCHD) were in quantities weak enough (about 1.7%
and 2%, respectively) to be neglected.
All calculated properties of the investigated systems wereX Abstract published inAdVance ACS Abstracts,November 15, 1997.
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obtained at the gradient-corrected level of DFT. The calcula-
tions were carried out using the BP86 functional11,12 and the
(63321/5211/41), (5211/411/1), and (41/1) Gaussian orbital basis
sets (for Ti,13 C,14 and H,14 respectively) as implemented in the
deMon code.15-17 For some of the moleculessin cases where
we suspected an unusual sensitivity of the calculated properties
with respect to the applied exchange-correlation functional and
the basis setswe repeated the calculations with the B3LYP
functional18,19using the above basis sets, and/or the 6-311G**
bases (i.e., the standard 6-311G** basis sets for C and H, and
the Wachters-Hay all-electron basis sets for Ti).20 These
calculations were carried out with the Gaussian 94 package.20

Although there are some indications from recent studies21-23

that the B3LYP functional gives more accurate predictions for
binding energies of transition metal-ligand systems than the
standard gradient-corrected functionals, there is still no clear
evidence that it provides the highest quality results for vibra-
tional data. Since the BP86 functional proved to give reasonably
accurate frequencies for transition metal-monoligand mol-
ecules,24 we decided to use this level of theory in the present
study as well. Therefore, except where stated otherwise in the
text, all results reported here will refer to BP86 (deMon)
calculations.
The technical details (the numerical quadrature grid, the

algorithms applied in the geometry optimization, and the
vibrational analysis) of the deMon calculations were given in
ref 25. In Gaussian 94 calculations, the default integration grid
(including about 7000 points per atom) was used, the geometries
were optimized with the Berny algorythm, and the harmonic
frequencies were obtained from the analytical second derivatives.

III. Results

A. Experimental Results. When comparing the IR spec-
trum of ethylene-containing matrix samples prepared with and
without Ti atoms, some new bands, characteristic of reaction
products, can be found directly after reagent deposition, which
are supposedly in their ground states. However, although the
experimental conditions such as the Ti or C2H4 concentrations
and the deposition time and temperature were kept the same in
some of our experiments, the observed intensities were not
always reproducible when changing the shape or length of the
metal-emitting filament source. It is thus supposed that, in
addition to the titanium and ethylene concentrations, other
parameters exist that could not be directly controlled and
visualized easily such as the temperature and form of the metal
source. These parameters have probably influenced the product
yield because of variable light intensities emitted by the hot
filament source. Therefore, experiments were run in order to
check the possibility of photochemically induced reactions.
According to the experimental data of Gruen and co-workers,26

the first electronic states of Ti atom could be reached via optical
excitation at about 510 and 490 nm (z3F2

0, z3F3
0, z3D1

0, z3D2
0) for

one group, and for the second group, at about 460 nm (z3G3
0,

z1F3
0). One set of new absorptions (species A) can be detected

directly upon deposition (see trace b in Figure 1, the most intense
absorption at 1585.4 cm-1), but grows strongly after specific
irradiation at wavelengths above 400 nm (Figure 1, trace c). A
second group appears after irradiation only and is labeled B.
The most intense absorption of B (at 1500.0 cm-1) is, after
deposition, hardly detectable within the noise level (see Figure
1).
The irradiation in the wavelength range above 700 nm caused

but a minute growth of species A, more marked above 600 nm.
A further expansion of the wavelength ranges to 500 and 400
nm caused a marked growth of both species, but with different

rates. We observed about a 4-fold intensity increase for A
species bands and 22-fold increase for B when we compared
the bands intensities after 10 min irradiation in the range above
400 nm to those just after deposition. Species B is unaffected
by irradiation in the wavelength range above 600 nm and
appeared only after excitation in the wavelength range up to
500 or 400 nm. Nevertheless, a continuous irradiation in the
range above 400 nm caused at first the growth of A and B
species bands and then destructed them gradually, indicating
competing formation, conversion, and/or destruction processes.
In order to study in more detail the formation channels, more

specific monochromatic excitations had to be performed.
Irradiating first at 546 or 522 nm could develop species B
without forming species A. However, 514 or 480 nm light build
up these two species simultaneously but with an increasing yield
(Figure 2). Once both A and B species have been formed, 466
nm irradiation could convert species B into species A. On the
other hand, 546 nm light fostered species B, at the expense of
species A, that is, it operates the back-conversion.
Once the optimum conditions have been found to characterize

A and B species, identical experiments were repeated, varying
only the titanium or ethylene molar ratios (from 1/100 to 1/4000
for ethylene, from 1/250 to 1/3000 for titanium). No difference
appeared in the titanium or ethylene dependences of the A or
B species relative intensities. Moreover, both species could still
be observed, even in the sample grown with the lowest reactant
concentrations. On these grounds, it can be established that
species A and B are two isomeric forms of the 1/1 Ti/C2H4

reaction product. Likewise, comparable experiments were run
using C2D4, 13C2H4, and CH2CD2 as isotopic precursors (Figures
3-5). The frequencies and relative intensities for all isotopic
species of A and B are reported in Table 1.
For most vibrations, the isotopic shifts are straightforward

to follow, but some observations are complicated by overlapping
or site effects and therefore deserve special comments.
For Species A. The assignment of the 328 cm-1 band is

ambiguous because of overlapping with some B species signals

Figure 1. IR spectra of the region 1650-1450 cm-1 showing the
preliminary formation of the Ti+ C2H4 reaction products. (a) Sample
deposited without ethylene, 1/3000 Ti/Ar. (b) Sample with C2H4 after
deposition, 1/5/1000 Ti/C2H4/Ar. (c) After irradiation using broad band
irradiation with wavelength>400 nm. W indicates water impurity
absorptions, A and B labels refer to H2TiC2H2 and HTiC2H3, respec-
tively, as explained in the text.
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and also because of the absence of clearly correlated absorption
when using13C2H4. Nevertheless, a TiC2D4 counterpart appears
at 292 cm-1.
We also observed some relatively smaller peaks appearing

on the side of several bands beside the most intense absorption
peaks. These sidebands did not always have exactly the same
irradiation behavior as the main absorptions bands (Figure 2)
and were very sensitive to warmup effects, even with relatively
mild annealing between 15 and 20 K, but all had an identical
behavior upon isotopic substitution and are therefore attributed
to various unstable trapping sites. Multiplets arising from such
multiple trapping sites of the same bands have been indicated
in brackets in Table 1, as they could be evidenced from
temperature effects. Notably, the magnitude of the site splittings
vary from one fundamental to the other. The effect of a slight
annealing on the multiple trapping sites of species A is
particularly dramatic on some fundamentals. Figure 4 shows
the effect of a 15 K temperature increase on the high-frequency
motions of A with C2D4 precursor. The bands shift a few
wavenumbers and are drastically narrowed in a better crystal-
lized environment. A characteristic quintet pattern thus emerges
exhibiting about 0.8 cm-1 splittings (0.5 cm-1 with C2H4). The
relative intensities on these multiplets follow well that of the
abundancies of the naturally occurring isotopes of titanium (see
Figure 4, trace c).
Most of the absorptions of species A were weaker with the

CH2CD2 isotopic precursor. Below the peak at 1154.3 cm-1,
we observed 7 bands. The assignment of the 831.5 cm-1 band
is uncertain because it presents inconsistent relative intensities,
although it qualitatively has the same behavior as species A
throughout the interconversion process.
For Species B. The strongest absorption of this species is

measured at 1500 cm-1 with no measurable12C/13C shift. A
small absorption appears at 1568.7 cm-1 for the 13C labeled
isotopic species. Observation of a corresponding signal with
C2H4, higher in the region around 1600 cm-1 would anyhow

be difficult due to the presence of water impurity peaks.
Likewise, we did not find with the protonated precursors any
obvious counterpart to the 981.4 cm-1 band observed with the
C2D4 precursor. Similarly, two bands are observed at 665.3
and 632.9 cm-1 with Ti/C2D4 but only one absorption was
observed for the protonated species in the corresponding region
(867.7 cm-1 for 12C and 866.9 cm-1 for 13C). On the other
hand, we found only three Ti/C2D4 species bands in the far-IR
region corresponding to four bands with either Ti/12C2H4 or Ti/
13C2H4, but the 190 cm-1 cutoff of the CsI window used in our
experiments prevented observations below that frequency.
B. Theoretical Results. Three Ti/C2H4 reaction products

have been investigated theoretically in our study, namely, the
Ti(C2H4), HTi(C2H3), and H2Ti(C2H2) molecules. Our results
obtained from DFT calculations for these systems are presented
in the following subsections.

Figure 2. Infrared difference spectra of the 1650-1450 cm-1 region
displaying the formation and photochemical behaviors of the two species
H2TiC2H2 (A) and HTiC2H3 (B) using selective monochromatic
excitation. (a) After 522 nm excitation, minus after deposition. (b) After
minus before 514 nm light excitation. (c) After minus before 480 nm
light excitation. (d) After minus before 546 nm light excitation. (e)
After minus before 466 nm light excitation W designates difference
bands due to spin conversion of H2O traces.

Figure 3. IR spectra of the 1650-1450 cm-1 and 1200-1050 cm-1

region for different isotopic species after irradiation with monochromatic
480 nm light. (a) 1/5/1000 Ti/C2D4/Ar. (b) 1/5/1000 Ti/CH2CD2/Ar.
(c) 1/5/1000 Ti/C2H4/Ar.
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1. The Ti(C2H4) Molecule. We have carried out geometry
optimization and vibrational analysis for singlet, triplet, and
quintet spin states of Ti(C2H4), all havingC2V symmetry. The
predicted properties for the lowest states are collected in Table
2.
The ground state of Ti(C2H4) is 3B1, followed by the1A1

and 5A1 states, which lie 4 and 8 kcal/mol above the ground
state, respectively. All these states appear to be quite strongly
bound relative to the ground-state Ti atom (s2d2 (3F)) + C2H4,
since the Ti-C2H4 binding energy calculated with respect to
ground-state reagents is 45 kcal/mol, which might be, however,
an overestimated value.27

Table 2 also reveals that the equilibrium geometries obtained
for the1A1 and3B1 states on one hand, and for the5A1 state on
the other, are rather different. The Ti-C bond in5B1 is about

0.3 Å longer than those in the1A1 and 3B1 states, and the
distortion of the C2H4 unit (with respect to free C2H4) is far
more significant in the latter two states. This is in line with
the results of the MCPF (modified coupled pair functional study)
on the second-row transition metal M(C2H4) molecules,28where
the difference between the equilibrium properties of the low-
and high-spin states of M(C2H4) molecules calculated for the
metal atoms to the left-hand side of the periodic table was
attributed to a difference in the binding mechanisms. The
binding in the1A1 and 3B1 states of Ti(C2H4) has a covalent
character (the calculated Ti-C bond orders are about 1.0) and
the C-Cπ-bond is essentially broken (C-C bond order of about
1.0), whereas the5A1 state can rather be described as a Ti-
ethyleneπ-complex (the Ti-C and C-C bond orders are about
0.5 and 1.5, respectively).
The difference between the two types of Ti(C2H4) molecules

is apparent from the predicted IR spectra as well, since (1) the
CC stretching frequencies for the1A1 and3B1 states are around
1000 cm-1, while it is at 1230 cm-1 for 5A1; and (2) both the
symmetric and asymmetric TiC stretching frequencies are much
higher in the “low-spin” states. The calculated IR spectrum of
the ground-state molecule is characterized by two medium
intense absorptions in the CH stretching region and bands around
970 cm-1 (CC stretching), 510 cm-1 (symmetric TiC stretching),
and 450 cm-1 (CH2 tilt) with similar intensities. All the
remaining bands are rather weak.
2. The HTi(C2H3) Molecule. We have considered all three

spin states (2S+ 1 ) 1, 3, and 5) for the HTi(C2H3) molecule
and found the triplet state to be the most stable, lying 8 kcal/
mol above the ground state of Ti(C2H4). The lowest singlet
state of HTi(C2H3) is only 8 kcal/mol less stable than the ground
state, but the quintet state is separated by at least 65 kcal/mol
from the triplet state. Because of its thermodynamical instabil-
ity, the formation of the quintet state of the HTi(C2H3) molecule
in the experiments is very unlikely, and for this reason we
present results only for the singlet and triplet states. The
optimized geometries and the predicted IR spectra for these two
states are given in Table 3, while the corresponding equilibrium
structures and the calculated bond orders are depicted in Figure
6.
Despite comparable stabilities, the equilibrium structures of

the singlet and triplet states of HTi(C2H3) are entirely different.
The optimized bond lengths and the related bond orders suggest
that the singlet molecule is in fact a cyclopropene derivative,
where one of the sp2 carbon atoms is substituted by Ti, whereas
the triplet state is a vinyl hydride, in which the Ti atom weakly
interacts with the carbon and one of the hydrogen atoms of the
CH2 group. None of the two structures have symmetry
elements, because the TiH bonds are out of the TiCC plane.
However, the triplet state has a nearly planar geometry with an
HTiC1C2 dihedral angle of 168° and for the sake of simplicity
its normal modes will be classified as in-plane and out-of-plane
vibrations.
Since the predicted IR spectra for both states will be compared

to the experimental data in the next section, it is worthwhile to
point out the main differences between them. First the TiH
stretching bands are the most intense bands for both states, all
the other modes having significantly lower IR intensities. As
a result of the Ti‚‚‚H interaction, one of the CH bands of the
triplet HTi(C2H3) is clearly separated from the other two, its
frequency shifting down by about 300 cm-1. The two spectra
are rather different in the mid-infrared region. No band with
considerable IR intensity is predicted for the singlet state in
the 1100-1600 cm-1 range, but, for the triplet state, there are
three medium absorptions in this region in addition to the TiH

Figure 4. Infrared spectra for the Ti-D stretching region of the D2-
TiC2D2 species. (a) After deposition and 480 nm excitation. (b)
Difference spectrum, after minus before annealing the sample at 25 K.
(c) Synthetic spectrum using 0.28 cm-1 Lorentzian band shapes, relative
intensities following the titanium natural isotopic abundances, and the
isotopic shifts calculated using the semiempirical force field (see text).

Figure 5. Far-infrared spectra for various isotopic species of H2TiC2H2

(A) and HTiC2H3 (B). All spectra are taken after 480 nm light excitation.
(a) 1/5/1000 Ti/C2H4/Ar. (b) 1/5/1000 Ti/13C2H4/Ar. (c) 1/5/1000 Ti/
C2D4/Ar. (D) 1/5/1000 Ti/CH2CD2/Ar.
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stretching band. In turn, there are two medium intense
absorptions at about 1000 cm-1 for the singlet state, but no band
is predicted in this region for the triplet state. As another
important dissimilarity, the TiC stretching band of the triplet
state is at about 600 cm-1, while the two TiC stretching bands
of the singlet are predicted to be at about 1000 and 500 cm-1.
3. The H2Ti(C2H2) Molecule. The singlet state is expected

to be clearly the ground state for H2Ti(C2H2), since the four
valences of Ti are saturated by forming two Ti-H and two

Ti-C bonds. Indeed, we calculate the triplet state to be 31
kcal/mol above the singlet, and the lowest quintet state is about
90 kcal/mol above the ground state. It is interesting to note
that the thermodynamical stability of the H2Ti(C2H2) molecule
is essentially identical with that of ground-state Ti(C2H4).
The calculated ground-state equilibrium structure hasCs

symmetry, with a symmetry plane containing the Ti(C2H2) unit
(see Figure 7). TheC2V structure, in which the TiH2 plane is
perpendicular to the CC bond, turns out to be a transition state,

TABLE 1: Infrared Absorptions from the Reaction of Ti Atoms with Various Ethylene Isotopic Molecules in Solid Argona

Ti + C2H4 Ti + 13C2H4 Ti + C2D2 Ti + CH2CD2

freq (cm-1) relative intensity freq (cm-1) relative intensity freq (cm-1) relative intensity freq (cm-1) relative intensity

A Species
1629.9 1629.1 1607.5
1623.4 1622.5 1597.3 1.00
1615.1 1614.4 1585.0
1610.6 0.38 1610.1 0.41 1581.3
1593.1 1592.9
1585.4 1.00 1585.4 1.00
1581.3 1581.3
1474.0 1401.4
1467.2 1422.9 1399.6 1436.4
1464.8 0.08 1414.0 0.048 1397.4 0.035 1435.1 0.16

1433.8
1000.4 0.05 977.0 0.028 1169.3
994.4 973.0 1163.5 1161.4
990.3 1157.8 0.11 1157.9

1154.3 0.67
769.1 768.8 1154.3 1152.3
765.4 0.055 765.1 0.035 1152.1 1.00 1149.5
762.5 761.3 1149.2
687.8 0.21 684.9 0.023 872.2 0.075 671.3 0.135
675.9 672.3 865.9 645.6 0.123

860.9 572.7 0.026
858.8 520.9 0.12

494.8 0.035
667.7 0.068 663.2 0.078 613.2 0.14 219.1 0.036
598.1 0.16 585.8 0.135 606.0
399 0.17 ≈398 0.12 548.3 0.033
328 0.016
277 0.064 276.8 0.071 507.7 0.28

503.2
489.0 0.056
454.6 0.146
≈292 0.1

B Species
1568.7 0.023 1096.0 1520.3

1093.0 1514.3
1519.7 1519.6 1088.8 1506.3
1514.0 1514.0 1083.5 1506.3 1.00
1505.9 1505.8 1080.3 1.00 1498.2
1500.0 1.00 1500.0 1.00

1497.8 981.4 0.03 1357.6 0.153
871.2 665.3 0.21 1094.9
867.7 0.252 866.9 0.57 661.1 1091.0

1085.2
582.2 0.182 568.1 0.34 632.9 0.32 1081.2 0.47
579.0 1078.2

531.5 0.33
394.2 391.8 526.8 720.1 0.035
388.6 387.2
383.6 0.231 382.1 0.142 289.4 0.26 548.8 0.30
376.7 373.5 544.8

256.7 0.17 539.8
309.6 0.267 303.7 0.153 250.3
301.6 242.6 352.2 0.03
217 0.256 217.5 0.466
196.7 0.292 196.2 0.218 324.2

315.7
308.4 0.21
303.9
288.1 0.13

aRelative intensities are normalized to the strongest absorption for each species.
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but with a flat TiH2 wagging potential. In fact, the energies of
theCs andC2V structures are within a few tenths of a kcal/mol.
The optimized geometries and the IR spectra obtained for the
two structures are given in Table 4. The results indicate that
the bond lengths and most of the vibrational frequencies are
not sensitive to the wagging of the TiH2 unit. The sole
vibrational mode (besides the TiH2 wag) which has notably
different frequencies in the two structures is the TiH2 rocking

mode (ω11), for which the two frequencies differ by about 100
cm-1. The frequency of the TiH2 twisting mode (ω8) does not
seem to vary much when going fromCs to C2V, but this is
definitely not true for the corresponding IR intensities. There-
fore, we do not expect the obtained harmonic frequencies and
IR intensities to be accurate predictions for these low-frequency
modes.
Table 4 also shows that the two TiH stretching bands, from

which the symmetric motion (ω2) has a slightly higher fre-
quency, are again the most intense bands in the IR spectrum.
The CH stretching bands, on the other hand, are very weak,

TABLE 2: Calculated Properties of Various Spin States of
Ti(C2H4)

singlet triplet quintet

R(TiC)a 2.028 2.026 2.320
R(CC) 1.492 1.528 1.400
R(CH) 1.110 1.114 1.106
R(HCH) 114.3 111.7 115.9
æb 38.4 29.0 13.1
∆Ec 3.6 0.0 8.0
a1

ω1 CH str 2988 (0)d 2943 (29) 3023 (0)
ω2 CH2 def 1347 (7) 1360 (0) 1487 (20)
ω3 CC str 1045 (20) 970 (13) 1230 (42)
ω4 CH2 ωag 744 (3) 758 (1) 802 (2)
ω5 TiC str 513 (10) 511 (20) 339 (1)

a2
ω6 CH str 3057 (0) 2999 (0) 3092 (0)
ω7 CH2 rock 1121 (0) 1103 (0) 1163 (0)
ω8 CH2 tωist 460 (0) 428 (2) 790 (0)

b1
ω9 CH str 3068 (3) 3015 (8) 3113 (1)
ω10 CH2 rock 719 (0) 765 (1) 770 (2)
ω11 CH2 tilt 432 (0) 446 (17) 327 (5)

b2
ω12 CH str 2983 (2) 2936 (21) 3017 (3)
ω13 CH2 def 1329 (5) 1341 (3) 1383 (3)
ω14 CH2 ωag 850 (4) 886 (7) 730 (3)
ω15 TiC str 483 (23) 453 (1) 246 (0)

a Bond distance (R) in angstroms, angles (R) in degrees.b æ is the
angle between the C-C bond and the bisector of the HCH bond angle
(deviation from the planar C2H4 structure).cRelative energies (in kcal/
mol) relative to the triplet state.dHarmonic frequencies (in cm-1) and
IR intensities (in km/mol, in parentheses).

TABLE 3: Equilibrium Geometries and Predicted IR Spectra for Various Spin States of HTi (C2H3) (See Footnotes in Table 2)

singlet triplet

R(TiH) 1.751 1.772
R(TiC1)a 1.812 2.004
R(TiC2)a 1.997 2.354
R(CC) 1.525 1.357
R(CH1)a 1.108 1.105
R(CH2)a 1.119 1.107/1.133b

R(HCH) 111.8 110.2
R(CCH) 125.2 121.7
R(HTiC1) 102.8 129.3
R(HTiC2) 72.9 86.7
æ(HTiC1C2) 106.7 168.3

3056 (1) CH str 3080 (1) CH1 str
2931 (27) CH2 str (asym) 3045 (7) CH2 str
2880 (36) CH2 str (sym) 2763 (43) CH2 str (Ti)
1613 (339) TiH str 1586 (404) TiH str
1351 (1) CH2 bend 1560 (43) CH2 bend+ CC str
1004 (16) TiC1 str+ CC str 1358 (47) CC str+ CH2 bend
949 (29) CC str+ TiC1 str 1135 (25) CH & CH2 rock (iph)
921 (8) CH2 rock 909 (9) CC torsion
737 (33) CH wag 818 (30) CH & CH2rock (oph)
650 (87) CH2 wag 772 (40) CH & CH2 wag (iph)
511 (48) CC tilt 600 (26) TiC1 str
491 (98) TiC2 str 399 (35) CC tilt
451 (13) CH2 twist 357 (32) HTiC bend+ TiC2 str
395 (132) CH twist 276 (81) TiC2 str+ HTiC bend
329 (73) HTiC bend 69 (39) HTiC bend (oop)

aC1 an H1 refer to the carbon and hydrogen atoms of the CH group, while C2 and H2 are those of CH2. Bond distance (R) in angstroms, angles
(R, æ) in degrees.b The second value refers to the H2 atom, which weakly interacts with Ti.

Figure 6. Calculated structures and bond orders for the singlet and
triplet states of HTiC2H3 (see Table 3).

Figure 7. CalculatedC2V andCs structures for H2TiC2H2 (see Table 4
for parameters).
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while one of the TiC stretching vibrations, which is actually
coupled with a CCH deformation (seeω13 andω14) gives rise
to a medium intense absorption. A relatively intense band is
predicted to be at 720 cm-1 (ω5) and corresponds to a mixture
of TiH2 and CCH deformations.
We note that the B3LYP functional calculations yielded with

both type of basis sets (see section II) aC2V minimum for the
H2Ti(C2H2) molecule, but the low frequency obtained for the
TiH2 wagging mode (ω15 ) 104 cm-1) indicates again that the
wagging potential is rather flat. Appart from this, the computed
structural parameters did not vary much with the functional,
for instance, the TiC and TiH bond lengths were calculated to
be 1.989 and 1.743 Å, respectively. It should be mentioned
that Gaussian 94 calculations at the BP86 level resulted in a Cs

equilibrium geometry, similar to deMon calculations, showing
that the symmetry of the optimized structure does not depend
upon the technical aspects of the calculations, but rather on the
applied functional.

IV. Identification of the Reaction Products

In what follows now, we will try to identify the structure of
the observed species and propose vibrational assignments.
A. Species A: The H2Ti(C2H2) Molecule. The two 12C

species bands at 1610.6 and 1585.4 cm-1 have very little or no
13C/12C isotopic shifts (13C species counterparts appear at 1610.1
and 1585.4 cm-1), but are shifted significantly down to 1158
and 1152.1 cm-1, respectively, with deuterium substitution.
Moreover, as mentioned before, the characteristic titanium
isotopic structure can be observed for these bands (Figure 4)
when they are narrowed by a slight annealing.
With the CH2CD2 isotopic precursor, species A displayed two

new bands at 1597.3 and 1155.3 cm-1, which represent about
the average positions between the peaks at 1610.6 and 1585.4
cm-1 with C2H4, or at 1158 cm-1 and 1152.1 cm-1 with C2D4.
This demonstrates two facts: First, this molecule contains two

equivalent, vibrationally coupled Ti-H(D) bonds. Second, it
shows that the Ti atom abstracts one hydrogen (or deuterium)
from each carbon. Any other possibility would have yielded
more signals in each (TiH or TiD) region.
The 1464.8 cm-1 band has a large12C/13C shift of 50.8 cm-1,

which is only 15% smaller than the value of 59.8 cm-1

calculated for the12C/13C isotopic shift of a pure C-C stretching
motion at this frequency. The 1464.8 cm-1 band should thus
be assigned to a vibration involving mostly the C-C coordinate,
but mixing with some other vibrational components. Using
C2D4 precursor, this band shifts by 67.2 cm-1, and with CH2-
CD2 the shift is reduced to 29 cm-1, that is, about halfway
between the C2H4 and C2D4 values. This shows a notable, but
relatively small, contribution of hydrogen (or deuterium) motion
in the vibration. Note that the H/D effect on theν2 vibration
of free ethylene (having the most CdC stretching character) is
about 110 cm-1, about twice as large as the shift observed here.
This is consistent with a smaller number of hydrogens born on
each carbon. The single signal observed with the CH2CD2

precursor presents, however, a shift intermediate between the
C2H4 and C2D4 values, showing that the CdC bond still bears
one hydrogen and one deuterium in equivalent positions. The
perturbation of the CdC motion in comparison with free
ethylene is substantial, but notably less than in a classical
π-complex without hydrogen-shift (such as NiC2H4, PdC2H4).
All this shows that species A has a structure corresponding to
the H2Ti(C2H2) molecule with a tetracoordinated Ti atom having
displaced one hydrogen atom from each carbon of C2H4 (see
Figure 7). On the ground of the observed isotopic shifts and
the predicted harmonic frequencies, we can make preliminary
attributions for the other observed frequencies as follows.
The peak at 1000.4 cm-1, for which we get a large shift (128.2

cm-1) upon deuterium substitution, is the out-of-plane CCH
deformation mode. This band is predicted at 1015 cm-1, with
a C2H4/C2D4 isotopic shift very close to the observed value (128
vs 135 cm-1).
The absorptions at 765.4 and 687.8 cm-1, presenting very

small 12C/13C shifts (0.3 and 2.9 cm-1) can be assigned to the
symmetric TiH2 bending and CCH bending motions. The
calculated frequencies for these two modes are 751 and 720
cm-1 and their relative intensities match well the experimental
data. The observed C2D4 counterparts should then be the peaks
at 548.3 and 454.6 cm-1.
The weak band observed at 667.7 cm-1 can be identified as

the HCCH out-of-plane deformation, since the 598.1 cm-1 band,
with its relatively large12C/13C effect (12.3 cm-1), is likely to
be a TiC stretching mode. The corresponding DFT predictions
are 653 and 620 cm-1 with reasonable IR intensities and isotopic
shifts. For the latter mode, the normal coordinate analysis
reveals some contribution from the CCH deformation motion.
The low-frequency bands below 400 cm-1 have very small

12C/13C shifts and might be assigned to the vibrations of the
TiH2 group as the carbon atom takes little part in these motions.
On the basis of the calculated frequencies, we attribute the 399
and 277 cm-1 bands to TiH2 rock and TiH2 wag, but we recall
the uncertainty associated with the calculated values.
Table 5 presents the proposed assignments and a comparison

of the theoretical frequencies and isotopic shifts with the
experimental data. Experimentally, only relative intensities can
be estimated, and with a limited accuracy (about 5% for the
strong bands and more than 30% for the weaker and broader
signals), and only relative intensities are presented here. The
overall agreement between calculated and observed frequencies
and isotopic is quite convincing. The mean absolute deviation
of the calculated frequencies from experimental values is 26

TABLE 4: Equilibrium Geometries and Predicted IR
Spectra for theCs and C2W Structures of the Ground State of
H2Ti(C2H2) (See Footnotes in Table 2)

Cs C2V

R(TiC) 1.980/1.957a 1.981
R(TiH) 1.747 1.755
R(CC) 1.347 1.343
R(CH) 1.108/1.107 1.107
R(HCC) 131.5/135.6 133.4
R(HTiH) 122.4 125.4
æ 128.9 180.0
a1

ω1 CH str 3077 (0) 3077 (0)
ω2 TiH str 1647 (217) 1650 (291)
ω3 CC str+ CCH def 1448 (13) 1464 (9)
ω4 CCH def 751 (19) 747 (20)
ω5 TiH2 def+ CCH def 720 (112) 704 (96)

a2
ω6 TiC str 571 (11) 574 (3)
ω7 HCCH tors 895 (1) 882 (0)
ω8 TiH2 twist 285 (54) 320 (1)

b1
ω9 TiH str 1639 (416) 1634 (486)
ω10 HCCH tilt 653 (31) 614 (55)
ω11 HTiH def 429 (8) 324 (1)

b2
ω12 CH str 3041 (5) 3049 (2)
ω13 CCH def+ TiC str 1015 (74) 1017 (73)
ω14 TiC str+ CCH def wag 620 (78) 591 (l75)
ω15HTiH wag 248 (202) i 171

a The two values refer to the “right” and “left” side of the C2 structure
(see Figure 7). Bond distance (R) in angstroms, angles (R) in degrees.
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cm-1, which is remarkably small. The average error of the
B3LYP calculations is somewhat larger (58 cm-1), but it should
be noted that most of the error comes from the overestimation
of the two TiH stretching frequencies (ω2 and ω9) and the
discrepancy obtained for the TiH2 wagging mode (ω15).
Particularly meaningful is the correct reproduction of the

vibrations involving the C-C bond (around 1465 cm-1, thus
confirming a double bond character) and the TiH2 group (with
correct ordering, isotopic shifts and intensity ratios of the very
strong TiH stretching modesν2 and ν9). The assignment of
the 1611 cm-1 band asν2 is confirmed by the small12C/13C
isotopic shift due to small vibrational coupling with the close-
lying ν3 CdC stretching motion. The positions of the low-
frequency modes are quite adequately reproduced as well, even
though the relative intensities of the weaker bands are only
approximate. Noteworthy are first the relatively high positions
of the TiH2 bending mode (around 765 cm-1, as compared to
less than 500 cm-1 in the triatomic dihydride molecule or 637
and 547 cm-1 for the tetrahydride)6,7 and, second, the frequen-
cies of the motions involving mostly the Ti-C bonds around
600 cm-1. For this molecule, this translates into a Ti-C bond
force constant of the order of 2.9( 0.1 mdyn/Å, which is
noticeably larger than in Ti(CH3)4 (2.28 mdyn/Å).29

Regarding the structure of the H2Ti(C2H2) molecule, a
comparison with the highly strained, but room-temperature-
stable cyclopropene molecule can be made. Although the C-C
bond is about 0.04 Å shorter in C3H4

30 than in H2Ti(C2H2), the
CdC double bond character of the C2H2 unit in H2Ti(C2H2) is
evident from the calculated carbon-carbon bond orders: 1.75
and 1.85 in H2Ti(C2H2) and C3H4, respectively. Also, the
calculated Ti-C and Ti-H bond orders seem to indicate strong
Ti-C and Ti-H bonds. These bonds, however, are not purely
covalent as opposed to C-C and C-H in C3H4,31 because the
Ti atom in H2Ti(C2H2) possesses a notable amount of positive
charge (Q(Ti) ) +0.58 e, as obtained from Mulliken population
analysis). More than two-third of the corresponding negative
charge (-0.34 e) is distributed on the C2H2 unit, and the Ti-
coordinated H atoms are negatively charged as well. Both the
Ti-C and Ti-H bonds thus have some ionic character.
Some organometallic species also provide interesting refer-

ence points. If TiH46,7 or Ti(CH3)429 is generally assumed or
calculated to be tetrahedral, the structures of more closely related
organometallic molecules containing titanacyclopropenylium
three-membered rings such as Cp2Ti(C2X2)32-35 (with X )
C6H5, CH3) are not precisely known. Only for the diphenyl-

cyclopropenyliumtitanocene species a CdC distance around 1.3
Å could be ascertained.34

The calculated Ti-C distances are remarkably short (∼1.97
Å) compared to standard Ti-C distances in tetraaryl com-
pounds36 (2.13 Å). This is corroborated by the results of the
normal coordinate analysis based on the experimental data
showing here a Ti-C force constant of the order of 2.87 mdyne
Å-1.
In the various bicyclopentadienyl compounds where the

titanium is tetracoordinated, the metal is usually regarded as
occupying the vertex of a tetrahedron, although crystallographic
data show a significant amount of distortion (the “bond” angle
between the centroids of the cyclopentadienyl groups and the
metal atom are normally around 130°). The situation here is
obviously different, since the∠CTiC bond angle is very accute
(calculated around 40°), and it is the∠HTiH bond angle which
opens up above 120°, a value still significantly lower than the
valence bond angle calculated in TiH2 (140 to 142° in the 3B1

ground state).32,37

B. Species B: The HTi(C2H3) Molecule. Unlike for species
A, only one strong absorption was found in the TiH stretching
vibrational region for species B. This absorption lies substan-
tially lower in energy (1500 cm-1 with C2H4 precursor) than
the two TiH stretching modes in H2TiC2H2. Earlier studies have
shown that the Ti-H stretching frequency in TiHx molecules
increases following the number of titanium valence bonds. For
instance, in the TiH, TiH2, TiH3, TiH4 series, the average Ti-H
stretching frequencies are 1385, 1460, 1600, and 1660 cm-1,
respectively.6,7 For this reason, species B seems to contain one
Ti-H bond, born by a di- or trivalent Ti atom. The band
observed around 580 cm-1 (14.1 cm-1 12C/13C shift) is then a
good candidate for the Ti-C stretching vibration. This value
is also lower than the Ti-C stretching frequency in the H2-
TiC2H2molecule, where the Ti atom is tetravalent. Considering
the fact that species B can be converted to H2TiC2H2 (see section
III.A), its stochiometric formula should be HTiC2H3.
DFT calculations presented in section III.B predict two

different structures (i.e., the singlet state titanacyclopropene and
the triplet state vinyl titanium monohydride) for HTiC2H3,
having fairly similar stabilities. Assuming that the band
observed at 1569 cm-1 with the 13C2H4 precursor is due to a
CC stretching vibration, one could associate species B with the
vinyl hydride structure. The existence of low-frequency bands
around 200 cm-1 in the IR spectra is also more consistent with
the vinyl hydride structure, since no band is expected in this

TABLE 5: Experimental and Calculated Vibrational Frequencies and Isotopic Shifts (both in cm-1) for the H2Ti(C2H2)
Moleculea

H2Ti(C2H2) H2Ti(13C2H2) D2Ti(C2D2) HDTi(CHCD)

expt calc expt calc expt calc expt calc

ω1 3077 (0.00) 12 772 30
ω2 1611 (0.38) 1647 (0.52) 0.5 0.2 453 476 13 4
ω3 1465 (0.08) 1448 (0.03) 51 53 67 58 30 31
ω4 765 (0.06) 751 (0.05) 0.3 0.3 217 215 88 72
ω5 688 (0.21) 720 (0.27) 2.9 4.5 233 254 48 65
ω6 571 (0.03) 12 -79b 61
ω7 895 (0.00) 9.5 178 64
ω8 285 (0.13) 2.1 59 20
ω9 1585 (1.00) 1639 (1.00) 0.0 0.0 433 459 431 463
ω10 668 (0.07) 653 (0.07) 4.5 4.6 179 148 147 111
ω11 399 (0.17) 429 (0.02) 1.0 0.7 107 116 72
ω12 3041 (0.01) 9.3 804 758
ω13 1000 (0.05) 1015 (0.18) 23 19 128 135 43
ω14 598 (0.16) 620 (0.19) 12 12 91 114 26 44
ω15 277 (0.06) 248 (0.59) 0.2 0.5 75 64 58 52

aRelative IR intensities (in parentheses) are given with respect to the most intense absorption.b Inverse isotopic shift (frequency shifted to
higher frequency).
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region for the more compact ring structure. Moreover, the
predicted TiH stretching frequency (1613 cm-1) for the singlet
HTiC2H3molecule seems too high to correspond to the observed
1500 cm-1 value, while that of the triplet structure (1586 cm-1)
is closer.
From a comparison of experimental and theoretical IR data

(Tables 1 and 3), assignments for the remaining observed bands
are proposed. The two medium intense absorptions at 867.7
and 383.6 cm-1 with very small12C/13C shifts (0.8 and 1.5 cm-1)
and considerable H/D shifts (203 and 127 cm-1) can be
attributed to the out-of-phase CH/CH2 rocking and the TiCC
torsional vibrations. The bands observed at 309.6 and 217.0
cm-1 are most likely related to the HTiC and TiCC bending
motions, calculated to be highly coupled.
Table 6 summarizes the comparison of experimental and

theoretical data and the proposed assignments. It is apparent
that the match is less satisfactory here than for species A (the
average discrepancy between the calculated and experimental
frequencies is 46 cm-1 and the relative intensities are less
consistent), but the level of agreement is still reasonable to
associate species B with the vinyl hydride structure. There are,
however, a few observed features which cannot be explained
from our theoretical results. For instance, we were not able to
observe any C-H stretching band, although one is predicted to
be relatively intense. Similarly, some predicted bands with
appreciable intensities (1358, 1135, and 772 cm-1) were not
detected.
A possible explanation for these contradictory results is that

the HTi-(C2H3) interaction is not adequately described at the
present level of theory. The small Ti-C-C bond angle, i.e.,
the existence of the interaction between Ti and the CH2 group
appears to be rather peculiar in light of the MCPF results
reported for the second-row transition metal HM(C2H3) series,38

which showed that the M-C-C angle was always around 120°.
Although it has been pointed out that this bond angle is
somewhat smaller for early transition metal atoms, no direct
M‚‚‚(CH2) interaction has been observed for these molecules.
The reason for the small Ti-C-C bond angle (∠TiCC ) 87°)
in HTi(C2H3) is yet unclear, but it does not seem to come from
the approximation made for the functional and the basis set
expansion, since our B3LYP/6-311G** calculations gave very
similar structrure to that reported in Table 3. Another possible
source of the unusual discrepancies between theory and experi-
ment might be that the matrix effect for this species is so

important that it prevents the formation of weak Ti‚‚‚H and
Ti‚‚‚C interactions.

Concluding Remarks

The experimental material relative to the argon matrix co-
deposition of Ti atoms and ethylene molecule has demonstrated
the existence of two oxidative addition products: (i) an insertion
of a Ti atom into a C-H bond to form a vinyl titanium hydride,
and (ii) following hydrogen displacement, a metallic cyclic
dihydride species. The ground state, equilibrium structures and
vibrational frequencies of these species have been determined
by DFT calculations. The predicted properties for the H2Ti-
(C2H2) molecule is validated by the good agreement between
the experimental and theoretically predicted IR data. As for
HTi(C2H3), the agreement is less satisfactory and points to the
necessity of further work. Another unsolved problem of the
present study is the absence of the Ti(C2H4) species in the IR
spectra. As noted before, DFT predicts the3B1 state of Ti-
(C2H4) to be strongly bound with a stability comparable to those
of the other two species but, despite this, the Ti(C2H4) molecule
has not been observed in our experiments. A possible explana-
tion for this would be the weak IR intensities predicted for its
fundamental vibrations (see Table 2), but this does not seem
very convincing in light of other examples with comparable
values.39 Only small amount of hydride species were observed
after deposition, and the same species grew after excitation at
wavelengths corresponding to Ti atomic transitions. This would
indicate that the metal atom had not yet reacted, unless TiC2H4

(i) had gone undetected in our experiment and (ii) would also
have an electronic transition in the vicinity of the Ti atomic
transition. This cannot be excluded, especially considering that
both hydride products have low-lying excited states, some of
which are 2-3 eV above the ground states and are responsible
for the mono- to dihydride conversion. Clearly, further
experimental and theoretical works is required.
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