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Abstract

Photofragment spectroscopy is used to measure the vibrational spectra of M (CH,)(Ar)

and M (CH,), (M=Ti,V; n=1-4) in the C—H stretching region (2550-3100 cm™!).
Spectra were measured by monitoring loss of Ar from M (CH,)(Ar) and loss of CH,
from the larger clusters. The experimental spectra are then compared to simulations
done at the B3LYP/6-311++G(3df,3pd) level of theory to identify the structures of
the ions. The spectra all have a peak near 2800 cm~! due to the symmetric C—H
stretch of the hydrogens adjacent to the metal. Some complexes also have a smaller
peak due to the corresponding antisymmetric stretch. Most complexes also have a
peak near 3000 cm~! due to the C—H stretch of hydrogens pointing away from the
metal. The symmetric proximate C—H stretches of M (CH,)(Ar) to M+ (CH,), are
red shifted from the symmetric stretch in bare CH, by 149, 152, 128, and 107 cm ™!
for the titanium complexes and 164, 175, 158, and 146 cm™! for the vanadium com-
plexes. In M (CH,)(Ar) (M=Ti,V), the heavy atoms are collinear. Ti"(CH,)(Ar)
has 1® methane hydrogen coordination (/M—C—H=180°), while V*(CH,)(Ar) has n?
(/M—C—H=124°). The n=2 complexes have C—M—C linear. Ti*(CH,), has Cqj, sym-
metry with n* CH, while V*(CH,), has methane coordination intermediate between 7>
and 7% (/M—C—H=156°). Both the M*(CH,); (M=Ti,V) complexes have Cy, symme-
try with one methane farther away from the metal in an 1? binding orientation and two
methanes close to the metal with a nearly 12 methane for vanadium and coordination
between 72 and 13 CH, for titanium (/M—C—H=150°). In Ti*(CH,), and V*(CH,),
all of the methanes have n? coordination. The titanium complex has a distorted square
planar geometry with two different Ti-C bond lengths and the vanadium complex is

square planar.



1 Introduction

Methane, from natural gas, is widely used for electricity generation and heating. However,
because it is a permanent gas, its use as a transportation fuel is limited.” Industrially,
methane can be converted to liquid hydrocarbons by steam reforming to produce synthesis
gas, followed by Fischer-Tropsch synthesis.® However, this indirect process is highly energy
intensive. As a result, an alternative, direct process to convert methane to a liquid fuel has
long been a goal of catalysis.“4

Activation of methane by gas-phase metal ions M™ + CH, — MCH," + H, is exothermic
and occurs under thermal conditions for several of the 5d transition metals, M=Ta, W, Os,
Ir, Pt, while it is endothermic for the 3d and 4d metals (although it is nearly thermoneutral
for Zr and Nb).”" Gas-phase metal cations are thus an excellent system in which to study
methane activation as they exhibit the desired reactivity; they have been studied in detail

16709 and references therein).

by experiment and theory (see refs.

Several groups have studied the reactions of Ti* and V' with methane. In single-collision,
guided ion beam studies, Armentrout and coworkers determined that dehydrogenation of
methane by Ti" and V' is endothermic by ~70 kJ/mol and ~125 kJ/mol, respectively.?0"l
By measuring the reactions with different source conditions, they were able to estimate the
reactivities of specific electronic states. They concluded that electronically excited, low-spin
Tit and V' react readily with methane. A recent paper by Ng et al. studied reactions
of electronic and spin-orbit state selected V*. They determined the triplet V*(aF;) ion
has an order of magnitude higher reactivity with methane than the quintet (a’D;) and
(a®F ;) states, indicating that the lowest energy pathway is on the triplet surface and that
quintet-to-triplet spin crossing is inefficient.*

At room temperature, under multiple-collision conditions in 0.75 Torr of helium buffer
gas, Tonkyn et al. noted that Ti" forms adducts with up to five CH,. No dehydrogenation

reactions were observed.”® This was confirmed in later work by Shayesteh et al., who only

observed M (CH,), , adduct formation in thermal reactions of Ti* and V' with methane in



0.35 Torr helium."™ van Koppen et al. reacted Ti" with 2.2 Torr of methane and observed
production of Ti"(CH,), (n=1-5). Above ~500 K they also observe dehydrogenation of
clusters with n=3, indicating the onset of C—H bond activation.?*25

The intermediates and products of the reactions of neutral titanium and vanadium atoms
with methane have been studied using IR spectroscopy, in a cryogenic matrix. Bihlmeier
et al® found that upon photo-excitation, Ti inserts into the C—H bond, forming H-Ti-
CH,. Andrews et al. studied matrix infrared spectra of reaction products of Ti and V with
CH,. With titanium, they also observe the insertion product H-Ti-CH,, which then goes
on to form CH,=TiH,. It can react with a second methane to produce (CH;),TiH,.“" For
vanadium, only the monohydrido methyl complex, H-V-CHj, is formed.*

In investigating M (CH,), complexes, two key questions are:

What is the structure of the complex?

To what extent does the interaction with the metal weaken the C—H bonds in methane?
Vibrational spectroscopy, particularly in the C—H stretching region, is an excellent tool to
address these questions. Vibrational spectroscopy has been used to study Li*(CH,)Ar, s
Lit(CH,) 0,2 A1 (CH,),6,%Y Mn T (CH,), 4,22 Zr" (CH,),_,,%? and the late transition metals

e (CHy)1q,™ Co™(CHy)1g, ™ NiT(CHy )y, ™ Cu™ (CHy) 16,°% Ag™ (CHy) 16," Pt (CHy )1y,
and Au™(CH,), ¢.%® Electronic spectroscopy has been used to study Mgt (CH,),%? Ca*(CH,),%0

), H and Zn"(CH,),*? primarily characterizing the metal-methane stretches and
bends in excited electronic states.

Previous spectroscopy of MT(CH,), has focused on the late transition metals. The early
transition metal cations provide an interesting contrast, as they have low-lying d” and d"~!s
electronic states with the same spin multiplicity, leading to facile s-d hybridization. In this
study, we report vibrational spectra of Ti*(CH,)(Ar), Ti*(CH,), (n=2-4), V*(CH,)(Ar),
and V*(CH,), (n=2-4) complexes measured via photofragment spectroscopy. The experi-

mental results are compared with simulations to determine the geometry of the molecules.



2 Methods

The molecules are produced in a laser ablation source and their spectra are measured
on a home-built dual time-of-flight reflectron mass spectrometer*® coupled to an IR laser
system. The M™(CH,)(Ar) and M™(CH,),_, (M=Ti,V) complexes are produced by ablating
a metal rod that is continuously translating and rotating using the second harmonic (532
nm) of a Nd:YAG laser operating at 7 mJ/pulse with a repetition rate of 20 Hz. Just before
the laser fires, a pulse of gas is introduced through a valve (General Valve, Series 9). The
ions then travel through a 11 mm long, 2.5 mm ID tube after laser ablation. A longer tube
(42 mm) was used to take the spectra of V*(CH,), and is described in detail elsewhere.?

For Ti*(CH,), (n=2-4), the gas mixture is 5% CH, in He at a backing pressure of 80-100
psi. Ti"(CH,)(Ar) is made with 0.25% CH, and 10% Ar in He at 80 psi. The gas mix is
0.6% CH, and 20% Ar in He at 90 psi for V*(CH,)(Ar), 10% CH, in He at 70 and 30 psi,
respectively, for V' (CH,), (n=2, 3), and 100% He at 30 psi in the primary valve and 100%
CH, at 15 psi in the secondary valve for V*¥(CH,),.?

Ions then expand into vacuum and cool, creating a molecular beam whose rotational tem-
perature is ~15 K.** The ion beam is skimmed, extracted into the time-of-flight mass spec-
trometer, accelerated, and re-referenced to ground potential. The ions are then mass selected
and, at the turning point of the reflectron, irradiated by a Nd:YAG-pumped OPO/OPA IR
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laser system (LaserVision). The laser produces 7-9 mJ/pulse near 3000 cm™', with a line

width of 1.8 ecm™!; its wavelength is calibrated using the absorption spectrum of methane.“?
The dissociation yield is increased by multipassing the laser beam about 21 times through
the ion cloud using two curved mirrors.#°

The parent and photofragment ions separate in the second time-of-flight stage and are
collected on a 40 mm dual microchannel plate detector, allowing their masses to be de-
termined from their flight times. The resulting ion signals are amplified and collected on a

gated integrator and a LabView based program is used to record the data. The photodissoci-

ation spectrum is obtained by normalizing the fragment signal to the parent signal and laser



power as a function of wavelength. The observed fragments correspond to loss of Ar from
M*(CH,)(Ar) (M=Ti,V) and one or more intact CH, from M*(CH,), (M=Ti,V; n=2-4).
Calculations are carried out with the Gaussian09 program package.*” Optimized geome-
tries of the ions are calculated using the B3LYP and M11L“*® density functionals and the
6-3114++4G(3df,3pd) basis set. Vibrational frequencies are scaled by 0.964 (B3LYP) and
0.972 (M11L) based on the ratio of the experimental and computed values of the symmetric
and antisymmetric C—H stretching frequencies of CH,. All reported energies include un-
scaled zero-point energies. Simulated spectra are calculated by convoluting the calculated

stick spectrum with a Gaussian with 20 cm™! FWHM.

3 Results & Discussion

Photofragment spectroscopy is used to measure the spectra of the entrance channel com-
plexes M*(CH,)(Ar) and M*(CH,), (M=Ti,V; n=2-4) in the C—H stretching region 2550-
3100 ecm™!. Argon tagging is used for the smallest complexes because the CH, binding energy
exceeds the photon energy and infrared multiple-photon dissociation (IRMPD) is inefficient
for ions this small.®?

The C—H stretching frequencies and intensities depend on how many hydrogens coordi-
nate to the metal. For cations, the two limiting cases are n? hydrogen coordination, which
corresponds to Cy, symmetry in an M*(CH,) complex, and 1® hydrogen coordination, which
has (s, symmetry. Because the coordination can be between n? and 7?3, it is useful to spec-
ify the angle between the metal, carbon, and the hydrogen farthest from the metal. Then,
/M—C—H~124° for n? coordination and 180° for 73 coordination. The spectra, structures,

and corresponding simulations of the Ti*(CH,), complexes will be discussed in Section ,
followed by the V*(CH,), complexes in Section [3.3]
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Figure 1: High-spin (red) and low-spin (black) potential energy surfaces for the reaction of
Ti* and V' with CH, at the BSLYP/6-3114++G(3df,3pd) level of theory. Only the lowest

energy geometries are shown, the rest can be found in Tables S2 and S3.

Table 1: MT—L (M=Ti,V) and Methane Bond Dissociation Energies, in kJ/mol,

to ground state products

Species S¢ B3LYP’" MI11L* Experiment
Ti" splitting® 52.0 65.9 54.5
Tit—H 3 231.3  209.8  223%114™
Tit—H, 4 41.1 28.6 3142°
Ti"—CH 1 414.4  393.3  478£5Mem
Tit—CH, 2 336.4 3404  38049/m
Tit—CH,4 3 228.4 2205  214+39™
V7 splitting® 89.3 29.5 104.0
V—H 2 124.8  151.0  19545hm
V*t—H, 5 47.6 33.5 43421
Vt—CH 2 391.3 4315  470£50Fm
V*t—CH, 3 300.2  350.1  328+£7hm™
V*t—CH, 2 1255  177.2  20049H™
CH,—H 1 4252 433.3 432.46+0.03
CH,—H, 1 450.6  454.0 457.62+0.10

“Multiplicity Calculations use the 6-311++G(3df,3pd) basis set, are at zero Kelvin and
include zero point energy “Splittings are the energy of the lowest low-spin excited state
relative to the high-spin ground state. Experimental splittings are the spin-orbit weighted
average. “Ref.# ¢Ref.5Y /Ref 2l 9Ref 52 hRef 22 iRef 53 IRef. 54 FRef 21 IRef 5 MR ef 56



3.1 PES

Figure [1| shows the potential energy surfaces for the reactions of Ti* and V* with CH,.
In each case, the ground state of the reactants and the M (CH,) entrance channel complex
is high spin. There is a substantial barrier to C—H bond activation and formation of a
[H—M—CH,;]" insertion intermediate. In the lowest energy pathway this transition state
and all subsequent intermediates and products are lower spin than the reactants. There is
an additional intermediate, the (Hy)MCH," exit channel complex, which can then dissociate
to form the MCH," + H, products. The overall dehydrogenation reaction is significantly
endothermic. These potential energy surfaces are similar to those calculated by Russo and
Sicilia® and are consistent with the measured thermochemistry shown in Table [I Under
our experimental conditions, we only expect to make the high spin M*(CH,) (M=Ti,V)

entrance channel complexes.

3.2 Tit(CH,),

The experimental spectra of Ti*(CH,)(Ar) and Ti*(CH,), (n=2-4) in Figure [2| show
peaks to the red of the symmetric C—H stretch in bare CH, (2917 cm™!) and a peak around
3000 cm™!, near the position of the CH, antisymmetric stretch (3019 cm™!). The intensity
of the peak around 3000 cm~* decreases as more CH, molecules are added to the metal, and
completely disappears for n=4. This suggests the methane binding to the metal changes its

orientation as more methanes are added.

3.2.1 Tit(CH,)(Ar)

Ti*(CH,) has a calculated binding energy of 5732 cm™" (Table[2) so it requires more than
one photon to dissociate. Infrared multiple-photon dissociation is inefficient for molecules

this small, but a spectrum was obtained despite the low dissociation yield. The spectrum

1 1

(Figure S1) shows a weak peak at 2768 cm™' and a more intense peak at 3014 cm™'. In

Ti*(CH,)(Ar) the Ar tag has a calculated binding energy of 2524 cm™!. Its spectrum (Figure

8
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Figure 2: Vibrational spectra of Ti*(CH,)(Ar) and Ti*(CH,), n=2-4 in the C—H stretching
region 2550-3100 cm™!. The symmetric (1) and antisymmetric (v3) stretches in bare CH,
are shown by the dotted vertical lines. The y-axis shows the normalized photofragment yield.

Table 2: Experimental and calculated binding energies of Tit(CH,)(Ar) and

Tit(CH,), n=1-4°

Species cm~' kJ/mol exp (kJ/mol)
Tit—CH, 5732 68.6  70.3+2.5°
TitCH,—Ar 2524 30.2

Ti"CH,—CH, 4832 57.8  T72.842.5°
Tit(CH,),—CH, 1174 14.0  27.6+6.3
Ti*(CH,),—CH, 1649 19.7  41.0+3.3°

“Calculations are at zero Kelvin at the B3LYP/6-311++G(3df,3pd) level of theory. *Ref.?
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Figure 3: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of Ti" (CH,)(Ar) at the BSLYP/6-311++G(3df,3pd) level of theory.

has better signal to noise and is very similar to that of the untagged molecule, with a
medium-intensity peak at 2770 cm~! and a more intense peak at 3020 cm ™!,

In their study of the binding energies of Ti*(CH,), (n=1-5) van Koppen et al.?” calculated
structures for n=1-3 with the B3LYP functional and Hay/Wadt basis on Ti and 6-31G(d,p)
on C and H. Our calculations, which use the same functional and a larger basis set, give
very similar results. The Ti*(CH,) molecule is calculated to have n* methane hydrogen
coordination and rp;_¢=2.351 A. The calculated Ti"™-CH, binding energy of 68.6 kJ/mol is
in excellent agreement with the measured®” value of 70.3+2.5 kJ/mol. For Ti*(CH,)(Ar),
the calculations predict the Ar—Ti—C atoms are collinear and the CH, retains 7 hydrogen
coordination. The computed Ti—C bond length is 2.367 A, which is only 0.016 A longer
than in the untagged complex. The calculations predict similar peak positions (<4 cm™!
shifts) for the C—H stretches of the untagged and tagged complexes, confirming that the Ar
only has a small effect on the spectrum. The ground state of Ti" is a quartet, and it remains
so with the addition of Ar and at least four CH,.

The simulated spectrum has two almost equally intense peaks at 2789 and 3029 cm™!
and a very weak peak at 2899 cm~!. The peak at 2789 cm ™! corresponds to the symmetric
proximate C—H stretch, while the peak at 3029 cm™! corresponds to the free distal C—H
stretch. The peak at 2899 cm ™! is the doubly degenerate antisymmetric C—H stretch and is

not seen in the experimental spectrum. The experimental peaks (2770 and 3020 cm™!) are

10



sharp and slightly more red shifted than predicted.

3.2.2 Tit(CH,),

2600 2700 2800 2900 3000 3100
Wavenumber (cm ')

Figure 4: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of Ti*(CH,), at the B3LYP/6-311++G(3df,3pd) level of theory.

Although the second CH, is predicted to be bound by 4832 cm™!, Ti*(CH,), photodis-
sociates readily. The experimental spectrum, shown in Figure 4} has two intense peaks, at
2765 and 3034 cm~!. The moderate photodissociation yield we observe is consistent with
absorption of two photons being required for photodissociation, in agreement with the cal-
culated binding energy. However, the experimental binding energy“® of 6090 + 210 cm ™! is
likely slightly high, as it would require absorption of three photons, which would lead to less
dissociation than is observed. The calculations predict the C—Ti—C atoms are collinear and
the Ti—C bond lengths are 2.373 A. The molecule has Cyj, symmetry - the methanes have 7°
hydrogen coordination and the hydrogens on the two methanes are staggered by 60°. This
is in agreement with the results of van Koppen et al.*® The simulated spectrum consists of
two intense peaks at 2791 and 3032 cm™~! which are due to the symmetric proximate C—H
stretch and the free distal C—H stretch, respectively. There is a weak peak at 2901 cm ™!
which corresponds to two antisymmetric C—H stretches and is not seen in the experimental
spectrum. There is, however, some dissociation in this region so the baseline is not zero. The

predicted position of the symmetric stretch peak is 26 cm™! too high, while the simulation

captures the position of the free C—H stretch well.
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3.2.3 Ti"(CH,),
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Figure 5: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of Ti*(CH,), at the B3LYP/6-311++G(3df,3pd) level of theory.

The calculations predict that the third CH, is bound to the metal by only 1174 ¢cm™!
which is much weaker than the first two ligands; experiments by van Koppen et al.?” give a
slightly higher value, 2300 4+ 500 cm™'. The experimental spectrum of Ti*(CH,), (Figure
5) consists of an intense and fairly broad peak at 2789 cm™! and a much smaller, narrower
peak at 3010 cm~!.

The calculated structure of Ti*(CH,); has near Cy, symmetry, with two methanes close
to the metal, with rp;_=2.483 A and /C—Ti—C=160°. The third methane is much further
from the metal, with ry;_c=2.733 A28 The first two methanes have hydrogen coordination
intermediate between 1? and n? (/Ti—C—H=150°), while the third has n* coordination. The
simulated spectrum (Figure has an intense peak at 2768 cm™! due to the symmetric
proximate C—H stretches of the two closer methanes; the corresponding peak for the more
distant methane is at 2824 cm~!. The analogous antisymmetric C—H stretch peaks are at
2861 cm™! (close CH,) and 2890 cm™! (distant CH,). The distal C—H stretches give rise to
the small peaks at 2991 and 3036 cm™!. The experimental spectrum does not show separate
peaks for the two types of methanes. Rather, it consists of an intense, broad peak in the
region of the symmetric proximate C—H stretches and a narrower peak in the region of the

distal C—H stretches. The observed spectrum is consistent with a dynamic structure, with
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the three methanes inter-converting rapidly over a small barrier. This is very similar to what

was observed for Zr"(CH,),.%3

3.2.4 Tit(CH,),

0.0 ! ! ! I ! 1
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Figure 6: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of Ti*(CH,), at the B3LYP/6-311++G(3df,3pd) level of theory.

The fourth CH, is calculated to be bound by 1649 cm™!, which is slightly stronger than
the third. This is supported by the experiments of van Koppen et al.*® (Table[2)). This trend
has also been observed for Zr" (CH,), complexes.®¥ The experimental spectrum of Ti* (CH,),
(Figure @ consists of a broad, intense peak at 2810 cm~!. The lowest energy isomer has a
distorted square planar structure in which two Ti—C bond lengths are 2.562 A and two are
2.725 A. All four CH, are in an n? orientation, which explains the absence of a peak around
3000 cm~t. The square planar geometry is only 145 cm™" higher in energy with ry;_c=2.690
A and n?> CH,, but it is not a local minimum. The simulated spectrum predicts peaks due
to the proximate symmetric C—H stretches of the nearby and more distant methanes at
2772 and 2821 cm™! respectively. The analogous proximate antisymmetric C—H stretches
are at 2871 and 2899 cm™!. Again, the observed spectrum, which consists of a single, broad
peak, is consistent with a dynamic structure, with the nearby and more distant methanes

exchanging position rapidly over a low barrier.
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3.2.5 Tit(CH,), vs. Zrt(CH,),

The experimental spectra of the entrance channel complexes for reaction of TiT and
isoelectronic Zr* with methane are shown side by side in Figure S2. The Ti"(CH,)(Ar) and
Ti*(CH,), spectra have similar peak positions to those of Zr*(CH,)(Ar) and Zr*(CH,),.%3
Despite having similar binding energies, the spectra of the Zr™ complexes are much broader
and noisier than those of the Ti™ species. The peak positions for the symmetric C—H stretch
for these two sets of molecules are within 15 cm™! of each other. Although the spectra of
M™*(CH,), are similar, the C—H symmetric stretch in Zr"(CH,), is red shifted 42 cm™!
more than in Ti*(CH,);. The spectra of the M"(CH,), are also similar, and neither has a
peak near 3000 cm™!, indicating that the CH, all bind in an n* orientation. However, the
Ti*(CH,), spectrum has one broad peak, while the peak in the Zr*(CH,), spectrum is a
doublet, with resolved contributions from the symmetric and antisymmetric proximate C—H
stretches. The Zr*(CH,), and Ti*(CH,), symmetric stretch peaks are within 15 cm~! of
each other.

The symmetric C—H stretches of Ti*(CH,)(Ar) to Ti"(CH,), are red shifted 149, 152,
128, and 107 cm™! from the symmetric stretch in bare CH,. Generally, these shifts decrease
with increasing CH, around the metal, however, this is not the case with Zr*. The symmetric
C—H stretches of Zr*(CH,)(Ar) to Zr"(CH,), are red shifted 134, 147, 170, and 122 cm ™,
respectively.

The entrance channel complexes M (CH,), for M=Ti and Zr have very similar geome-
tries. The M*(CH,)(Ar) and M*(CH,), complexes have 1* methane coordination and the
heavy atoms are collinear. In both of the n=2 complexes the CH, molecules are staggered by
60°. The calculated structures of the n=3 complexes are similar. In each case, there are two
CH, with relatively short rp;_¢ and hydrogen coordination between n? and n®. The third
CH, has significantly longer ry;_¢ and 1* coordination. In each case, the spectrum is consis-
tent with a structure in which the methanes interconvert rapidly. For both metals, the n=4

complexes have a distorted square planar structure, with two different M—C bond lengths
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and n? methane coordination. The presence of two peaks in the proximate C—H stretching
region for Zr"(CH,), and one for Ti"(CH,), suggests that the methanes interconvert more
slowly in the Zr" complex.

In their study of the reactions of Tit with CH,, van Koppen et al.?® observe C—H bond
activation and loss of H, following addition of the third methane, but only at temperatures
>500 K. They propose that this reaction is due to sequential addition of methanes to Tit,
with incomplete cooling, so that the addition of the third methane results in a Ti*(CH,),
complex which has sufficient internal energy to overcome the barrier to C—H bond activation.
Our results are consistent with this suggestion. We do not observe dehydrogenation from the
sequential reactions of Tit with methane, even if the reactions are carried out under “hot”
conditions (high ablation laser fluence and low backing pressure). However, the reactions in
our ion source are taking place at pressures ~100x higher than those used in the van Koppen
study and with methane diluted in helium, so methane adducts are quickly cooled. Previous

TI214 and we do

studies have shown that Zr" is more reactive with hydrocarbons than Ti
observe dehydrogenation products when Zr" sequentially reacts with three or four CH,."
Vibrational spectroscopy of [Zr,C,,H, |T (n=1,2) shows that C—H bond activation occurs,

forming (H,)ZrCH,*(CH,), , exit channel complexes, in addition to Zr*(CH,), entrance

n

channel complexes.”?

3.3 VT (CH,),

The experimental spectra of V(CH,)(Ar) and V*(CH,), (n=2-4) in Figure [f]show peaks
to the red of the symmetric and antisymmetric C—H stretches in bare CH, (2917 and 3019

cm™!) and a peak around 3000 cm™! for n=1-2 which then disappears for n=3-4.

3.3.1 VT(CH,)(Ar)

No photodissociation is observed for V*(CH,), which has a measured® binding energy of

5250 + 300 cm ™!, and a calculated binding energy of 5405 cm™! (Table[3)), so an Ar tag was
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Figure 7: Vibrational spectra of V*(CH,)(Ar) and V*(CH,), n=2-4 in the C—H stretching

region 2550-3100 cm™!. The symmetric (v;) and antisymmetric (v3) stretches in bare CH,
are shown by the dotted vertical lines. The y-axis shows the normalized photofragment yield.

Table 3: Experimental and calculated binding energies of V*(CH,)(Ar) and
V*(CH,), n=1-4¢

Species em™t kJ/mol exp (kJ/mol)
V*—CH, 5405 64.7 62.8+3.6°
V*+CH, —Ar 2790 334

V*+CH,—CH, 4979 59.6
V*(CH,),—CH, 2693 32.2
V*(CH,),—CH, 2606 31.2

“Calculations are at zero Kelvin at the B3LYP/6-311++G(3df,3pd) level of theory. *Ref.*:
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Figure 8: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of V*(CH,)(Ar) at the B3LYP/6-311++G(3df,3pd) level of theory.

used to take the spectrum in Figure . The ground state of V* is a quintet and it remains
a quintet with the addition of Ar and at least four CH,. The calculations for V*(CH,)(Ar)
predict the Ar—V—C atoms are collinear and the CH, has n* hydrogen coordination. The
predicted V—C bond length is 2.495 A, which is 0.017 A longer than in the untagged complex.
The untagged and tagged simulated spectra are very similar, so the Ar has a minimal effect
on the spectrum.

The experimental spectrum has a broad peak at 2753 cm ™! and a less intense peak at 3013
cm~!. The simulated spectrum has two peaks at 2766 and 2849 cm ™! which correspond to the
proximate symmetric and the antisymmetric C—H stretches. There are two weak peaks at
2998 and 3057 cm ™!, due to the distal symmetric and antisymmetric stretches. The spectrum
is very similar to those measured by Xu et al. for V;0,,7(CH,) and V;0,;7(CH,), which
have peaks at ~2770 cm~! and ~2990 cm~! and in which the methane is also predicted to

bind to vanadium with 7? hydrogen coordination.”®

3.3.2 VT(CH,),

The spectrum of V(CH,), (Figure[9) is obtained by IRMPD because the second methane

is bound by 4979 cm~!. The experimental spectrum has an intense peak at 2742 cm ™! with

1 1

a shoulder near 2830 cm™" and a sharp peak at 3016 cmm™". The calculation predicts that

the C—V—C atoms are collinear with ry_¢=2.370 A. The methane hydrogen coordination is
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Figure 9: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of V*(CH,), at the B3LYP/6-311++G(3df,3pd) level of theory.

between n? and n?, with /H—C—V=156°. The simulated spectrum predicts two peaks at 2756
and 2843 cm~! due to the proximate symmetric and antisymmetric C—H stretches and two
weaker peaks at 2991 and 3037 cm ™! from the distal symmetric and antisymmetric stretches.
The experimental symmetric stretch peak is slightly more red shifted than predicted (~14
cm™!) and the tailing is likely due to the antisymmetric stretch. The simulation does not
provide a good match to the single, rather intense experimental peak at 3016 cm™!. This is
likely because the simulated spectrum is only calculated at the minimum energy geometry.
Because the methane coordination is roughly halfway between n? and 73, the n* and n®
configurations are at quite low energy and it is likely that both are sampled experimentally.
Figure S4 shows spectra with the molecule constrained to n? and n® methane hydrogen

1

coordination, which are at a relative energy of 406 and 234 cm™", respectively. Configurations

1

for n? are predicted to yield a weak doublet near 3000 cm™!, while those for 73 produce an

1

intense peak near 3030 cm™!, so dynamical configurations near n* coordination contribute

more strongly to this region of the spectrum.

3.3.3 VT(CH,),

The experimental spectrum of V*(CH,);, shown in Figure , has two peaks at 2759
and 2822 cm™! on top of a monotonically increasing non-resonant dissociation signal. The

third methane is calculated to bind by 2693 cm™!, which is much smaller than the first two
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Figure 10: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of V*(CH,); at the B3LYP/6-311++G(3df,3pd) level of theory.

methanes. The simulation predicts a trigonal planar geometry with C,, symmetry and two
nearly 7? (/H—C—V=135% ry_c= 2.533 A) and one n? methane (/H—C—V=125° ry_c=
2.555 A). The simulation predicts two intense peaks, at 2787 and 2873 cm™'; the former peak
encompasses three nearly degenerate vibrations of the proximate C—H symmetric stretch
and the latter peak is the corresponding antisymmetric stretches. The calculations predict a
smaller red shift than is observed, by 28 and 51 cm™!, respectively. The lack of observed peaks
near 3000 cm™~! is consistent with n? hydrogen coordination. The non-resonant dissociation

is likely due to a transition to a low-lying excited electronic state.

3.3.4 VT(CH,),

"7 Ve, & Be

[
0.5 "f '?‘
0.0 -

I I I | | 1
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-1
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Figure 11: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
the optimized geometry of V*(CH,), at the B3LYP/6-311++G(3df,3pd) level of theory.
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The V*(CH,), experimental and simulated spectra are similar to those of V*(CH,),.
The experimental spectrum (Figure has two peaks at 2771 and 2845 cm~!. The fourth
methane is bound by 2606 cm™!, similar to the binding strength of the third methane and
much less than the first two. The calculations predict a square planar geometry with Dy,
symmetry, n? hydrogen coordination, and ry_c= 2.580 A. Again, the calculation under-
predicts the red shift in the proximate symmetric and antisymmetric C—H stretches, with
calculated peaks at 2801 and 2889 cm ™!

The symmetric C—H stretches of V*(CH,)(Ar) to VT(CH,), are red shifted 164, 175,
158, and 146 cm ™!, respectively, from the stretch in bare CH,. Compared to other metal
cation-methane complexes, V¥(CH,),., are unusual in that the red shift barely changes as

more methanes are added.

3.3.,5 Tit(CH,), vs. VI (CH,),

The experimental spectra of the entrance channel complexes for M (CH,)(Ar) and M*(CH,),,
(M=T1i,V; n=2-4) are shown together in Figure S5. The symmetric C—H stretches of
M*(CH,)(Ar) to M*(CH,), are red shifted from the symmetric stretch in bare CH, by
149, 152, 128, and 107 cm ™! for titanium and 164, 175, 158, 146 cm™! for vanadium. In each
case, the symmetric stretch peak for the vanadium complex is red shifted more than for the
titanium complex. The antisymmetric proximate C—H stretch peak is not clearly observed
for titanium, but is for V*(CH,), (n=3-4). The distal C—H stretch peak near 3020 cm™" is
present for n=1-2 for both metals and for n=3 for titanium. Neither n=4 complex has this
peak, which suggests they have n? methane orientation.

The differences and similarities in the structures of the titanium and vanadium com-
plexes reflect the singly-occupied molecular orbitals (SOMOs) (Figures S6 and S7). The
equilibrium geometries minimize repulsive overlap between the SOMOs and the methane
ligands. The ground state of Ti" is quartet 3d? 4s, with quartet 3d® at 10.3 kJ/mol (spin-

orbit weighted average). The ground state of V' is quintet 3d* with quintet 3d® 4s at 32.5
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kJ/mol. Complexes with methane lead to varying amounts of 3d-4s hybridization. Nat-
ural bond order®™ (NBO) calculations indicate 4s occupancy of 0.37 e~ for Ti"(CH,) and
Ti*(CH,),, dropping to ~0.25 e~ for the larger clusters. There is slightly less 4s character
for the vanadium complexes, ranging from 0.25 e~ for V*(CH,) to 0.18 e~ for V*(CH,),,
(Table S1). Ti*(CH,), Ti*(CH,)(Ar), and Ti*(CH,), all have n* methane hydrogen coor-
dination. In each case, the SOMOs are a degenerate pair based on d orbitals, and a 3d,2/4s
hybrid (the orbitals and axis system for each molecule are shown in Figures S6 and S7. In
contrast, V¥(CH,) and V*(CH,)(Ar) have n? coordination. The three lowest-lying SOMOs
are dgy, dy, and d,, and the fourth orbital is a 3d,2/3d,2_,2/4s hybrid. In V*(CH,) the d,.
orbital points towards the proximate hydrogens. This interaction would become even more
repulsive with the addition of the second methane. As a result, this orbital becomes the
LUMO of V*(CH,),. The methanes are bent away from each other, leading to coordination
intermediate between n? and n3. The observation of a peak near 3020 cm™! for V*(CH,),,
is somewhat surprising, as this is typically not observed for n? coordination. It is likely due
to dynamical inter-conversion between n? and n?.

The geometries of the n=3 complexes are quite similar. Both have one 7? methane farther
from the metal and two methanes closer to the metal. For vanadium, these methanes are
almost n? (/M—C—H=135°) and for titanium, they are between n* and n* (/\M—C—H=150°).
The SOMOs for these molecules are also similar. In Ti*(CH,); the d,,, d,, and 3d.2/4s
hybrid are singly occupied. In V*(CH,),, the d,., is also occupied.

The n=4 complexes are also very similar in geometry. V¥ (CH,), is square planar, with
four equal V-C bond lengths while Ti*(CH,), is distorted square planar, with two different
Ti-C bond lengths. They both have n? methane coordination. The SOMOs in V(CH,), are
very similar to those in V*(CH,),, while in Ti"(CH,), the d, is singly occupied, rather than
the d,,. The d,, and 3d,2/4s orbitals interact symmetrically with all of the methanes. The
electron in the d,, orbital repels the methanes on the y axis, while the one in the d,, repels

the methanes on the x axis to the same extent. Because both of these orbitals are occupied
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in V*(CH,),, they repel equally and it adopts a square planar geometry. In Ti"(CH,), the
d,. is not occupied, so the methanes on the y axis are closer to the metal than those on the

x axis, resulting in a distorted square planar structure.

4 Conclusions

Photofragment spectroscopy is used to measure the entrance channel complexes M (CH,)(Ar)
and M (CH,), (M=Ti,V; n=1-4) in the C—H stretching region (2550-3100 cm™'). For most
of the species, loss of methane is monitored to obtain the spectra; Ar is used for the Ar-
tagged species. The vibrational spectra are then used in conjunction with simulations done
at the B3LYP/6-311++G(3df,3pd) level of theory to determine the structure of the ions.

The spectra show peaks due to the symmetric proximate C—H stretch and the free distal
C—H stretch of methane. The antisymmetric C—H stretch is also observed for V*(CH,),_,.
The symmetric stretch peak of the vanadium complexes is more red shifted than in the
titanium complexes. The simulated spectra indicate that the vanadium complexes favor an n?
methane orientation, with some contributions from 7?® for V*(CH,)(Ar) and V*(CH,),. The
titanium complexes adopt n® methane orientation for Ti* (CH,)(Ar) and Ti*(CH,),, mixed
for Ti*(CH,);, and n? for Ti"(CH,),. The differences in the structures can be explained

using the singly-occupied molecular orbitals.

Supporting Information Available

Full references for 44 and 46; the experimental and simulated spectra of Ti*(CH,) (Figure
S1), VF(CH,)(Ar) (Figure S3), and V™ (CH,), (Figure S4); comparison of Zr*(CH,), vs
Ti*(CH,), (Figure S2) and Ti*(CH,), vs. V*(CH,), (Figure S5); MOs of Ti*(CH,),, (Figure
S6) and V*(CH,), (Figure S7); NBO population analysis of M*(CH,), , (M=Ti,V) (Table
S1); and the energies, geometries, vibrational frequencies, and intensities of each complex at

the B3LYP /aug-cc-pVTZ level of theory (Tables S2 & S3).
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