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Abstract

Vibrational spectra of the entrance channel complexes Zr™(CH,),(Ar) (n=1-2),
Zrt(CHy), (n=3-4), and the reaction products ZrCsH,,", ZrC,H, 3", ZrC,H;,", and
ZrC4H,;" in the C—H stretching region (2550-3100 cm~!) are obtained using photofrag-
ment spectroscopy. The experimental spectra and simulations based on calculations at
the B3LYP /aug-cc-pVTZ level of theory work together to identify the structures of the
ions. The n=1-3 entrance channel complexes show peaks around 2800 and 3000 cm ™!
which indicates methane 7? hydrogen coordination, while the n=4 complex has two
peaks around 2800 cm ™! indicative of methane 12 hydrogen coordination. Observation
of the low-frequency C-H stretch of an agostic carbene group, as well as the high-
frequency H-H stretch, also confirms production of (Hy)ZrCH,™ (CH,), ; (n=1-2) exit

channel complexes. The observed C—H activation products formally correspond to loss

of Hy from Zr*(CH,)5 and loss of H, H,, and Hy + H from Zr*(CH,),. Comparison
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of experiment and simulations indicate the activation products are Zr(CHs)," (CHy),

Zr(CHs), " (CHy), Zr(CHy), T (CHy),, and HZrCH, ' (CHy)5 and/or ZrCH, 1 (CH,)s.

1 Introduction

The direct conversion of methane to a more industrially useful chemical has been a
long-standing goal of catalysis, as it would convert an abundant, inexpensive feedstock into
a liquid fuel or precursor for higher value chemicals.* In addition, the activation of the
C—H bond in the simplest stable hydrocarbon is of fundamental interest. Thus, when gas-
phase studies showed that the 5d transition-metal cations MT=Ta™, W*, Os™, Ir", and Pt*
efficiently activate methane at room temperature,*® forming MCH," + H,, they inspired
many investigations of these reactions.” ¥ Initially, the reaction of a transition metal and
methane form an M*(CH,) entrance channel complex (Reaction [1)).# The metal can then
insert into a C—H bond to form the [H—M—CH,]" and [H—M(H)—CH,]" intermediates,
followed by the MCH, " (H,) exit channel complex, which then releases H, and forms the
MCH, " product. For the 5d M*, sequential reactions with methane form ions as large as

[M08H16]+' g

M* + CH, — M*(CH,) — [H-M-CH,]" — [(H),MCH,|* — (H,)MCH,* — MCH," + H,
1)
Dehydrogenation of CH, is significantly endothermic for all first- and most second-row
transition metal cations; however, reaction is observed at high collision energies and for
electronically excited M™.™ Guided ion beam studies show that reaction [1] is endothermic
by 29 + 9 kJ/mol*® for Nb™. As a result, it dehydrogenates methane at only 0.4% of the
collision rate.”
An early study by Ranasinghe et al.'% reported that reaction of Zr* with methane forms

ZrCH," at room temperature; this was confirmed by van Koppen et al., who observed that

the ZrCH," subsequently reacts with methane to form ZrCH," (CH,) and ZrCH," (CH,),.*"



However, Shayesteh et al. did not observe dehydrogenation in room temperature reactions
of Zr* with CH, in 0.35 Torr of helium. [ZrCH,]" and [ZrC,Hg|t were the only observed
products, and they are formed much more efficiently than for any other 3d or 4d metal. The
key to understanding these seemingly disparate results is provided by guided ion beam studies
by Armentrout and Sievers of the reactions of Zr™ with methane'® and larger hydrocarbons™
as a function of collision energy. They find that the dehydrogenation of CH, by Zr™ is barely
endothermic, by 13 4 5 kJ/mol, and that there are no barriers in excess of the endothermicity.
As a result, at low pressure, dehydrogenation is likely, but at higher pressures, collisions
would lead to stabilization of one of the reaction intermediates, which would then be trapped,
leading to the observation of [ZrCH,]™, which could be a Zr" (CH,) entrance channel complex
or any of the other intermediates in reaction [}

The ability of zirconium to activate methane extends to the condensed phase. Wolczanski
and coworkers showed that in solution the zirconium-imido complex (t—Bu, SiNH),Zr=NSi
t—Buy, formed by thermolysis of (t—Bu3SiNH),Zr(R), efficiently activates a C—H bond in
methane to form (t—BuySiNH),Zr(CH;,).2%2! Metal-methyl complexes have often been used
as pre-catalysts for olefin polymerization. Fontaine et al. synthesized zirconium trimethyl
imino-enamido complexes, which are thermally robust and exhibit higher catalytic activities
than the imino-amido analogues.“*4¥ These complexes are useful catalysts for making high
molecular weight ethene and 1-octene co-polymers. In addition, ligated trimethyl complexes
of zirconium have been made using preparative chemistry, and they are useful precursors to
zirconium methylidenes.?*

Spectroscopy, and especially vibrational spectroscopy, is a valuable complement to mass
spectrometry-based experiments, as it can identify the structures of the reaction intermedi-
ates and products, by comparing them to the calculated spectra of candidate structures.2> 2%
In M (CH,), entrance channel complexes, interaction with the metal weakens the proximate
C—H bonds in the methane, reducing the corresponding C—H stretching frequencies, as

shown in vibrational spectroscopy studies of Li* (CH,)_¢," A" (CH,),_4,*" and the late tran-



sition metals Mn" (CH,);_¢,%% Fet(CH,),_4,*¥ Co*(CH,) .4, Ni* (CH,),_,,%* Cu™(CH,),4,*
Agt(CH,),,%” and Aut(CH,);4.%% There have also been electronic spectroscopy studies of
Mg"(CH,),%" Ca™(CH,),*® V*(CH,),?¥ and Zn*(CH,).*

Vibrational spectroscopy is especially useful in identifying the reaction products. The
structures of MCH, " produced by dehydrogenation of methane by the 5d transition metal
cations have been identified as an agostic carbene (Ta®, W) %43 a4 Cy, carbene (Pt*,
Au™), 4 g carbyne hydride (Os™),* and a mixture of both (Ir").#? Sequential reaction
of M* with methane can produce a wide variety of potential dehydrogenation products,
via many possible pathways.*® Wheeler et al. used infrared multiple photon dissociation
(IRMPD) to determine that PtCH," formed by dehydrogenation of CH, by Pt then acti-
vates a C—H bond in CH, to form Pt(CH;),". Subsequent CH, molecules are not activated,
forming Pt(CH,),"(CH,), ., adducts for n=2-4.*¥ Ir™ sequentially reacts with CH, to pro-
duce several products. Addition of a second CH, leads to single and double dehydrogenation,
producing HIrCH,(CH;)* and Ir(CH,)," in the singlet state and Ir(CH,)," in the triplet
state, while addition of the third CH, leads to isomerization and formation of HIr(CH;),* .47

In this study, we report vibrational spectra of Zr™(CH,) (Ar) (n=1-2), Zr*(CH,), (n=3-
4), and four C—H activation products, ZrC,H,,", ZrC,H,;", ZrC,H,,", and ZrC,H,;", mea-
sured via photofragment spectroscopy. The experimental results are compared with simu-
lations of possible isomers to determine the lowest energy isomer, geometry, and method of
C—H activation. These fundamental studies will help to provide a deeper understanding of
the reaction mechanisms involved in hydrocarbon bond activation in more complex systems
and will aid in the design of catalysts to convert methane into readily transportable liquid

fuels.



2 Experimental and Computational Methods

The molecules are produced in a laser ablation source on a home-built dual time-of-flight
reflectron mass spectrometer, which is described in detail elsewhere.*¥ The Zr*(CH,),(Ar)
(n=1-2) and Zr*(CH,), (n=3-4) complexes are produced by ablating a zirconium rod that
is continuously translating and rotating using the second harmonic (532 nm) of a Nd:YAG
laser operating at 6 mJ/pulse with a repetition rate of 20 Hz. The gas is introduced through
a pulsed valve (General Valve, Series 9) and consists of 0.025-2% CH, in pure He and, for
tagged complexes, 20-30% Ar in He, with backing pressures ranging from 40 to 80 psi. The
C—H activation products are made using 5% CH, in pure He at 10 psi with higher laser power
(9-15 mJ/pulse). A mass spectrum obtained under these conditions is shown in Figure S1.
All vibrational spectra are of the *°Zr isotope. The ions travel through a 11 mm long, 2.5
mm [D tube after laser ablation.

Ions then expand into vacuum and cool, creating a molecular beam with a rotational
temperature of about 15 K.°Y The ion beam is skimmed, extracted into the time-of-flight mass
spectrometer, accelerated, and re-referenced to ground potential. The ions are mass selected
and dissociated at the turning point of the reflectron by a Nd:YAG-pumped OPO/OPA IR

! with a line

laser system (LaserVision), which produces about 7-9 mJ/pulse near 3000 cm™
width of 1.8 em™!. The laser wavelength is calibrated using the absorption spectrum of
methane.”

The parent and photofragment ions are re-accelerated in the second time-of-flight stage
and hit a 40 mm dual microchannel plate detector. The ion masses are determined from their
characteristic flight times. The ion signal is amplified and collected on a gated integrator
and a LabView based program is used to record the data. The photodissociation spectrum
is obtained by first normalizing the fragment signal to the parent signal, and then to laser
power as a function of wavelength. The observed fragments correspond to loss of one or more

intact CH, from Zr*(CH,), (n=3-4) and the reaction products, and Ar from Zr*(CH,),(Ar)
(n=1-2).



A second, fast-flow reactor source, shown in detail in Figure S2, was used to reproduce
spectra from the first setup. This source uses two pulsed valves, so that the Zr' ions
are produced and thermalized in one region, then react with methane which is introduced
downstream. The primary valve contains pure helium at a backing pressure of 40 psi. The
secondary valve sits 23 mm after the primary valve and contains a gas mixture of 5% CH,
in He at a backing pressure of 6 psi.

The fast-flow reactor source is used to take spectra of Zr*(CH,),, Zr*(CH,),, and
ZrC,H, " to determine if the same molecules are being made via reactions of thermalized
Zr" ions. The spectra produced with this setup match the spectra with the one-valve setup,
indicating the same molecules are being produced with both sources; however, the ion signal
is much lower with the fast-flow reactor source. All the spectra presented in this paper are
taken with the one-valve setup except for Zr*(CH,), which has less background with the
fast-flow reactor source.

Calculations are carried out with the Gaussian09 program package.”® Optimized geome-
tries of the ions are computed using the BSLYP density functional and the aug-cc-pVTZ basis
set. We find that B3LYP is better at predicting the vibrational frequencies of M™(CH,),, sys-
tems than newer functionals such as M11L.*# However, the M11L functional does a better job
at predicting the spectra of the reaction products. All calculations are carried out with both
functionals, with the M11L results shown in the SI. All reported energies include zero-point
energy. Vibrational frequencies are scaled by 0.964 based on the ratio of the experimental
and computed values of the symmetric and antisymmetric C—H stretching frequencies of
CH,.

The accuracy of the BSLYP and M11L functionals in predicting thermodynamics for the
reactions of interest can be assessed by comparing calculated and available experimental bond
dissociation energies (BDEs), as shown in Table I} For these reactions, M11L consistently
predicts higher BDEs, by an average of 21 kJ/mol. However, neither functional is clearly

better when compared to the measured values, with mean unsigned errors of 28.7 kJ/mol



(B3LYP) and 27.3 kJ/mol (M11L). As expected, both functionals more accurately predict
C-H bond dissociation energies.

Table 1: Zr*-L and Methane Bond Dissociation Energies, in kJ/mol

Species  B3LYP® MI11L*  Experiment

ZrT-H 234.6 245.2 218+8°
Zrt-H, 32.8 43.5 60.8+1.0¢
Zr-CH 528.6 548.1 568+13¢
Zrt-CH,  419.1 459.3 445454
Zrt-CH;  261.2 284.9 2284104

CH,;-H 425.1 432.5 432.46%0.03°
CH,-H, 450.3 449.6 457.6240.10°

?Calculations use the aug-cc-pV'TZ basis set, are at zero Kelvin and include zero point
energy *Ref.? ¢Ref®? dRef 1 ¢Ref 50

3 Results and Discussion

Photofragment spectroscopy is used to measure the vibrational spectra of the entrance
channel complexes Zr*(CH,),(Ar) (n=1-2) and Zr" (CH,), (n=3-4), and the reaction prod-
ucts ZrC,H,,*, ZrC,H,;", ZrC,H,,*, and ZrC,H, " in the C—H stretching region (2550-
3100 cm™!). The entrance channel complexes will be discussed in Section followed by

the methane activation products in Section

3.1 ZrT(CH,),

The spectra of the entrance channel complexes, shown in Figure [1, show peaks signifi-
cantly red shifted from the symmetric (11=2917 cm™!) and antisymmetric (v3=3019 cm™!)
C—H stretches in bare CH,. Although the symmetric stretch in bare CH, is not IR ac-
tive, binding to the metal weakens and polarizes the proximate C—H bonds, leading to a
substantial red shift in their stretching frequency and strong IR absorption. As a result,
the symmetric stretch is more intense than the antisymmetric stretch. The peak at 2730

1

cm ™ in smaller clusters shifts slightly to higher wavenumbers with increasing cluster size.
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The n=1-3 clusters all have a peak near the antisymmetric stretch in bare CH, while this is
absent for n=4. The spectra of Zr*(CH,)(Ar) and Zr"(CH,),(Ar) also have one small peak
below 2600 cm~!. The spectra, structures, and corresponding simulations of each entrance

channel complex will be discussed in the following sections.

Zr'(CH,)(Ar) Vi Vs
Zr'(CH) (A7) ]
Zr'(CHy)y -

I I
2600 2700 2800 2900 3000 3100
-1
Wavenumber (cm )

Figure 1: Vibrational spectra of Zr*(CH,),(Ar), (n=1-2) and Zr*(CH,),, (n=3-4) 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 nor-
malized photofragment yield.

3.1.1 Zrt(CH,)(Ar)

The [ZrCH,]" ion could be any one of several isomers, all intermediates in the Zr"
+ CH, reaction. So, before assigning the spectrum of this ion, it is essential to discuss
the potential energy surface (PES) for the reaction, which is shown in Figure These
results are very similar to those of Armentrout et al., which were at the B3LYP/HW+6-

311++G(3df,3p) level.1® The Zr™ cation and Zr*(CH,) entrance channel complex both have



Table 2: Calculated bond dissociation energies (BDE) of Zr"(CH,),(Ar),
ZrCH, " (CHy)g.1 (Hy)(Ar), and Zr™(CH,), 4"

Species St kJ/mol cm™!
ZrT—CH, 4 57.2 4782
Zrt(CH,)—Ar 4 29.8 2488
ZrCH,* (H,)— Ar 2 322 2688
ZrCH,* (Ar)—H, 2 44.6 3730
Zr+(CH,)—CH, 4 586 4902
Zr*t(CH,),—Ar 4 1.6 133
ZrCH, " (CH,)(H,)—Ar 2 9.6 804
ZrCH,*(CH,)(Ar)~H, 2  21.3 1779
ZrCH,"(H,)(Ar)—CH, 2  41.1 3434
Zr+(CH,),—(CH,) 4 140 1171
Zr+(CH,);—(CH,) 4 244 2043

“B3LYP/aug-cc-pVTZ level of theory, at zero Kelvin. *Spin multiplicity

a quartet ground state. However, the minimum energy path involves a quartet to doublet
crossing™? prior to the transition state for hydrogen abstraction, at an energy of -16.6 kJ /mol,
and the rest of the transition states, intermediates, and products are doublets. The [H-Zr-
CH,]* insertion intermediate is the most stable species along the reaction pathway. Then,
abstraction of a second hydrogen is more likely to form (H,)ZrCH," rather than (H),ZrCH,"

as it has a significantly lower barrier. Formation of ZrCH," + H, products is predicted to

L, (;" { 31.2
20 © +
Zr*+CH, ] ZrCH,*+H,
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Figure 2: Potential energy surface for Zr* + CH, calculated using B3LYP /aug-cc-pVTZ.



be endothermic by 31.2 kJ/mol, which is somewhat higher than the experimental value of
13 + 5 kJ/mol kJ/mol.*#% The calculation predicts that there are no barriers along the
reaction path above this endothermicity, in agreement with experiment.*® As noted earlier,
the M11L functional predicts stronger Zr"-L bonds, so the barriers are lower and the overall
reaction is predicted to be 9.7 kJ/mol exothermic, as shown in Table S1. In our experiment,
the reaction is taking place in the presence of buffer gas (He or He/Ar). Collisions with the

buffer gas can remove energy from the ions, leading to intermediates being trapped.

10 [ZrCH, AT’ |
| 4 ¢ «

0.5

0.0

! ! |
2600 2700 2800 2900 3000 3100

. - (Hp)ZrCH, (Ar) - [H-Zr-CHy"(Ar)
Wavenumber (cm 1) 2 ? ' o

Figure 3: Experimental photodissociation spectrum (blue), simulated spectra of three low
lying isomers and optimized geometries of [ZrCH, Ar"| at the B3LYP /aug-cc-pVTZ level of
theory.

No photodissociation is observed for Zr™(CH,). Our calculations estimate a CH, binding
energy of 57.2 kJ/mol (4782 cm™!) which requires two photons to dissociate and IRMPD
is inefficient for molecules this small, as shown by studies of PtCH,".*¥ Table [2| shows the
calculated binding energies at the B3LYP /aug-cc-pVTZ level and the energies and geometries
discussed below are all at this level of theory. The binding energies for M11L are generally
higher than those using BSLYP and are shown in Table S3. Zr" has a quartet ground state,
and the ground state remains a quartet with the addition of CH, and Ar. Ar is predicted
to be bound to Zr*(CH,) by only 2488 cm™!, so an Ar tag is used to obtain the spectrum.
The spectra are sensitive to whether the CH, binds with n? hydrogen coordination, where

two hydrogens point toward the metal, or 73, where three hydrogens point toward the metal.
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Often, the coordination is intermediate between n? and n®. In these cases, it is useful to
specify the angle between the Zr, C, and the hydrogen farthest away from the metal. Then,
n3 coordination gives /Zr—C—H of 180° and n? gives ~124°.

For Zr*(CH,)(Ar), the calculations predict the Ar—Zr—C atoms are collinear and the
CH, has ® hydrogen coordination (/Zr—C—H=180°). The computed Zr—C bond length is
2.509 A, which is 0.011 A longer than in the untagged complex. The untagged and tagged
simulated spectra predict similar peak positions (<6 cm™! shifts) for the C—H stretches,
confirming that the Ar only has a small effect on the spectrum.

The experimental and simulated spectra of Zr" (CH,)(Ar) are shown in Figure . In the

l'is the symmetric proximate C—H stretch and

simulated spectrum, the peak at 2783 cm™
the peak at 3022 cm™! is the free C—H stretch on the distal hydrogen. The other C—H
stretches are predicted to be much weaker. The experimental peak positions are more red
shifted than the simulation predicts, with two broad peaks around 2730 and 2950 cm~!. The
symmetric C—H stretch is red shifted 187 cm™! from the value in bare CH, (2917 cm™1).
There is some dissociation throughout the experimental spectrum, likely due to absorption
to an excited electronic state, so the baseline is not at zero.

There is a small, but reproducible, peak observed at 2567 cm™!. It does not correspond
to any fundamental vibrations of Zr*(CH,)(Ar). There are two possible assignments for this
peak. It could be due to bend overtones, which in bare CH, are 214,=2612 cm™* and 21,=3062
cm 1.5 The 21, bend overtone has been observed in the spectra of Cu™(CH,)(Ar),* and

I and gain intensity

F~(CH,),.” The 2v, overtones in those complexes are above 2600 cm™
from Fermi resonance with the lowest frequency C—H stretch.®? However, in Zr" (CH,)(Ar),
the peak is at significantly lower wavenumber and it is ~150 cm ™! below the lowest frequency
C—H stretch, so it is less likely to mix and donate intensity to it.

The second, more likely, possibility is that this peak is due to the Ar-tagged exit chan-

nel complex, (H,)ZrCH," (Ar). In this ion, the carbene undergoes an agostic distortion, so

one C—H stretch is at very low wavenumber; this has been seen in TaCH," and WCH, .41
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Similarly, reaction of laser-ablated neutral Zr atoms with methane in a cryogenic matrix
forms (H,)ZrCH,, in which the agostic interaction has been characterized by vibrational

LBl Subsequent calculations confirm that the neutral

spectroscopy in the fingerprint region.
(H,)ZrCH, complexes have the most effective agostic interaction among second-row transi-
tion metals.®? This happens because of the well developed double bond formed between the
metal and carbon atom in conjunction with the metal’s empty or half empty valence orbitals
that can act as electron acceptors. In (H,)ZrCH," (Ar) the carbene Zr—C—H angles are 162
and 86°, and the C—H stretches are predicted at 2613 and 3074 cm™! (Figure |3)),consistent
with the observed peak at 2567 cm™'. No loss of H, upon photodissociation was observed
for any of the complexes. However, the BDE of Ar is less than H, so the complex would
preferentially lose Ar instead of H,. The predicted H—H bond length in the complex is 0.804
A, which is 0.061 A longer than in bare H,.™ As a result, the H, stretch is calculated to
be at 3290 cm™!, which is red shifted ~900 cm™! from its value in free H,. Experiments to
measure this vibration in the Zr*(CH,), and Zr"(CH,),(Ar) complexes will be discussed in
the next section.

As the [H-Zr-CH,]" insertion intermediate is the most stable species along the Zr" +
CH, reaction path, it is likely that it is also produced and Ar tagged. Unfortunately, the
calculated spectrum of [H-Zr-CH,]*(Ar) in this wavelength region primarily consists of a
peak at 2841 cm™!, which is near the 2783 cm™! peak calculated for Zr*(CH,)(Ar). The
calculated intensities are very similar (Figure[3). This suggests that [H-Zr-CH,]* (Ar) could
account for the shoulder near 2780 cm ™! in the experimental spectrum; however, it is difficult
to tell for certain if this complex is present as the C—H stretches for the two isomers are
at similar wavenumber and overlap. In summary, in the experimental spectrum, there is
evidence for the entrance and exit channel complexes, Zr(CH,)" (Ar) and (H,)ZrCH,*(Ar),

and possibly of the insertion intermediate [H-Zr-CH;]* (Ar) being produced.
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Figure 4: Experimental photodissociation spectrum (blue), simulated spectra of two low
lying isomers and optimized geometries of [ZrC,HgAr"| at the B3LYP /aug-cc-pVTZ level of
theory.

3.1.2 Zrt(CH,),(Ar)

The spectrum of Zr*(CH,), was measured both with and without an Ar tag. The un-
tagged spectrum (Figure S3) is due to infrared multiple photon dissociation (IRMPD), as
the CH, is predicted to be bound by 4902 cm~! and so needs more than one photon to
dissociate. It has two broad peaks around 2770 and 2994 cm~'. There may be a peak at
2582 cm~! but the spectrum is noisy in this region because of low signal and laser power.
The spectrum of Zr™(CH,),(Ar) is much sharper and has peaks at 2582, 2725, 2783, 2857,
and 3006 cm ™! (Figure 4)).

In the untagged molecule the C—Zr—C are collinear, and the CH, have 7? coordination,
with rz,_c = 2.487 A. The optimized geometry of the Ar tagged molecule has C, symmetry
and /C—Zr—C is bent to 161°. It has /C—Zr—Ar=79.8" and 119.4° with one CH, binding
almost n® (/Zr—C—H=171"; rz,_c = 2.527 A) and the other closer to n? (/Zr—C—H=139";
Tor_c = 2.654 A).

The simulated spectrum of Zr*(CH,), (shown in Figure S3) is very similar to that of
Zr*(CH,), with intense peaks at 2771 and 3028 cm ™! due to the symmetric proximate C—H

stretch and the free distal C—H stretch, respectively. The addition of the Ar makes the
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geometry less symmetrical, which is reflected in the spectrum. The n® and 1? methanes are
red shifted to a different extent which leads to more unique C—H stretches and peaks in the
spectrum. The series of peaks in the simulation are the symmetric proximate C—H stretch
of the n? (2740 cm™!) and 7® (2772 cm™!) methanes and the antisymmetric 7? (2832 cm™!)
and n* (2866 and 2924 cm™!') stretch. The peaks at 3022 and 3051 cm™! are the distal free
C—H stretch of the * methane and the distal antisymmetric C—H stretch on the n* CH,,
respectively.

The peak at 2582 cm™! could again be due to either the 2v4 bend overtone or to an
(H,)ZrCH, " (CH,)(Ar) exit channel complex, whose simulated spectrum and geometry are
shown in Figure 4. The H, stretch is predicted to be at 3343 cm™' and to be very intense,
so additional experiments were done from 3300-3700 cm ™! to look for this vibration. In
order to observe small amounts of fragment ions, and to measure all dissociation pathways
simultaneously, these experiments measured the difference between mass spectra with the IR
laser on and off at each IR wavelength. For Zr"(CH,),, no H, loss was observed, however, we
are not sensitive to this channel because the small fragment signal lies too close to the much
larger parent signal. There is some CH, loss, and it peaks at 3355 cm ™!, as shown in Figure
S4. This peak increases in intensity with lower backing pressure and higher laser power. This
leads to hotter conditions where the ions are more likely to react to form intermediates and
exit channel complexes. The same set of experiments were carried out with the Ar tagged
complex. A small peak was observed on top of background dissociation around 3325 cm ™!
while monitoring Ar loss, the only channel observed. The simulated H, peak position for
(H,)ZrCH, " (CH,)(Ar) is 3426 cm™! so the observed peak is 100 cm™! more red shifted than
predicted.

In addition, the intensity of the peak at 2582 cm ™! was also found to increase with low
backing pressure and high laser power. In contrast, the 2780 cm™! peak, which is due to the
entrance channel complex, was found to decrease with increasing laser power. This behavior

confirms that the peak at 2582 cm ™! is due to an exit channel complex. In summary, most of
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the spectrum shown in Figure {4/ is due to Zr*(CH,),(Ar), but the small peak at 2582 cm ™
is due to (H,)ZrCH,"(CH,)(Ar), which also has a peak at 3325 cm™!.

3.1.3 Zr*T(CH,),

0.0 I I T I T 1
2600 2700 2800 2900 3000 3100

Wavenumber (cm”)

Figure 5: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
optimized geometry of Zrt(CH,), at the B3LYP /aug-cc-pVTZ level of theory.

The experimental spectrum of Zr*(CH,), (Figure |5) has two intense peaks, at 2747
and 3002 cm™!. The third CH, is calculated to be bound by 14.2 kJ/mol (1189 cm™1),
which is much weaker than the first two ligands. This decrease is also seen in M (CH,),
complexes of M=Mn,?? Fe,*% Co,** Ni,%% Cu,®? Ag ®¥ and Au.®® The optimized geometry has
Cs (nearly Cy,) symmetry and two different methane binding orientations. Two are nearly
0 (LZr—C—H=143% rz,_c = 2.637 A) and one is n? (/Zr—C—H=125"; r4,_c = 2.866 A)
with /C—Zr—C=96° x2 and 167°.

The breadth of the 2747 cm™! peak and its tailing to higher cm™! suggest that the CH,
can inter-convert readily. The first two CH, bind strongly by maintaining s-d hybridization,
so the third CH, is further from the metal center and weakly bound. According to theory,
this is slightly more favorable for Zr"(CH,); than having three equivalent bonds where the
first two are weakened to strengthen the third.®

The peaks in the simulation are the symmetric C—H stretch of the nearly n? CH, (2746
cm™!) and the n* CH, (2806 cm™!) and the antisymmetric C—H stretch of the nearly n?

CH, (2840 cm™!) and the n* CH, (2860 cm™!). The weak peaks in the simulation at 2990
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and 3039 cm™! are the distal symmetric and antisymmetric C—H stretches of the nearly n?

CH,.

3.1.4 Zrt(CH,),

0.0

I 1
2600 2700 2800 2900 3000 3100
-1
Wavenumber (cm )

Figure 6: Experimental photodissociation spectrum (blue), simulated spectrum (red), and
optimized geometry of Zrt(CH,), at the B3LYP /aug-cc-pVTZ level of theory.

The fourth CH, is calculated to be bound by 24.4 kJ/mol (2043 cm™!), which is more
strongly bound than the third CH,; this has also been observed in Ti"(CH,), complexes.®
This is explained by the energy associated with the loss of s-d hybridization of the first
two CH,, which is shared between the third and fourth CH,.®* This is usually not the case
for late transition metals, where the fourth CH, binds more weakly than the third. The
experimental spectrum (Figure @ shows an intense peak at 2795 and a second, less intense
peak at 2834 cm~!.

The optimized geometry of Zr*(CH,), is slightly distorted square planar with /C—Zr—C
bond angles of 89 or 90°. The CH, bind with n? coordination at two bond lengths, rz,_c=2.679
and 2.844 A. The two closer CH, are bent away from the metal slightly and have /Zr—C—H
= 135° rather than 124°. The simulated spectrum shows the symmetric and antisymmetric
stretches of the nearer (2751 cm™! and 2847 cm™!) and more distant (2798 cm™! and 2865
cm~ ') CH,. Calculations predict that the square planar structure is a transition state and

1

lies only 129 ecm™" above the distorted square planar minima. It is possible that, due to

the low barrier, intermediate structures also contribute to the spectrum, and would tend to
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lead to higher absorption near 2770 cm™!. Unlike the smaller clusters, there is no peak near
3000 cm ™!, indicating that structures with 7® hydrogen coordination do not contribute to

the spectrum.

3.2 Methane Activation Products

I | 1
2600 2700 2800 2900 3000 3100
Wavenumber (cm_1)

Figure 7: Vibrational spectra of ZrC,H,,", ZrC,H,;", ZrC,H,,", and ZrC,H,;* in the C—H
stretching region (2550-3100 cm™!). The y-axis shows the normalized photofragment yield.
The vertical lines indicate the positions of the symmetric (1) and antisymmetric (v3) C—H
stretches in bare CH,.

Sequential reaction of Zr" with methane also leads to ZrC;H,,", which corresponds to
loss of Hy from Zr"(CH,);, and to ZrC,H, = (n=13-15), loss of H, H,, and H, + H from
Zr*t(CH,),. The structures of the reaction products are determined by comparing calculated
vibrational spectra of possible isomers to the measured spectra. The spectra, shown in
Figure[7] show one or two peaks that are red shifted from the symmetric C—H stretch in CH,

(11=2917 cm™!), and a peak slightly red shifted from the antisymmetric stretch (v3=3019
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cm™1). The ZrCyH, " spectrum looks similar to the Zr*(CH,), spectrum, while the spectra
of ZrC,H,;*, ZrC,H,,*, and ZrC,H, " are similar to each other, with the intensity of the
higher energy peak of the doublet increasing as more hydrogen atoms are lost. For each
of these complexes, calculations were carried out for multiple isomers in the doublet and
quartet or singlet, triplet, and quintet spin states. The results at the B3LYP /aug-cc-pVTZ
level are summarized in Table [3| Results using the M11L functional are in Table S5. Both
functionals predict isomers with very similar geometries and similar relative energies. The
simulated spectra shown below all use the BSLYP functional. Simulations with the M11L
functional are in the SI (Figures S5, S6, S8, and S9). They provide a better match to
the experimental spectra for the reaction products. However, this functional is significantly
worse at predicting spectra of the entrance channel complexes. These reactions, except for
the loss of H, are exothermic at the B3LYP/aug-cc-pVTZ level of theory (Table |4) and
all four reactions are exothermic at the M11L/aug-cc-pVTZ level (Table S5). The spectra,
structures, and corresponding simulations of the reaction products will be discussed in the

following sections.

3.2.1 ZrCyH,,"

ZrCyH " corresponds to dehydrogenation of Zr™(CH,);. Its spectrum, shown in Figure
, consists of an intense peak at 2757 cm ™! with a shoulder to higher energy and an equally

intense peak at 3001 cm™!.

The isomers investigated include a zirconium carbene cation
with two methane molecules, ZrCH,*(CH,),; a zirconium dimethyl cation with a methane
molecule, Zr(CH,),"(CH,); and a zirconium cation with methane and ethane where the
ethane is either linear or side-on to the metal, Zr™(C,Hy)(CH,), in the doublet and quartet
states. The calculations, shown in Table [3 predict that doublet Zr(CH,),"(CH,) is the
lowest energy isomer, with ZrCH," (CH,), 94.0 kJ/mol higher in energy. The corresponding
quartet states are all at significantly higher energy. The doublet and quartet states of

Zr*t(C,Hg)(CH,) have relative energies of 133 kJ/mol and 131 kJ/mol (linear) and 135

18



Table 3: Calculated bond dissociation energies (BDE) for loss of CH, and relative energies
(E,e1) of possible isomers for the reaction products ZrC,H,,", ZrC,H;*, ZrC,H,,*, and

ZrC,H, e
. , BDE Erei

Species > kJ/mol c¢m™' kJ/mol cm™
ZrC;H,

Zr(CH;),*(CH,) 2 81.4 6802 0.0 0
ZrCH,"(CH,), 2 59.1 4940 94.0 7862
Zrt(CyHg)(CH,)? 4 55.0 4599 1258 10514
Zr7(C,Hg)(CH,) 4 58.1 4856  131.4 10982
Zr*(C,Hg)(CH,)® 2 78.7 6582  133.3 11139
Zrt(C,Hg)(CH,)? 2 741 6193 1345 11242
ZrC,H, ;"

Zr(CH;),*(CH,) 1 59.0 4932 0.0 0
ZrCH,(CH,)*(CH,), 1 52.9 4421 113.8 9514
HZrCH,(CH,)," (CH,) 1 1.0 80  124.8 10434
ZrCH*(CH,), 1 52.3 4370 2119 17714
ZrC,H, "

Zr(CH;),"(CH,), (A)e 2 19.7 1646 0.0 0
Zr(CH;)," (CHy), (B)® 2 13.5 1130 6.2 516
Zr(CH;),*(CH,), (C)¢ 2 79 664 11.7 982
Zr(CH;),*(CH,), (D)¢ 2 7.0 586 12.7 1059
ZrCH,"(CH,), 2 15.2 1273 98.5 8234
Zr*(C,Hg)(CH,),* 2 7.8 656  146.3 12232
ZrC,H, "

ZrCH,*(CH,), 3 19.4 1623 0.0 0
HZrCH," (CH,), 1 20.2 1691 2.9 243
ZrCH,*(CH,), 1 0.9 74 48.8 4080
HZrCH,*(CH,), 3 25.3 2115 112.6 9410

¢Calculations are done at zero Kelvin at the BSLYP /aug-cc-pVTZ level of theory. ®Spin
multiplicity. ¢C,Hj is collinear with the metal. C,Hj is side-on to the metal. ¢A-D refer
to different isomers.
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Table 4: Thermodynamics of the reactions for loss of H, H,, and H+H,*

Reaction kJ/mol  cm™!

Zrt + 3 CH, — Zr(CH, ) (C 4 + H, -191.1  -15974
Zv* + 4 CH, —s ZrCH,*(CH,), + H 421 3515
L HZCH 2" (CH,)g + H 450 3758

— Zx(CH,),"(CH,), + H 210.8 -17620

e Tr(CH)(CH,) + H, + H 433 -3620

“Calculated at the B3LYP /aug-cc-pVTZ level of theory, at zero Kelvin.

Zr' (CH)(CHy o
~-E=134.5 kd/imol /i
e E(y=125.8 kd/mol |4 :x ¢ &

I I
E,.=133.3 kd/mol

E,o=131.4 kJ/mol | | "Y © H

ZrCH, (CH,),
E,=94.0 kJ/mol

Zr(CHa),"(CHy)
E¢=0 kJ/mol

2600 2700 2800 2900 3000 3100
Wavenumber (cm'1)

Figure 8: Experimental photodissociation spectrum (blue), scaled simulated spectra (red =
doublet and black = quartet) with relative energies and optimized geometries of doublet
isomers of ZrCyH,," at the BSLYP /aug-cc-pVTZ level of theory.
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kJ/mol and 126 kJ/mol (side-on).

The simulated spectra and corresponding geometries are shown in Figure|8| Although the
ethane complexes all have an intense peak near 3030 cm™!, they fail to reproduce the 2757
cm ™! peak and predict multiple peaks below 2700 cm™!, which are not observed. Although
the spectrum of ZrCH," (CH,), has an intense peak at 2757 cm™?, it also has a peak at 2577
cm ™! and a triplet around 3000 cm™! which do not match the experiment.

The observed spectrum is due to Zr(CH;),"(CH,). Its simulation best matches the
experiment and is the most stable isomer by 94 kJ/mol (Table [3). The carbon and zirco-
nium atoms are nearly in the same plane. The methane binds in an almost n* orientation
(/Zr—C—H = 166°; rz,_c = 2.580 A). The two methyl groups have rz,_¢ = 2.160 A and
/C—7Zr—C = 110°. The peaks in the simulated spectrum are the proximate symmetric C—H
stretch of CH, (2765 cm™!), the symmetric C—H stretches of the -CH; groups (2843 cm™!),
the antisymmetric C—H stretch of CH, (2867 cm™!), and the free distal C—H stretch of CH,
(3018 cm™!). The antisymmetric C—H stretches of -CH; (2932 cm™!) and CH, (2965 cm™1)
are predicted to be weak and are not seen in the experimental spectrum.

The simulated spectrum and geometry of the lowest energy isomer using M11L is shown
in Figure S5. The M11L functional predicts the relative peak intensities better than B3LYP.
The M11L geometry has the methane closer to the metal (rz._c = 2.519 A) and closer
to n* (/Zr—C—H = 176°) than B3LYP. This could be the reason for the better predicted

spectrum, as an intense peak near 3000 cm™! is characteristic of an 7 methane.

3.2.2 ZrC,H, ;"

The ZrC,H,5* molecule corresponds to loss of Hy+H from Zr*(CH,),. The spectrum,
shown in Figure @, consists of a doublet with two intense peaks at 2800 and 2845 cm ™! and a
less intense peak at 3006 cm™!. The isomers considered include a trimethyl zirconium cation
with a methane molecule, Zr(CH,;);"(CH,); a dimethyl hydrido-zirconium carbene cation

with a methane molecule, HZrCH,(CH,)," (CH,); a methyl zirconium carbene cation with
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Figure 9: Experimental photodissociation spectrum (blue), scaled simulated spectra (red)

with relative energies, and optimized geometries of ZrC,H,;" isomers at the B3LYP /aug-cc-
pVTZ level of theory.

two methane molecules, ZrCH,(CH;)*(CH,),; and a zirconium carbyne cation with three
methane molecules, ZrCH'(CH,),, in the singlet, triplet, and quintet states. For all of the
species, the singlets are calculated to lie at least 100 kJ/mol below the other spin states.

The simulated spectra of the singlet states are shown in Figure |§| The HZrCH, (CH,),*(CH,),
ZrCH,(CH,)*(CH,),, and ZrCH" (CH,), isomers have relatively high energies and their sim-
ulated spectra do not have a doublet around 2800 cm~*. The spectrum of the Zr(CH,),*(CH,)
isomer, however, does have a doublet and provides an excellent match to the experimental
spectrum. It is the most stable isomer by 113.8 kJ/mol (Table [3]).

The geometry of this isomer is approximately tetrahedral with /CH;—Zr—CHy = 107°
and /CH;—Z7r—CH, = 112°. The three methyl groups have rz,_c = 2.176 A and the methane
has r,_c=2.574 A and n3 hydrogen coordination. The imino-enamido trimethyl zirconium
polymerization pre-catalysts synthesized by Fontaine et al.“? have a similar geometry, with
slightly longer 7,,_¢c = 2.234-2.260 A likely due to enhanced electron donation from the
imino-enamido ligand. The low energy peak of the doublet, at 2822 cm™!, corresponds to

the symmetric C—H stretch of CH, and the high energy peak at 2874 cm™! is the symmetric
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C—H stretch of the methyl groups. This later peak is fairly intense because there are three
methyl groups contributing to the spectrum. The peak at 3006 cm™! corresponds to the free
distal C—H stretch in CH,. The antisymmetric stretches of the methane and the methyl
groups are weak and are not observed in the experimental spectrum. The doublet in the
experimental spectrum is about 30 cm~! more red shifted than is predicted by the simulated

spectrum using B3LYP while the peak at 3006 cm™! is a good match with only a 6 cm™!

shift.

Figure S6 shows the geometry and simulated vibrational spectrum of Zr(CH,)," (CH,) at
the M11L level of theory. Using this functional, the predicted doublet peaks are only 5 and
12 ecm™! less red shifted than the experimental peaks but the peak at higher wavenumber

is high by 44 cm™!. The geometry is very similar to that at B3LYP, with the CH, slightly

closer to the metal (rz,_c=2.553 A).
3.2.3 ZrC,H,,"

i ZrCHeCH),  °
Py ""-.‘ E,=146.3 kd/mol

ZrCH, (CH,),
| E=98.5 k/mol

Zr(CHs),'(CHy),
D -Eg=12.7 kd/mol | I'}
C —E=11.7kd/imol | }\ }

A —E =0 kJ/mol

T T T T T 1
2600 2700 2800 2900 3000 3100 t‘q‘t‘:

Wavenumber (cm )

Figure 10: Experimental photodissociation spectrum (blue), scaled simulated spectra (red)
with relative energies, and optimized geometries of ZrC,H,," at the B3LYP/aug-cc-pVTZ
level of theory. Only the Zr(CH;),"(CH,), isomers are shown on the graph, the rest are
shown in Table S9.
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The ZrC,H,,* molecule corresponds to loss of H, from Zr*(CH,),. The experimental
spectrum, shown in Figure , consists of a doublet at 2799 and 2844 cm~! and a peak at
3010 cm~!. The peaks have shifted slightly from the ZrC,H,;* spectrum and the higher-
energy peak of the doublet has decreased intensity relative to the lower-energy peak.

The geometries considered are a zirconium carbene cation with three methane molecules,
ZrCH," (CH,);; a zirconium dimethyl cation with two methane molecules, Zr(CH;),*(CH,),;
and a zirconium cation with an ethane and two methane groups, Zr*(C,Hg)(CH,),, in the
doublet and quartet states.

The simulated spectra of the doublet states are shown in Figure [I0] The spectra of
Zr*(C,Hg)(CH,), and ZrCH,"(CH,); do not match the experiment. They are also much
higher in energy than Zr(CH,),*(CH,),. The calculations predict four low-energy isomers of
Zr(CH,)," (CH,), which differ in the distances and orientations of the CH,. They are shown
in Figure [10[ and are labeled A (lowest energy) to D (highest energy).

No single simulation predicts a doublet. However, if the spectra of the two lowest energy
isomers, A and B, are plotted together they produce a doublet with a separation of 17 cm™!
instead of the 45 cm™! observed in the experimental spectrum. The C and D isomers do as
well, but they are high enough in energy that it is not likely they are extensively produced
in the experiment. Complexes A and B are close to tetrahedral with two n? (/Zr—C—H =
126° rz,_c =2.796 A) and two 1* (/Zr—C—H = 170°; r4,_¢ =2.748 A) CH,, respectively.
The most intense peaks in the spectra are due to the CH, symmetric stretches and the
simulations predict the n? symmetric C—H stretches to be more red shifted than the n?
symmetric stretches. Isomer A also has a moderate-intensity peak at 2856 cm™! due to the
symmetric stretch of the -CH;4 groups. This could also contribute to the higher-energy peak
of the doublet. The calculations predict that the free distal stretch of an 7* CH, and the
distal antisymmetric stretch of an n?> CH, contribute to the 3010 cm™! peak. The intensities
in each simulation are scaled to the most intense peak in each individual simulation, so it can

be hard to tell the relative intensities for each isomer. The unscaled intensities are plotted

24



in Figure S7.

A mixture of isomers with CH, hydrogen orientation ranging from 7? to * likely con-
tribute to the spectrum, producing the doublet near 2800 cm~! and moderately intense peak
at 3010 cm™!. Another possibility is that the spectrum is from only one isomer and the dou-
blet near 2800 cm ™~ is due to the CH, and -CH, symmetric stretches, as in Zr(CH,);" (CH,).
Fermi resonance between these vibrations could cause the peaks to separate more (as in the
experimental spectrum) and the -CH; symmetric stretch to gain intensity from the CH,
symmetric stretch.

Figure S8 shows the simulated spectra and geometries of the two lowest energy isomers
at the M11L level of theory. The results are similar to the BSLYP simulations, with each

isomer having a major peak near 2800 cm ™! due to the CH, symmetric stretch.

3.2.4 ZrC,H, "

,'.
HZrCH,"(CH,); i} i s3 ..‘t
Eo=112.6 kd/mol | i i} ¢
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PV 5&?{
e . Nosesr, TR et aes L. (%)
ZrCH3+(CH4)3 1
E=48.8 kd/mol; i N ® % F‘

ZrCH, (CH,);
E,=0 kJ/mol

HZrCH,*(CH,);
E,=2.9 kJ/mol
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Figure 11: Experimental photodissociation spectrum (blue), scaled simulated spectra (red)
with relative energies, and optimized geometries of ZrC,H,," at the B3LYP /aug-cc-pVTZ
level of theory. The sl and s3 on the graph label the singlet and triplet spin states.

The ZrC,H,;" molecule corresponds to loss of H atom from Zr*(CH,),. The spectrum

consists of a doublet at 2801 and 2842 cm™! and a peak at 3005 cm~! (Figure [L1). The
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higher-energy peak of the doublet has now decreased substantially relative to the lower-
energy peak.

The isomers considered are a zirconium methyl cation with three methanes, ZrCH, " (CH,),;
and a hydrido-zirconium carbene cation with three methane groups, HZrCH," (CH,);, in the
singlet, triplet, and quintet states. The simulations and geometries of the singlet and triplet
states are shown in Figure[11] The quintets are at substantially higher energy. The spectrum
of the HZrCH, " (CH,); isomer in the triplet state has a nice doublet around 2800 cm™!, but
it is quite high in energy. The singlet state of ZrCH,"(CH,), is also high in energy. It is pre-
dicted to contain a second shell 7 methane, which leads to the intense peak at 3008 cm™! in
the simulation. The lowest energy isomer is the ZrCH," (CH,), molecule in the triplet state,
however, it is not a good match to the experimental spectrum, as the CH, ligands have n?
coordination, leading to an intense peak at 2754 cm~!. This peak is too red shifted from the
experimental spectrum and the peaks around 3000 cm~! are weak. Based on the similarity
in the spectra of ZrC,H,, 157, it is likely that ZrC,H,;* is ZrCH, " (CH,); with the methanes
n3. The functionals used, B3LYP and M11L, appear to slightly favor n? over n* methane
coordination. Another possibility is that the spectrum is due to the HZrCH,*(CH,), isomer
in the singlet state, which is only 2.9 kJ/mol higher in energy. Although a good match to
the experimental spectrum, it still does not capture the peak at 3005 cm~! well.

The HZrCH, " (CH,); molecule is predicted to have an agostic carbene group and a hy-
drogen covalently bound to the metal. Two of the methane molecules are intermediate
between 1? and 7® coordination with /Zr—C—H = 148° (rz,_c=2.655 A) and one is almost
1 (LZr—C—H = 166°; rz,_c=2.801 A). The carbene carbon is almost perpendicular to the
adjacent methane carbon atoms with an angle of 101°. The doublet in the simulated spec-
trum corresponds to the 148° (2773 cm™') and 166° (2849 cm™') methane symmetric C—H
stretches. There are several weak peaks from 2950 to 3070 cm~! which correspond to the
antisymmetric stretches of the methanes and the carbene C—H stretches.

The simulated spectrum of singlet HZrCH,*(CH,); with the M11L functional (Figure
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S9) provides a much better match to the experimental spectrum, with a doublet separated
by only 42 cm ™!, at 2796 and 2838 cm ™!, and an intense peak at 3051 cm~!. The doublet
peaks are again due to the symmetric C—H stretches in the CH, ligands. The peak at 3051
cm ™! corresponds to the antisymmetric C—H stretches in the CH, and a free C—H stretch
on the CH, group. The M11L functional predicts the methanes to be closer to the metal and
closer to n® (/Zr—C—H = 158°and 172°; 7,_¢=2.601A and 2.779A). As shown in Table ,
production of HZrCH,*(CH,), from sequential reaction of Zr* with four methane molecules
is predicted to be endothermic at the B3LYP /aug-cc-pVTZ level; however, it is predicted to
be slightly exothermic using M11L (Table S5).

Armentrout and coworkers have studied the sequential reactions of Pt* and Irt with
methane, measuring the vibrational spectra of the reaction products in the fingerprint region
using IRMPD at the FELIX free electron laser facility. For Pt™, the observed products are
Pt(CH;)," (CH,), » (n=2-4),*4 paralleling our observation of Zr(CHs),"(CH,),, (n=3-4).
Ir" shows more extensive C—H activation, forming products such as HIr(CH,);" .

The mechanism for forming the observed H and H, loss products is likely similar to
that proposed for formation of Ti(CH;),*(CH,) by sequential reaction of Ti" with methane
by Bowers and coworkers.™™3 Clustering of Zr" with methanes produces Zr*(CH,),. As
this reaction is quite exothermic, these clusters can contain substantial internal vibrational
energy. Upon colliding with another methane molecule, the zirconium atom inserts into

the methane C—H bond to form [H—Zr—CH,]"(CH,),, which can lose a hydrogen atom

n?’

to form ZrCH,"(CH,), or HZrCH,*(CH,),. Alternatively, the [H—Zr—CH,]"(CH,), can

n n

react with another methane, inserting into a second C—H bond, and transiently forming
(H),Zr(CH,), " (CH,),. The hydrogens quickly combine to produce (H,)Zr(CH;)," (CH,),.

Loss of H, forms Zr(CH;),"(CH,),. Zr(CH,),"(CH,), is likely formed by insertion of

n

Zr(CH,)," (CH,), into a methane C—H bond, followed by H atom loss.
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4 Summary and Conclusions

Reaction of Zr* with methane produces ZrC H,, & (n=1-4) ions as well as the C—H
bond activation products ZrC,;H,,*, ZrC,H,;", ZrC,H,,*, and ZrC,H,;". Photofragment
spectroscopy is used to measure the IR vibrational spectra in the C—H stretching region
(2550-3100 cm™!') to determine the structure of the ions. The spectra are obtained by
monitoring loss of Ar for the tagged complexes, Zr™(CH,),(Ar) (n=1-2), and loss of CH,
for the other ions. Simulated spectra based on calculations at the B3LYP /aug-cc-pVTZ
level of theory are a good match for the complexes studied, however, the M11L functional
does a better job at capturing the spectra of the reaction products, as shown in the SI. The
geometries predicted using both functionals are very similar; however, M11L tends to predict
that the CH, ligands are closer to Zr and have the hydrogen coordination closer to 7.

The spectra of the entrance channel complexes, Zrt(CH,), (n=1-4), show peaks due to
the symmetric and free distal C—H stretches of CH,. The symmetric stretch is red shifted
by 187, 192, 170, and 122 ecm~! for n=1-4, relative to 1,=2917 cm~! in bare methane.
The methane has 1® hydrogen coordination in the smaller entrance channel complexes,
Zr*t(CH,)(Ar) and Zr"(CH,),. Zr*(CH,), has a combination ranging from 7 to almost
n® and Zr*(CH,), has all 2 CH,. The most red shifted and most intense peaks are due to
the symmetric stretch of proximate C—H bonds in nearly n? methane (/Zr—C—H = 130-
140°). Slightly less red shifted and intense peaks are due to nearly n* methane (/Zr—C—H =
160-170°). In addition, there is a peak near 3000 cm™! due to stretches of distal C-H bonds,
which is intense for 7% complexes and weak for n? coordination. This peak is observed for
n=1-3, but drops greatly in intensity for n=4.

The n=1-2 complexes each also have a single peak at low wavenumber, 2567 and 2582
cm ™!, respectively, which is due to an exit channel complex with an agostic carbene group,
(H,)ZrCH,". In (H,)ZrCH,"(CH,) the H—H stretch is observed at 3355 cm™!. It drops to
3325 cm ™! upon Ar tagging.

Dehydrogenation products are observed when Zr" sequentially reacts with three or four
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CH, molecules. The products formed come from loss of H, from n=3-4, ZrC;H,,* and
ZrC,H,,", and loss of H and Hy+H from n=4, ZrC,H,;* and ZrC,H,;*. The spectra of
these products are compared to simulated spectra at several levels of theory. The lowest
energy isomers are structures with methyl and methane groups and the lowest spin state
is preferred. ZrC,;H,," and ZrC,H,;;* have two and three methyl groups and a methane to
form Zr(CH,),"(CH,) and Zr(CH,)," (CH,), respectively, with ® hydrogen coordination of
methane. ZrC,H,," is most likely a combination of two isomers of Zr(CH,)," (CH,), with
different methane binding orientations. The lowest energy isomer of ZrC,H ;" is predicted
to be ZrCH; " (CH,)5, however, the best match to experiment is a slightly higher in energy
isomer, singlet HZrCH," (CH,);, which has an agostic carbene, one almost 1* methane and

two methanes between n? and 7.

Supporting Information Available

Full references 51 and 52; a mass spectrum of the ions; a diagram of the two valve
fast-flow reactor source; potential energy surface calculations for Zr* + CH, at B3LYP and
M11L; catalysis reaction table for BSLYP and M11L; BDE and E,.; of the entrance chan-
nel complexes and reaction products at the M11L/aug-cc-pVTZ level of theory; simulated
and experimental spectra and geometry of Zr"(CH,),; IR spectra of the H, stretch peak
of [Zr,C2,H8|"; BDE and E,; of the dehydrogenation products at the M11L/aug-cc-pVTZ
level of theory; reaction product spectra and geometries at M11L for the most likely isomers;
unscaled simulated spectra for ZrC,H,," at the B3LYP/aug-cc-pVTZ level of theory; ther-
modynamics of C—H activation reactions at BSLYP and M11L; and the energies, geometries,
vibrational frequencies, and intensities of each complex at the B3LYP /aug-cc-pVTZ level of

theory (Tables S6, S7, S8, S9, S10, and S11).
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