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ABSTRACT

VIBRATIONAL SPECTROSCOPY OF INTERMEDIATES OF C-H BOND

ACTIVATION BY TRANSITION METAL OXIDE CATIONS

SEPTEMBER 2010
GOKHAN ALTINAY, B.Sc., BOGAZICI UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Ricardo B. Metz

Direct, efficient oxidation of alkanes is a long-standing goal of catalysi
Gas phase Fe@an convert methane to methanol and benzene to phenol under
thermal conditions. Two key intermediates of these reactions are the {RD-Fe
insertion intermediate and ¥FBOH) (R=CH; or G;H5s) exit channel complex.
This work describes measurements of the vibrational spectra of these
intermediates and electronic structure theory calculations of the pb&Emrgy
surfaces for the reactions. They help to characterize the mechanisnsér the
reactions. Chapter 1 describes previous studies of methane-to-methanol and

benzene-to-phenol conversion by gas-phase transition metal oxide cations.

viii



Spectra of gas-phase reaction intermediates are obtained using photofragment
spectroscopy, in which absorption of a photon leads to bond breaking.
Utuilizing this technique to measure vibrational spectra is challengingodue

the low photon energies involved. Techniques used to measure vibrational
spectra of ions — argon tagging, infrared multiple photon dissociation (IRMPD),
vibrationally mediated photodissociation (VMP) and infrared laser assisted
photodissociation spectroscopy (IRLAPS) are also detailed in chapter 1. The
photofragment spectrometer and laser systems used in these studies are
described in chapter 2, as is a multi-pass mirror arrangement which |
implemented. This greatly improved the quality of vibrational spectra,
particularly those measured using IRMPD.

Chapter 3 describes studies of the O-H and C-H stretching vibrations of
two intermediates of the Fé® CH, reaction. These intermediates are
selectively formed by reaction of laser ablated \wigh specific organic
precursors and are cooled in a supersonic expansion. Vibrations of the sextet and
quartet states of the [HO-Fe-gJHinsertion intermediate and F€Hs;OH) exit
channel complex are measured by IRMPD and Ar-tagging. Studies of the O-H
stretching vibrations of the [HO-Feslds] * and F&CgHsOH) intermediates of
the FeO + GgHg reaction are discussed in chapter 4. Fo(CGselsOH), the O-H
stretch is observed at 3598 ¢niPhotodissociation primarily produces' Fe
CsHsOH. IRMPD of [HO-Fe-@Hs] * mainly produces FeOH CsHs and the
O-H stretch spectrum consists of a peak at ~3700with a shoulder at ~3670

cmt,



Chapter 5 compares three techniques - IRMPD, argon-tagging, and
IRLAPS - in the quality of the measured vibrational spectra 6fGtdsOH)
ions produced under identical conditions. The sharpest spectrum is obtained
using IRLAPS. The O-H stretch is observed at 3660.dvtonitoring loss of
argon from Ag(CH3OH)(Ar) gives a slightly broader peak, with no significant
shift. The vibrational spectrum obtained using IRMPD is shifted to 3635 cm

is substantially broader, and is asymmetrical, tailing to the red.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

From practical, economic and environmental standpoints transition metal
catalyzed reactions are set to dominate the chemical industry in the 21st.century
Therefore, it is not surprising that the field of transition metal catahas been and
will remain central to academic and industrial chemistry. The oxidativeiorser
transition metals into the C-H bonds of hydrocarbons, a key step in many catalytic
reactions, is well-documentétf This is challenging to do for simple alkanes,
especially for methane due to its very strong C-H bonds.

Methane is abundant - the energy equivalent of global natural gas res#irves w
soon surpass those of petroléunyet it is underutilized as a precursor for chemicals
and liquid fuels due to the difficulty of transporting this permanent gagre has thus
been a great deal of effort directed towards efficient conversion of methaslyo e
transportable and more synthetically useful liquids such as larger hydrocarbons
methanol. As a result, the direct, efficient conversion of methane to methanol been

called a “holy grail” of catalysis.

Isolated transition metal ions (Min the gas phase have an extremely rich
chemistry, activating C-H and C-C bonds in hydrocarbons at room température.
M* + CHoni2> MCHon™ + Hy C-H activation (1.1)

M* + CHzns2 > MCpqHons + CHy C-C activation (1.2)



This has led to extensive studies of the reactionsofavid related reactions of metal
oxide cations MO) by several groups.

MO" + CHzns2 > M™ + CiH20+1OH oxidation (1.3)
In addition to interest in the inherent reactivity, these studies are motiwatld tesire
to understand the chemistry of a complex condensed phase system through detailed
experiments and theory on the simpler gas phase reactions. In this thegjsihgro

concentrate on studies of C-H activation by MO

1.2 Methane activation by MO”
The catalytic conversion of methane to methanol BM®D* can be written as
M* + % Q> MO* (1.4)
MO+ CH; > M* + CH;OH (1.5)
The early transition metals bind so strongly to oxygen that reaction &fwit®
methane is endothermic. Some of the late transition metals bind oxygen so thatkly
reaction (1.4) is endotherntic.

In 1990 Schréder and Schwarz reported that gas-phasedife@tly converts
methane to methanol under thermal conditions(at 300TKE reaction is efficient,
occurring ~20% of collisions, and is quite selective, produciigrFeHOH 40% of
the time (the other major product is FEOHCHs). More recent experiments reveal
that NiO" and PtO also convert methane to methanol with good efficiency and
selectivity’® This process can be viewed as a model for alkane hydroxylation. Here,
reductive elimination of methanol corresponds to a formal O-atom transfettfeom
metal oxide to methar8 Reactions of gas-phase transition metal oxides with methane
are thus a simple model system for the direct conversion of methane to methactol, whi

2



has spurred extensive experimental and computational sfutfiésin Table 1.1, the
efficienciesd and the product branching ratios for reactions of several metal oxide
cations with methane are summariz€drhe reaction of Febhas attracted particular

interest.

1.3 Benzene activation by MO*

Schwarz, Schroder and coworkers also showed that, under thermal conditions,
several gas-phase metal oxide cations'M&ct efficiently with benzene to produce
phenol with good selectiviti The reaction of FeChas been particularly well-studied.
This is the prototypical arene reaction. Oxidation of benzene is more exotheamic t
methane. The reaction efficiency and selectivity are higher aslwélhble 1.3, the
efficiencies and the product branching ratios for reactions of many metal oxide

cations with benzene are summarized.



MO* % Efficiency Products

() M*+ CHOH | MOH + CHs | MCH," + H,O
MnO* 40 <1 100 -
FeO® 20 41 57 2
FeOP® 9 39 61 Trace
FeO'® 7 18 82 -
CoO' 0.5 100 - -
NiO* 20 100 - -
PtO 100 25 - 75

Table 1.1 Reaction efficiencies and selectivities of M@ith methane at thermal

energies. Values are from ref.10,except for: (a)1990 ICR %t(ly1997 ICR study:

(c)1997 SIFT study




% Products
MO* | Efficiency

() M™ + CsHsOH | MOH™ + GsHs | MCgH4"™ + H,O | MCsHg +CO
Cro’ 100 100
MnO" 100 67 15 18
FeO 100 56 5 37
CoO 100 70 30
NiO” 100 100

Table 1.2 Reaction efficiencies and selectivities of M@ith benzene at thermal

energies® *°




1.4 Studies of intermediates
1.4.1 Electronic spectroscopy

Our group has studied the reactants, intermediates and products of C-H bond
activating reactions by MO Intermediates are formed by reaction of (groduced by
laser ablation) with an appropriate organic precursor and subsequently cooled. In
previous work, we have measured their electronic spectroscopy and photod@sociati
dynamics using photofragment spectroscopy in the visible and ultraf/itfién this
technique, absorption of photons is monitored by photodissociation. Photofragment
spectroscopy not only allows us to study the spectroscopy of these systems but als
often gives information on the dissociation dynamics (fragmentation patlandys
certain cases, kinetic energy release (KER)).

Electronic spectroscopy is useful for measuring positions of excitedogliec
states. In some cases the electronic spectrum contains resolved vibsitiariate,
which allows characterization of bonding in the excited state. However ogliectr
spectroscopy of cold molecules does not give any information on vibrations in the
ground state. Also, the electronic spectrum is usually very broad and unstructured
particularly for larger molecules and for non-covalent complexes wittipteuligands.
Also, complexes with different metals give completely different edeatrspectra,

which makes it experimentally challenging to study periodic trends.



1.4.2 Vibrational spectroscopy

Obtaining the vibrational (IR) spectra of these systems will broaden our
horizons to describe the bonding in the ground states of the ions. Measuring the
vibrational spectrum determines the structure and bonding characterighies
intermediates and illuminates the mechanism of ligand activation by theaceetat.

IR spectroscopy is advantageous over electronic spectroscopy becaagglicable to
all transition metals and their compounds. This feature will increase ouy &ili
examine different organometallic systems in our apparatus. IR spectragabpy
reaction intermediates will enhance our chance to understand the mechanisi of C-

and C-C bond activation reactions of ldnd MO in the ground electronic state.

1.5 Vibrational spectra of ions

Vibrational spectroscopy is widely used to measure structure and bonding of gas-phas
ions!* 2°22 For most ions, low ion densities preclude direct absorption studies. As a
result, photofragment spectroscopy, in which absorption of light leads to fragment ion
formation (and parent ion depletion) is widely used. The primary challenge inrapply
photofragment spectroscopy to measure vibrational spectra is that lighptados needs

to lead to bond breaking. One photon in the O-H stretching region has ~45 kJ/mol of
energy, so vibrational photofragment spectroscopy requires studying vicakig-ions

or absorption of multiple photons. Popular techniques for vibrational spectra of ions
include infrared multiple photon dissociation, messenger spectroscopy, and two-color
techniques such as vibrationally mediated photodissociation and infrared lagedassis

photodissociation spectroscopy.



1.51IRMPD

Infrared multiple photon dissociation (IRMPD) can be achieved by IR radiation
with high laser fluences. Photodissociation requires that the molecule saliyient
absorb several photons, which provide sufficient energy to break the weakest bond, and
that this energy find its way from the initially-excited vibration to theadisdion
coordinate. A high density of vibrational states and efficient intramoleclleatiinal
redistribution (IVR) facilitate IRMPD by maintaining the resonancé wwuld
otherwise be lost due to anharmonicity and by transferring energy fronbtiagom
excited to the dissociation coordinafe&Small molecules such as‘E&H;OH) and
Ag’(CHsOH) have relatively high binding energies and low IVR rates, and are thus
challenging to study via IRMPD. IRMPD is often more efficient fogéarmolecules,
such as FgPhenol). Despite its simplicity, IRMPD has several disadvantages. It
requires high laser fluences, which can lead to spectral broadening. Maitigptse
IR beam can help to overcome this problem. A more fundamental problem is that
IRMPD preferentially dissociates hot molecules, as they require fa@vatons to

dissociate. This leads to spectral broadening, and often to tailing of peakse?the r

1.5.2 Argon tagging

Messenger spectroscopy avoids many of the drawbacks of IRMPD. In
messenger spectroscopy, a weakly-bound atom or molecule is attached to the ion of
interest. Absorption of one IR photon by the chromophore leads to loss of the
messenget” This allows much lower laser fluences to be used than for IRMPD. Argon

is the most widely used messenger (hence the technique is often termed “argon



tagging”)?°*? Argon usually binds strongly enough that the tagged ions can be readily
produced in a molecular beam source, but weakly enough that absorption of one photon
leads to dissociation. Vibrational resonances observed via tagging are skagbly

This is due to the small ion-Ar binding energies, which ensure that Ar-taggearens
vibrationally cold. Usually, the tag only slightly perturbs the vibrationaltsyecof the

ion. However, there are some ions for which rare-gas tagging signifipemtiybs the
spectrunt? ** To check for this, it is useful to measure, and use calculations to predict,
spectra with varying number of argon atoms attached, and even to use another tag such

as neort”

1.5.3VMP and IRLAPS

Two-color methods combine one-photon vibrational excitation with selective
dissociation of vibrationally excited molecules. In vibrationally mediated
photodissociation (VMP), one-photon absorption in the visible or UV promotes the
vibrationally excited ions to an excited electronic state from which they @isstt®>

37 This method requires that the vibrationally excited molecules have eediffe
electronic photodissociation spectrum than the remaining, unexcited molecules. In
infrared laser assisted photodissociation spectroscopy (IRLAPS), theonbiigt

excited ions absorb several photons from a second infrared laser and dis&8tiate.
both have the potential to measure vibrational spectra of unperturbed ions with laser-
limited resolution. This makes them particularly useful for studyindlsateongly

bound ions such as'YOCO), C(H.0) and Ag(CHsOH).



This thesis is organized in the following manner. Chapter 2 describes the
experimental techniques employed in these studies including details of thatappa
laser systems and data acquisition used. In Chapter 3, we investigatesttimpot
energy surface (PES) of the reaction Fe@H, > Fe + CH;OH in both sextet and
guartet spin states and measure the O-H and C-H stretching frequentiesHO-Fe-
CHa]" insertion intermediate and K€H;OH) exit channel complex using infrared
multiple photon dissociation (IRMPD) and argon-tagging techniques. In Chapter 4, we
extend our vibrational spectroscopy study from the simple alkane to simpletiaroma
system of benzene to phenol conversion by F&¥@ measure vibrational spectra of the
[HO-Fe-GHs] " insertion intermediate and the F&sHsOH) exit channel complex in
the O-H stretching region. In Chapter 5, we compare three differentqeeisrior
vibrational spectroscopy of ions - IRMPD, Ar tagging and IRLAPS - and abely to

Ag*(CH;OH). Finally, Chapter 6 discusses extensions and suggestions for future work.

10



1.6 References

1. Shilov, A. E.; Shul'pin, G. B., Activation of C-H bonds by metal complexes.
Chem. Rev1997, 97, (8), 2879-2932.

2. Hall, C.; Perutz, R. N., Transition metal alkane comple2hem. Rev1996,
96, (8), 3125-3146.
3. In 2008 proven world petroleum reserves were 1258 billion barrels (bbl.); gas

reserves were 1221 bbl. oil equivalent, and growing much more rapidly than petroleum
reserves. Source: BP Statistical Review of World Energy, June 2009.

4, Lunsford, J. H., Catalytic Conversion of Methane to more Useful Chemicals and
Fuels: a Challange for the 21st Cent@gatal. Today2000, 63, 165-174.

5. Barton, D. H. R., The Invention of Chemical Reactiétdrichim. Actal990,

23, 3-10.

6. Eller, K.; Schwarz, H., Organometallic Chemistry in the Gas PG&sm. Rev.

1991, 91, 1121-1177.

7. Weisshaar, J. C., Bare Transition Metal Atoms in the Gas Phase: Reactions of
M, M* and M with HydrocarbonsAcc. Chem. Re4993, 26, 213-219.
8. Metz, R. B., Photofragment Spectroscopy of Covalently Bound Transition Metal

Complexes: A Window into C-H and C-C Bond Activation by Transition Metal lons.
Int. Rev. Phys. Cheri004, 23, (1), 79-108.

9. Schréder, D.; Schwarz, H., FeBctivates MethaneAngew. Chem. Intl. Ed.
Engl.1990, 29, 1433-1434.

10. Schrdder, D.; Schwarz, H., C-H and C-C Bond Activation by Bare Transition-
Metal Oxide Cations in the Gas Phagagew. Chem. Int. Ed. Engl995, 34, 1973-

1995.

11. Schréder, D.; Schwarz, H.; Shaik, S., Characterization, Orbital Description, and
Reactivity Patterns of Transition-Metal Oxo Species in the Gas Piaget. Bonding
2000, 97, 91-123.

12. Bohme, D. K.; Schwarz, H., Gas-Phase Catalysis by Atomic and Cluster Metal
lons: The Ultimate Single-Site Catalysésigew. Chem. Int. Ed. En@005, 44, (16),
2336-2354.

13. Schroder, D.; Schwarz, H., Gas-phase activation of methane by ligated
transition-metal cation®roc. Nat. Acad. ScR008, 105, (47), 18114-18119.

14. Metz, R. B., Spectroscopy of the Potential Energy Surfaces for C-H and C-O
Bond Activation by Transition Metal and Metal Oxide Catiohdv. Chem. Phy2008,

138, 331-373.

15. Schroder, D.; Schwarz, H.; Clemmer, D. E.; Chen, Y.; Armentrout, P. B.;
Baranov, V.; Bohme, D. K., Activation of Hydrogen and Methane by Thermalizeti FeO
in the Gas Phase as Studied by Multiple Mass Spectrometric TechriiguésMass
Spectrom. lon Prod997, 161, 175-191.

16. Shiota, Y.; Yoshizawa, K., Methane-to-Methanol Conversion by First-Row
Transition-Metal Oxide lons: SEQTIO", VO', CrO", MnO', Fed, CoO', NiO", and

CuQ'. J. Am. Chem. So2000, 122, 12317-12326.

17. Yoshizawa, K.; Shiota, Y.; Yamabe, T., Methane-Methanol Conversion by
MnQ", FeO, and CoO: A Theoretical Study of Catalytic Activity. Am. Chem. Soc.
1998, 120, 564-572.

11



18. Ryan, M. F.; Stockigt, D.; Schwarz, H., Oxidation of Benzene Mediated by
First-Row Transition-Metal Oxide Cations - the Reactivity of St@ough NiJ in
ComparisonJ. Am. Chem. So&994, 116, (21), 9565-9570.

19. Schroder, D.; Schwarz, H., Benzene Oxidation By 'Bare’ Fefbe Gas Phase.
Helv. Chim. Actd992, 75, (4), 1281-1287.

20. Duncan, M. A., Frontiers in the Spectroscopy of Mass-Selected Molecular lons.
Int. J. Mass Spectror2000, 200, 545-569.

21. Bieske, E. J.; Dopfer, O., High-Resolution Spectroscopy of ClusteiQbes.
Rev.2000, 100, (11), 3963-3998.

22. MacAleese, L.; Maitre, P., Infrared spectroscopy of organometaikcim the

gas phase: From model to real world complekass Spectrom. Re2007, 26, (4),
583-605.

23. Oomens, J.; Sartakov, B. G.; Meijer, G.; Von Helden, G., Gas-Phase Infrared
Multiple Photon Dissociation Spectroscopy of Mass-Selected Moleculsria. J.

Mass Spectron2006, 254, (1-2), 1-19.

24. Citir, M.; Altinay, G.; Metz, R. B., Electronic and Vibrational Spectroscaoymy a
Vibrationally Mediated Photodissociation of(@CO).J. Phys. Chem. 2006, 110,
5051-5057.

25. Altinay, G.; Citir, M.; Metz, R. B., Vibrational Spectroscopy of Intermediate
Methane-to-Methanol Conversion by Fe@. Phys. Chem. 2010, 114, (15), 5104-
5112.

26. Okumura, M.; Yeh, L. I.; Meyers, J. D.; Lee, Y. T., Infrared Spectra of the
Cluster lons HOs;™-H, and HO,™-H,. J. Chem. Phys<986, 85, 2328-23209.

27. Corcelli, S. A.; Kelley, J. A.; Tully, J. C.; Johnson, M. A., Infrared
Characterization of the Icosahedral Shell Closing irHJD-Ar, (1< n< 13) Clusters.

J. Phys. Chem. 2002, 106, 4872-4879.

28. Duncan, M. A., Infrared Spectroscopy to Probe Structure and Dynamics in
Metal lon-molecule Complexebit. Rev. Phys. Cheri003, 22, (2), 407-435.

29. Vaden, T. D.; Lisy, J. M.; Carnegie, P. D.; Pillai, E. D.; Duncan, M. A., Infrared
Spectroscopy of the [(H,O)Ar complex: the role of internal energy and its
dependence on ion preparatiéys. Chem. Chem. Phy806, 8, (26), 3078-3082.

30. Furuya, A.; Tsuruta, M.; Misaizu, F.; Ohno, K.; Inokuchi, Y.; Judai, K.; Nishi,
N., Infrared photodissociation spectroscopy of(8H;OH), (n=1-4).J. Phys. Chem. A
2007, 111, (27), 5995-6002.

31. Asmis, K. R.; Sauer, J., Mass-selective vibrational spectroscopy of vanadium
oxide cluster iongViass Spec. Re2007, 26, (4), 542-562.

32. Dopfer, O., Spectroscopic and theoretical studies gf-RH} clusters (Rg =

He, Ne, Ar): From weak intermolecular forces to chemical reaction mescha.int.

Rev. Phys. Cher2003, 22, (3), 437-495.

33. Hammer, N. I.; Diken, E. G.; Roscioli, J. R.; Johnson, M. A.; Myshakin, E. M.;
Jordan, K. D.; McCoy, A. B.; Huang, X.; Bowman, J. M.; Carter, S., The Vibrational
Predissociation Spectra of thg® *RG, (RG=Ar,Ne) Clusters: Correlation of the
Solvent Perturbations in the Free OH and Shared Proton Transitions of the Zundel lon.
J. Chem. Phy2005, 122, (24), Art. No. 244301.

12



34. Solca, N.; Dopfer, O., Microsolvation of the Phenol Catiofi)(PiNonpolar
Environments: Infrared Spectra of Ph, (L=He, Ne, Ar, N, CHy). J. Phys. Chem. A
2001, 105, 5637-5645.

35. Honovich, J. P.; Dunbar, R. C., Vibrational Spectroscopy and Photo-
Dissociation Properties of lons as Determined by Two-Laser Photodassn
Techniquesd. Phys. Chenil983, 87, (19), 3755-3758.

36. Crim, F. F., Vibrationally Mediated Photodissociation: Exploring Excitet& Sta
Surfaces and Controlling Decomposition Pathwaysiu. Rev. Phys. Chedf93, 44,
397.

37. Rosenwaks, S. A/jbrationally Mediated Photodissociatiomhe Royal Society
of Chemistry: Cambridge, 2009.

38. Yeh, L. I.; Okumura, M.; Meyers, J. D.; Price, J. M.; Lee, Y. T., Vibrational
Spectroscopy of the Hydrated Hydronium Cluster log®@HH.0), (n=1,2,3).J. Chem.
Phys.1989, 91, 7319-7330.

39. Watson, C. H.; Zimmerman, J. A.; Bruce, J. E.; Eyler, J. R., Resonance-
Enhanced Two-Laser Infrared Multiple Photon Dissociation of GaseousJIdpigys.
Chem.1991, 95, (16), 6081-6086.

40. Boyarkin, O. V.; Settle, R. D. F.; Rizzo, T. R., Vibrational Overtone Spectra of
Jet-Cooled CEH by Infrared-Laser Assisted Photofragment Spectrosd@gry.Bunsen-
Ges. Phys. Chem. Chem. PHyg95, 99, (3), 504-513.

41. Boyarkin, O. V.; Lubich, L.; Settle, R. D. F.; Perry, D. S.; Rizzo, T. R.,
Intramolecular energy transfer in highly vibrationally excited methanol. lafdt
dynamics.J. Chem. Phyd997, 107, (20), 8409-8422.

42. Boyarkin, O. V.; Rizzo, T. R.; Rueda, D. S.; Quack, M.; Seyfang, G., Nonlinear
Intensity Dependence in the Infrared Multiphoton Excitation of Methanol Htedxo
Different EnergiesJ. Chem. Phy2002, 117, 9793-9805.

13



CHAPTER 2

EXPERIMENTAL

2.1 Apparatus Overview and Modifications

The apparatus in which all the studies were performed is schematically
illustrated in Figure 2.1 below. It is a dual Wiley-McLaren type timélight mass
spectrometer. It has been described in detail previduslill describe each part in
detail.

(A) Minilite (Continuum) ablation laser is focused onto a rotating metal rod to produce
ions.

(B) Selected transition metal rod. Laser ablation of a metal rod creaigtigenof

metal clusters, neutrals, and multi-charged ions in addition to the desired siaggath
cations.

(C) Metal ions react with a precursor gas, which is introduced through a pulsed valve,
to produce the ion of interest. Before they reach the skimmer, collisions with the bat
gas cool the ions. Backing pressure of the gas mixture is generally 1-5 atm.

(D) Skimmer: It allows ions to enter the accelerator along the beam axis.

(E) Accelerator: Using a pulsed electric field ions gain 1800 V kinetic ersgrys

point.

(F) Re-reference the ions to ground potential before entering the field-fyeetélbe.
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(G) Einzel Lens an@H) Deflectors: Focus and guide the ions through a hole into the
detector chamber.

(I) Mass Gate: It selects the ions that will be photodissociated. It is theditector,

which turns the ion beam to pass through tharigle through the reflectron.

(K) Reflectron: It decelerates the ions and then reaccelerates them, sagimatrit ions

will have different flight times from the paretMulti-pass mirrors were added in this
region and will be described in section 2.2.

(J) Photodissociation Laser: Target ions are photodissociated at the turning point of the
reflectron. Fundamental or frequency doubled output of a tunable Nd:YAG pumped dye

or IR laser photodissociates the selected ions.

Dye Laser System: it is tunable between 220 to 900 nm with O.68inawidth with
mixing and doubling crystals.
The IR laser System: Using a combination of 532 nm OPO and 1064 nm pumped OPA

system we get tunable near IR light with a range between 712 to 880 nm and mid IR

from 1.35 to 5.0 microns. (2000-7400 cl;)n

(L) Detector: The detector consists of a stack of two 40 mm dia. micro-chanes| plat
which efficiently detect ions and are sufficiently large to ensureaahfents and
parents are detected. We can identify the masses of both parent and fragntiegits b
flight times. The final signal is amplified and collected on a digital oscolescUsing

a gated integrator system we can also measure the area under the pedikgew L
program enables us to average the signal and save as a wavelengthnsaamfeo,

immediate identification of the dissociation channels at a given wavklengbssible
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using a difference spectrum with laser on and off system. The repetitidorrdie

experiment is that of the ablation and fragmentation lasers, 20 Hz.

The source region (to the left of the skimr()) is maintained at ~ 18 torr by a 6"

diffusion pump; the differential region (between the skimmer and the ion ¢@jcs

kept at ~ 166 torr by a 4" diffusion pump, and the detedtoy is kept at ~ 18 torr by

a turbomolecular pump.

2.2 Multi-passlaser beam system

In order to maximize the photodissociation yield, particularly in infrared
multiple-photon dissociation, | implemented a multipass system for the dissocia
laser(s). We considered several designs, and settled on a “Perr§ Tkik’is a
multipass cell with two-spherical mirrors which has also been used forutaibeam
absorption spectroscopy using a laser source. It is schematically showore ZER.
This system has following features:

i) Efficient coupling to a collimated molecular beam because the raysto@lgdorm

a small, easily adjustable waist in the center of the cell.

i) All rays nearly perpendicular to a collimated molecular beam, minim2ogpler
broadening. The pattern of reflected spots on each mirror approximates a narrow
parabola.

i) The number of passes is easily and quickly adjustable. We obtain 21 passes in our
system.

iv) Off-the shelf commercial mirrors may be used.
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Quantity Symbol
Radius of curvature of the mirrors R
Mirror spacing L
Fractional deviation of mirror spacing from concentricity €
Height of each spot pattern on each mirror h
Vertical waist of ray pattern in center of cell a
Number of passes N
Number of spots on each mirror n
Wavelength A
Spot size at center o
Spot size at mirrors W

Table 2.1 Parameters and typical values for Perry éell.
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The number of passes depends on the radius of curvature of the mirrors and, very
sensitively, on the distance between them. Following Kaur, aire.can analyse the
Perry cell as follows (See Table 2.1 for definitions of symbols used).
The number of spots on each mirror is
n=2h/a (2.1)
The total number of passes through the cell is
N=2n + 1 (2.2)
In the concentric limit, the mirrors would be spaced by L=2R. In practiceptuimg
used is very close to this value. The fractional deviation of L from the concesltre
is
€ =(2R-L)/2R (2.3)
typically, € = 0.0015. In order to maximize the number of passes, the spot size at the
mirror should remain constant. The required spot size at each mirror is
w=(LARr)Y?e (2.4)
The number of spots on each mirror is
n=0.25n ¢ 2 (2.5)
Combining equations 2.4 and 2.5,
w=02nLA)"/x (2.6)
Including the constraint that clipping of the input beam be minimized, one can obtain
Mmax = (Pf ©* / 18 LA)Y3 (2.7)
Kaur et al. obtained N=41 passes. In our experiment, the vacuum system limits the

allowed spacing between the mirrors. In addition, since we wish to use standard, off
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the-shelf mirrors, this greatly limits their radius of curvature. We uska®ieter

mirrors, with a 6” radius of curvature. The mirrors are silver coated, so the9&%e
reflective throughout the mid-IR. The mirrors are mounted on 3-control adjustable
mirror mounts. In addition to tweaking the alignment of the mirrors, this allows us
change the distance between them. As equation 2.5 shows, this adjustmenalisncritic
maximizing the number of passes. Equation 2.4 implies that the light enteringrthe Per
cell is not collimated. Rather, it focuses just before the first reflectiooun system,

the light enters the vacuum chamber through an anti-reflection coatedefisSeith a

focal length of ~12.” As the IR laser beam is not visible to the naked eye, wapoverl

the IR beam with a visible HeNe laser beam, which we use for alignment. dins be

are combined using a ZnSe flat, which is placed at Brewster's angle iie taser

beam. The HeNe is reflected off the top surface of the ZnSe flat. We findighaery

easy to obtain 3-4 spots on each mirror (~8 passes), but that obtaining more passes
requires carefully tuning the separation of the mirrors. We can obtain (ancimgairt
spots (21 passes) without too much effort. The spots get slowly, but consistently large
Obtaining more passes would likely require adjusting the focal length ofntheA&er

20 passes, assuming 98% reflectivity, the incident beam retains 67% ofals initi

intensity.
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Figure 2.1 Schematic view of the Dual Time-of-Flight Reflectron Mass Spectmmet

Labels are described in the text.
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Nd:YAGlaser(532:1064)
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Figure 2.2Perry-type multipass mirror setup.
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2.3 Laser Systems

These studies employed two Nd:YAG lasers (Continuum Powerlite 8020 and
Minilite 11), a custom-made tunable Nd:YAG-pumped IR laser (Laseovijsiand a
pulsed, tunable CQaser (Infralight SP) in these studies. The Nd:YAG lasers will be
briefly described. Due to installation of the new IR laser system andiresiuse, It

will be discussed in detail in section 2.3.2.

2.3.1Nd:YAG Lasers

Powerlite 8020 and Surelite | series are high energy Q-switched Nd-Ys&&ja
the lasing medium is a Nd:YAG rod (Kfdon at low concentration in yttrium aluminum
garnet) excited by the discharge of energy from high voltage flashldmesim of Q-
switching is to achieve a large population inversion in the absence of the resonant
cavity, then to force the population-inverted medium into a cavity, and hence to obtain a
sudden pulse of radiation. In practice, Q-switching gives pulses of about 5 ns duration.
The technique allows the production of light pulses with extremely high peak power,
much higher than would be produced by the same laser if it were operating in a
continuous wave mode.

The Powerlite 8020 can produce >l J/pulse output at 1064 nm, ~ 550 mJ/pulse at
532 nm, and ~ 300 mJ/pulse at 355 nm. We can use a maximum of 550 mJ/pulse at
1064 nm to pump the IR laser system. The linewidth is ~0:7atrd064 nm. In
addition, the oscillator can be injection seeded, reducing the linewidth to ~ 0.301 cm
This is useful in mixing the Nd:YAG fundamental with the dye laser output, or for

pumping a narrow band optical parametric oscillator (OPO) such as our tRyasam.
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The Surelite I1-20 produces ~420 mJ/pulse at 1064 nm, ~160 mJ/pulse at 532 nm, and
~60 mJ/pulse at 355 nm. The Minilite laser is used for ablation of the metal rod.
Usually, 15 mJ power per pulse at 532 nm is enough for vaporization. All Nd:YAG
lasers operate at 20 Hz repetition rate. The ablation laser flash lampggeeet by a
digital delay generator. The Q-switch is internally clocked to fire ~ 150t@rs la

Because of the experimental need for precise timing of the dissociaters, [the
flashlamps and Q-switch are separately and externally triggeréek pplse generator.
This timing is particularly important for the vibrationally mediated photadission

experiments, where the delay between the IR and visible lasers is ~40 ns.

23.2IR Laser

The IR laser system used in our experiment is a two-stage nonlinear device
designed to convert the fixed-frequency output of a Nd:YAG laser system intogunabl
radiation in the mid-infrared. Using a combination of a 532 nm pumped optical
parametric oscillator (OPO) and a 1064 nm pumped optical parametric amplfA),(
the system will produce an output that is tunable from 712 to 880 nm and from 1.35 to
5.0 microns using a single set of nonlinear crystals.

The system is pumped by an injection seeded Powerlite 8020 Nd:YAG laser
producing roughly 550 mJ/pulse at 1064 nm. A beamsplitter divides the horizontally
polarized incoming 1064 nm pump into two separate beam lines. One beam is
frequency doubled in KTP to provide the 532 nm pump light for the OPO while the

second is directed through a delay before recombination with the idler output oftthe firs
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stage. The combined beams are then directed into a 1064 nm pumped OPA stage for
difference-frequency generation.

In both the 532 and 1064 nm stages, pairs of crystals of equal length are used
and counter-rotated to compensate for beam displacement. Two KTP crystasdr
in the 532 nm pumped oscillator stage. The OPO “divides” light at 532 nm (18797 cm
into a visible signal beam (tunable from 710 nm to 880 nm, or 11364 — 1409%nth
a complementary near-IR idler beam (2.1 — 1.35 microns, or 7433 — 47)2Tdme
OPO uses a grazing incidence grating cavity design, which reduces thvadtarof the
visible output to ~0.2 cth The OPA uses four KTA crystals to produce the near-IR
difference between the 1064 nm (9398*mump beam and the idler beam, nominally
producing light from 1965 to 4686 ¢h{2.1 — 5.1 microns). In practice, the IR laser can
produce 5 mJ/pulse from 712 to 880 nm, 12 mJ/pulse for the range 1.5 to 3.5 microns,
7 mJ/pulse at 3.7 microns, 4.5 mJ/pulse at 4.0 microns, 3 mJ/pulse at 4.5 microns, and
0.5 mJ/pulse at 4.9 microns. The drop in power at longer wavelength is due to
absorption by the KTA. If the IR laser is pumped by a seeded Nd:YAG laser, t
linewidth in the mid-IR is determined by the grating and is ~0.2. dfan unseeded
Nd:YAG is used for pumping, the linewidth is ~0.7 tiithe linewidth of the Nd:YAG
fundamental). For survey scans, a mirror can be used instead of the gratahgalsbi
leads to ~ 1 cihlinewidth, but gives higher power.

The wavelength is controlled by a servo motor; the crystal angles are each
controlled by a servo, as the optimum crystal angle depends quite strongly on

wavelength. All OPO and OPA crystals are controlled through a Microsoft Wsxdow
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based program running on a personal computer. Calibration of the IR laser syste

discussed in section 2.5.

2.3.3CO; Laser

The CQ laser is a custom-made short pulse, tunable laser made by
Optosystems, Ltd. Most GQasers operate either continuously, or in pulsed mode,
with millisecond pulses. In our experiments, the ion packet is in the reflectrarcfor s
a short time that any light lasting longer than ~200 ns does not overlap the ion beam.
Our CQ laser produces short pulses by using platinum electrodes (rather than nickel)
and by using a gas mixture of 15% £&nhd 4% N in helium. The typical gas mixture
used in longer-pulse Gasers is 5% C@and 15% Nin helium.

The CQ laser is line-tunable over the P and R branches of two bands. The
available wavelengths and powers are shown in table 2.2. The relationship between the
grating angle and the wavelength is given by the grating equation:

A =Asin@ + 6O) (2.8)
where/ is in microns. To calibrate the laser, one fires the beam through a bag
containing some ammonia; a loud “snap” is heard if the I@&&r line is coincident
with an NH; absorption (photoacoustic effect). In this way one identifies a few lines in
each band. For our laser, A=13.36922 microns @& 124.78°. The known and

predicted line positions are shown in table 2.2.
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Line # Position Position

deg.sec

1 1.36
2 1.46
3 1.55
4 2.05
5 2.15
6 2.24
7 2.33
8 2.41
9 2.49
10 2.58
11 3.07
12 3.15
13 3.23
14 3.3
15 3.38
16 3.45
17 4.36
18 4.48
19 4.54
20 5
21 5.05
22 5.11
23 5.22
24 5.27
25 5.32
26 5.37

deg.

1.600
1.767
1.917
2.083
2.250
2.400
2.550
2.683
2.817
2.967
3.117
3.250
3.383
3.500
3.633
3.750
4.600
4.800
4.900
5.000
5.083
5.183
5.367
5.450
5.533
5.617

Line

10P36
10P34
10P32
10P30
10P28
10P26
10P24
10P22
10P20
10P18
10P16
10P14
10P12
10P10
10P8
10P6
10R8
10R12
10R14
10R16
10R18
10R20
10R24
10R26
10R28
10R30

um

10.764
10.741
10.719
10.696
10.675
10.653
10.632
10.611
10.591
10.571
10.551
10.532
10.513
10.494
10.476
10.459
10.334
10.303
10.289
10.274
10.260
10.247
10.220
10.207
10.195
10.182

cmt  Energy

mJ/pulse
929.02 50
931.01 80
932.92 50
934.93 360
936.77 110
938.7 100
940.56 440
942.42 495
944.2 470
945.98 300
947.78 190
949.49 140
951.2 140
952.93 180
954.56 190
956.11 120
967.68 240
970.59 430
971.91 130
973.33 350
974.66 490
975.9 200
978.47 260
979.72 390
980.87 350
982.13 270

Table2.2 CO; laser line assignment and calibration
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predict  Diff.

¢cm  cm?

929.06D040
931.058049
932.87@.048
934.963.027
936.931181
938.8B108
940.610119
942.353.066
944.040.160
945.98M030
947.816095
949.597107
951.33r132
952.858.072
954.614054
956.1@0050
967.698018
970.483.106
971.888022
973.290.031
974.480.180
975.9a@1004
978.53L062
979.736015
980.948B073
982.136026



27 541 5.683
28 5.46 5.767
29 551 5.850
30 8.51 8.850
31 9.05 9.083
32 9.18 9.300
33 9.25 9.417
34 931 9.517
35 9.37 9.617
36 9.48 9.800
37 9.55 9.917
38 10 10.000
39 10.06 10.100
40 10.54 10.900
41 10.58 10.967
42 11.02 11.033
43 11.0/7/ 11.117
44 11.11 11.183
45 11.15 11.250
46 11.19 11.317
47 11.22 11.367
48 11.27 11.450
49 11.3  11.500
50 11.34 11.567
51 11.38 11.633
52 11.41 11.683
53 11.44 11.733

Line # Position Position
deg.sec deg.

10R32
10R34
10R36
9P34
9P30
9P26
9pP24
9p22
9P20
9P16
9P14
9P12
9P10
9R8
9R10
9R12
9R14
9R16
9R18
9R20
9R22
9R24
9R26
9R28
9R30
9R32
9R34

Line

10.170
10.159
10.147
9.675
9.639
9.604
9.588
9.569
9.552
9.520
9.504
9.488
9.473
9.342
9.329
9.317
9.306
9.294
9.282
9.271
9.261
9.250
9.240
9.230
9.220
9.210
9.201

um

983.28
984.35
985.51
1033.59
1037.45
1041.23
1042.97
1045.04
1046.9
1050.42
1052.19
1053.96
1055.63
1070.43
1071.93
1073.31
1074.58
1075.96
1077.35
1078.63
1079.8
1081.08
1082.25
1083.48
1084.63
1085.74
1086.84

cnt

190983.131
100984.353

50 985.580
60 1033.401

3001037.437
2501041.229
4551043.288
3201045.063
50
1601050.143
1761052.257
1301053.775

60 1055.604
20 1070.594

2201071.872
3101073.154
1101074.764
4671076.056
3401077.354

60 1078.655
50 1079.635

2301081.273
2801082.259
2801083.578
2101084.902
1901085.898

50 1086.897

Energy
mJ/pulse

predict
cm

Table 2.2, Continued CO; laser line assignment and calibration
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1046.848

-0.149

0.003

0.070
-0.189

-0.013
-0.001
0.318
0.023

-0.052

-0.277
0.067
-0.185

-0.026

0.164
-0.058
-0.156

0.184
0.096
0.004

0.025
-0.165

0.193
0.009
0.098
0.272
0.158

0.057

Diff.
cmt



2.4 Photofragment Spectr oscopy

Photodissociation requires the absorption of a photon with sufficient energy to
break a bond; furthermore, bond cleavage must occur on a time scale faster thaan that f
fluorescence. In photofragment spectroscopy, monitoring fragment yiekiragla
wavelength produces a time of flight mass spectrum, identifying the disoci
products and corresponding branching ratios. If over a series of runs the area under one
fragment peak is integrated with respect to a varying wavelength, then a
photodissociation spectrum will be produced showing those molecules which absorb a
photon to give a particular fragment.

After each run (each time the dissociation laser is fired, at a particular
wavelength, and fragments are detected), a conventional time-ofrfiagg spectrum is
produced. Measuring a mass spectrum with the laser ON and subtracting ona@lobtaine
with the laser OFF give a difference mass spectrum, see figure Z3n&asurement
immediately reveals the percent dissociation of the parent. It aiss igiformation on
the masses of the fragment ions produced, and their branching ratios.

Monitoring the yield of a particular fragment ion as a function of laser
wavelength gives the photodissociation spectrum. This is the product of the absorption
spectrum and the photodissociation quantum yield. The photodissociation spectrum is
measured using a gated integrator for each fragment of interest, and onefmetite
for normalization. In some cases, monitoring different fragments giviesesht

photodissociation spectra, as is observed in chapters 3.3.3.1 and 4.3.2.
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Figure 2.3 Difference mass spectrum obtained from photodissociating [HO-RE-GH
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2.5 Laser Calibration

Calibration of the wavelengths of our laser systems is essential for the
assignment of the peaks in the spectra and to ensure accurate spectroscemreThe
two fundamental methods of determining the wavelength of a Esestroscopic
calibration andinstrumental measuremehtnstrumental measurement of is very
difficult for pulsed lasers, so we use spectroscopic calibration.

Recording standard spectra is the simplest way to measure laser \gtvdien
each spectroscopic region, this can be achieved by absorption spectra gfwetiple
characterized systems. The choice of species depends entirely on the réiggon of
spectrum under study, but in general small, stable molecules are emplayeecord
the absorption spectra we typically use the photoacoustic technique. For catilorati
the mid-IR, we typically use water and methane. A small portion of aabbrspectra

in two regions are shown in figure 2.4.
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Figure 2.4 Calibration of the IR laser. Photoacoustic spectra are compared to tdbulate

intensities (HITRAN database).
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CHAPTER 3

VIBRATIONAL SPECTROSCOPY OF INTERMEDIATESIN

METHANE-TO-METHANOL CONVERSION BY FeO*

3.1 Introduction

Methanol, one of the top 25 chemicals produced worldwide, is mainly used as a
primary feedstock for the chemical industry. It has been proposed as the basievor
energy economy by developing its utility as a liquid fuélurrently, commercial
methane to methanol production is via the indirect synthesis gas (syn-gas) route

CH, + O, — CO + 2H — CH;OH (3.1)
The main drawback of this method is the large energy requirement of thaighy
endothermic step. Methanol production dieect partial oxidation of methane is
exothermic and thus has the potential to be significantly more economical angl energ
efficient than the syn-gas process. An efficient method for direct methanethanol
conversion is thus highly desiral3e.

In nature, efficient conversion of methane to methanol at moderate temperatures
is observed iiTmethanotrophsbacteria which obtain all the energy and carbon they need
for life from methané. The reaction is catalyzed by the enzyme methane mono-
oxygenase (MMO), which contains non-heme iron centers in the active’site.

Although chemists have yet to develop a direct, efficient methane-methanotsionve

process, significant advances have been made using iron-containing safalyst
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FePQ catalyst with NO and H/O; as the oxidizing agents shows high catalytic
selectivity for direct oxidation of methane to methanol at temperatures 4é0 °C,
but the reaction yield is lo#® Other promising approaches include direct oxidation to
a methyl ester using a platinum catalystd direct methane-methanol conversion using
an iron-doped zeolit€. Also noteworthy is the recent report of synthetically useful
oxidation of unactivated C-H bonds using an iron-based catalyst widhad$ the
oxidant™

As we mentioned in the introduction chapter, in 1990 Schroder and Schwarz
reported that gas-phase Fefirectly converts methane to methanol under thermal
conditions? In later experiments, they compared the efficiency and selectivity of the
methane to methanol conversion by using different transition metal oxide c&tions.

The key intermediates in the reaction are the (Hdy) entrance channel
complex, [HO-Fe-CH" insertion intermediate and K€H;OH) exit channel complex.
Vibrational spectra of intermediates of tieutral MO + CH, reaction have been
measured in inert gas matrices for several transition nfét&l5or HO-Fe-CH, the O-
H stretch is at 3744.8 ¢hand the Fe-O stretch at 687.5tin solid argont:* *°

Our group has studied the electronic spectroscopy of intermediates of the FeO
+ CH, reaction in the visible and near-UV region. By using specific ion-molecule
reactions, the key insertion intermediate [HO-Fe;ICldf the FeO+ CH, reaction was
prepared. Photoexcitation of [HO-Fe-gHnear 320 nm produces FeOHCH; and
also activates the “half-reaction” to yield'Fe CHsOH. The photodissociation
spectrum has well-resolved vibrational structure, with progressions in festfetch

(478 cnmi") and shorter progressions in the Fe-O stretch (864 and O-Fe-C bend
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(132 cmi’).}” These experiments give us information about the vibrations of the
molecule in its excited electronic state. However, as no vibrational hot b@nds a
observed, they don’t provide information on vibrations in the ground electronic state. In
this work we measure vibrational spectra of intermediates of methane to methanol

oxidation by FeOin the C-H and O-H stretching regions.

3.2 Experimental and Theoretical M ethods

Vibrational spectra are measured using a dual time-of-flight redlectr
photofragment spectrometer. The instrument is described in chdptétieon cations
are generated by laser ablation of an iron rod (Sigma-Aldrich, 99.8% purentfms
react with a suitable organic precursor diluted in a carrier gas (He, Amisttie) to
produce the target molecule. The choice of precursors is guided by the collisional
activation (CA) studies of Schroder ef&and by our electronic spectroscopy studies of
this systent’ Details of the precursors used and characterization of the intermediates
produced are discussed in section 3.3.2. lons produced in the source expand
supersonically into vacuum and cool to a rotational temperature of 21Ks are
accelerated to 1800 V kinetic energy, then re-referenced to ground potential before
entering the field-free flight tube. Mass-selected ions are photodis=beiathe turning
point of the reflectron. Energetically, photodissociation of [HO-Fe}Ctequires at
least three photons in the O-H stretching region. So, vibrational spectra anedbta
using infrared multiple photon dissociation (IRMPD) of [HO-FesCHnd
Fe'(CH;OH) and IR resonance enhanced photodissociation (IR-REPD) of argon tagged

molecules [HO-Fe-CH*(Ar),, and F&(CHsOH)(Ar). The photodissociation efficiency
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is greatly improved by using a multi-pass mirror arrangeffiénin which the laser

makes 21 passes through the ion cloud (see chapter 2). The light source is a Nd:YAG
pumped optical parametric oscillator which is tunable from 2itm5producing ~10
mJ/pulse near 3600 émThe IR beam path is purged with nitrogen to minimize
absorptions by water vapor. The laser wavelength is calibrated ugihgrtd CH
absorptions. Fragment ions and undissociated parent ions are detected by a dual micro-
channel plate detector.

The ion signal is amplified, collected on a digital oscilloscope or a gated
integrator, and averaged with a LabView based program. The photodissociation
products are identified usingdéference spectrunwhich is generated by subtracting
time-of-flight spectra collected at a specific wavelength with thediaBon laser
blocked from when it is unblocked. Thhotodissociation spectruig obtained by
monitoring the yield of the fragment ion of interest as a function of wavelength and
normalizing to parent ion signal and laser fluence. The photodissociation spectrum i
the product of the absorption spectrum and the photodissociation quantum yield.

Computations are carried out with the Gaussian 2003 program p&tkage.
Optimized geometries of the reactants, intermediates, transitios atetgroducts are
calculated using the Becke Lee-Yang-Parr hybrid HF/DFT methodYB3L
Complementary density functional calculations were also carried out heifRBEPBE
functional. For iron, the basis set is the SDD basis and relativistic efecire
potential, as partially uncontracted by Dolg et°alhe large aug-cc-pVTZ basis set is
used for the remaining atoms. Vibrational frequencies are computed to ensatke that

optimized geometries correspond to a local minimum or a first-order saddle point (f
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transition states). Energies were also calculated the coupled clustges sind doubles
with perturbative triples (CCSD(T)) method and the complete basis set (BB5-Q

procedure?® #’

3.3 Results and Discussion

This section is organized as follows. First, the calculated potential energy
surface (PES) and mechanism of the Fe@H, reaction will be presented. Then,
precursors and source conditions used to generate specific reaction intersnaaib
their identification will be discussed. Finally, vibrational spectroscophb&iused to
characterize the O-H and C-H stretches of the intermediates.
3.3.1 Mechanism of the FeO" + CH,4 Reaction

Several groups have examined the mechanism for thé &6l reaction,
characterizing the potential energy surface (PES) at various level®pf.thé® 2830
Schréder et al. studied the intermediates using second order Mgller-Plessbigion
theory (MP2Y° Later, Yoshizawa and co-workers calculated the geometries and
relative energies of reactants, products, intermediates, and the trariatiésrbgtween
them for methane to methanol conversion by all of the first-row transition médal ox
cations using B3LYP hybrid density functional theGhy?’ Our group also examined
the FeO + CH, PES using the B3LYP methdfl. Here, we use CCSD(T) and CBS-
QB3 methods to obtain more accurate energies, as B3LYP calculations have been found
to underestimate reaction barriéts*?

Figure 3.1 shows the potential energy surface for thé FeCH, reaction

calculated using the CBS-QB3 method. Methanol production occurs in a two-step
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Figure 3.1 Schematic potential energy surface for the Fe@H; — Fe" + CH:OH
reaction and structures of intermediates and transition states. Enerd¢idsnl) are
calculated at the CBS-QB3 level of theory. The solid line represents tie¢ sec

dashed line the quartet surface.
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concerted manner through the formation of the hydroxy intermediate [HO-gé-CH
The minimum energy path involves first producing the ©E#;) entrance channel
complex. Hydrogen abstraction via TS1 leads to the key [HO-F¢-@tsertion
intermediate. The Fé@eactant and Feproduct have sextet ground stateslowever,
sextet TS1 lies significantly above the reactants. Thus, at thermaiesnikig reaction
proceeds via low-spin, quartet TS1. This “two-state” reactivity is a fundairfeature
of many organometallic reactions and has been examined in detail by Shagk and ¢
workers for the FeO+ CH, and related FeD+ H, reactiond®* and by Yoshizawa and
co-workers for the FeQNiO" and CoO + CH, systemg® *® The overall reaction
efficiencyis determined by the probability that reactants will cross TS1, which is
determined by the energy of quartet TS1 and by how readily the initially dosmeet
entrance channel complex undergoes a spin change to the quartet state. Once produced,
the [HO-Fe-CH]" insertion intermediate can dissociate to FE@KCH; or isomerize
via TS2 to form the F¢CH3;OH) exit channel complex, which subsequently dissociates
to F€ + CH;OH. Theselectivityto produce methanol rather than methyl radical is
primarily determined by the relative energies of TS2 and methyl fquimducts.

Methyl radical is produced by simple bond fission, so it is entropically favored over
methanol production, which occurs via the tight transition state TS2. If TS2ns at a
energy close to or above methyl radical products, then MOEH; products dominate,
as is observed for MG* 22 For FeO + CH,, TS2 lies somewhat below methyl
radical products, so both pathways have similar yields at thermal enéngiésgher

translational energy strongly favors methyl radical formation.
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To establish the accuracy of the computational methods used, we compare
calculated and accurate experimental results for the sextet-quartgt spkting in
Fe', the FE-O bond enthalpy, and the overall exothermicity of the FeGQH, — Fe +
CH5OH reaction (Table 3.1). Experimentally, the ground state oisE® (3cf 4s),
with the*F (3d) state 23.9 kJ/mol higher. Calculations at the B3LYP/6-311+G(d,p)
level incorrectly predict a quartet ground state, 19.8 kJ/mol below the s&teetThis
is a well known failure of the B3LYP method with this type of basi§®s&t.The
corresponding calculation with the SDD basis set correctly predictsi¢ngyeordering
of the Fé states, as do CCSD(T) calculations. The CCSD(T) method is less\eettsiti
the quality of the reference wave function than other single refeaénicetio methods.
This makes the method quite attractive for transition metals since niatemee
methods are often prohibitively expensive for such systems due to the largespatiee
which is required for an adequate multi-reference treatffiéhtfortunately, CCSD(T)
results often converge very slowly with increasing basis set size, as canhe $able
3.1. An attractive alternative to rigorous (and expensive) CCSD(T) catmdadre
hybrid methods developed for accurate thermochemistry, such as the compesebasi
CBS-QB3 approacff >’ In CBS-QB3, one first optimizes the geometry and calculates
harmonic frequencies at the B3LYP level. Then, from a series of single poigyener
calculations at various levels of theory and with different basis sets, oapaates the
result of a large basis set calculation at a very high level of theory QE3S-
thermodynamics have similar accuracy to an extrapolated series &f(TICS
calculations with very large basis sets, and are significantly more tethaa a single

CCSD(T) calculation with a modest basis‘8e€BS-QB3 calculations also correctly
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B3LYP B3LYP CCSD(T) CCSD(T) CBS-QB3| Expt.
6-311+G(d,p)| SDD;aug-cc-| 6-311+G(d,p)| 6-311+G(3df,p)
pVvVTZ
Fe'(°D-"F) -19.8 12.6 325 17.3 28.2 23.9
Do(Fe'-0) 327.3 320.5 277.4 308.5 337.8 | 340%2
33545
AHin -22.6 -41.0 -51.2 -45.8 -40.6 -31+p

Table 3.1 Experimental and calculated values of thermodynamic quantities redated t

the FeO + CH; = Fe + CH:OH reaction. All values are in kJ/mol, at 0 K. CCSD(T)

values are at the B3LYP/6-311+G(d,p) geometry, with zero-point enerigy at t

B3LYP/6-311+G(d,p) level. The experimenteti, is based on [Fe0)* andAH;°

of O, CH, and CHOH.
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predict the ordering of the Fetates, with the quartet 28.2 kJ/mol above the sextet. The
B3LYP calculations slightly underestimate the dissociation enthalpy®f, Fais is
consistent with previous B3LYP calculations on E&D

The CCSD(T) value is low, but improves significantly for the larger basis set.
The CBS-QB3 calculations are in excellent agreement with expertmé&tor the
FeO + CH; — Fe + CH:OH reaction enthalpy, all the methods are in good agreement
with experiment. Table 3.1 shows that, overall, CBS-QB3 calculations most abcurat
predict atomic excitation energies and bond strengths of reactants and products.

The potential energy surface for the FeOCH, reaction at the CCSD(T)/6-
311+G(3df,p) level (Table 3.2) is similar to the CBS-QB3 result. One keyaetifferis
that the CCSD(T) calculations predict that quartet’Hes3 45 kJ/mol above the sextet;
20 kJ/mol higher than the CBS-QB3 prediction. The relatively higher energiéeefor
guartet states persist from the reactants through TS2. As a result, th¢ ITCSD
calculations predict that quartet TS1 is 12 kJ/mol above reactants, which isstaansi
with the observed reaction rate at thermal enerfgié&The use of a larger basis set in
the CCSD(T) calculations would likely improve the results, but significaatbelr
calculations are prohibitively expensive.

The potential energy surface in Figure 3.1 is similar to previous B3LYRges
by Yoshizawa and co-worke?$.?’ However, there is one significant difference. The
specific basis set used for iron in their B3LYP calculations predicts thaet|Edrlies
89 kJ/mol above sextet FeThis substantial (65 kJ/mol) error leads to the incorrect

prediction that reaction to form quartef FeCHOH is endothermic. In a detailed
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CCSD(T)/6-311+G(d,p) CCSD(T)/6-311+G(3df,p)

Species Quartet Sextet Quartet Sextet
FeO'+ CH, 50 0 45 0
OF€(CH,) -51 -92 -63 -99
TS1 34 59 12 60
[HO-Fe-CHy" -139 -153 -153 -159
TS2 -30 -9 -44 -16
Fe' (CH;OH) -185 -174 -197 -210
Fe" + CH,OH -21 -54 -31 -49

Table 3.2 Calculated CCSD(T)/6-311+G(d,p) and CCSD(T)/6-311+G(3df,p)
energies of stationary points for the FeOCH, = Fe + CH;OH reaction. All energies
are at the B3LYP/6-311+G(d,p) geometry and include zero-point ener@L aPB6-

311+G(d,p). Energies are in kJ/mol.
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examination of spin changes in the FelOCH, reaction, Shiota and Yoshizawa find

that the spin-orbit coupling decreases during the course of the reaction, from 133.6 cm
for OF€(CH,), to 21.4 crit for [HO-Fe-CH]" and 0.3 crit for F€ (CH;OH). As a

result, in the thermal reaction, the spin changes from sextet to quartet in émeentr
channel region, but is unlikely to revert to sextet, so quartet E#:OH is

produced® *°

3.3.2 Synthesis and Characterization of [HO-Fe-CH3]" and Fe'(CH30H)

Our group has studied the electronic spectroscopy of intermediates of the FeO
+ CH, reaction in the visible and near-U¥/The photodissociation spectrum of [HO-
Fe-CH]" has well-resolved vibrational structure, with progressions in the FetGhstre
Fe-O stretch and O-Fe-C bend. These experiments give us information on thensbrat
of the molecule in its excited electronic state but they do not provide information on
vibrations in the ground electronic state. This motivated the present study of the
vibrational spectroscopy of the intermediates.

A major challenge in these studies is to find suitable precursors and reaction
conditions to selectively produce specific intermediates. In our earligr, $H@-Fe-
CHa]" was synthesized by reacting ablated Wigh methanol, isopropanol or acetic
acid. In this work, we find that reaction with methanol produces [HO-Fg-Gidd
Fe' (CH;OH), with the relative amounts depending on the source conditions. Measuring
the types of fragment ions produced by UV photodissociation is a fast, convenient

method to optimize source conditions to most selectively produce different
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Figure 3.2 Difference spectra at 320 nm of [Feft]’ ions formed by reacting Fe
with methanol in argon (top) and in helium (bottom). Reaction in argon produces [HO-
Fe-CH]", while the FeH, CH;" and CHOH' fragments indicate that reaction in helium

also forms F§CHzOH).
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intermediates. The intermediates are then identified based on the fragpoeuaitnf

UV photodissociation and infrared multiple photon dissociation, as well as by their
vibrational and electronic photodissociation spectra. Figure 3.2 (top) shows a
difference mass spectrum obtained by UV photodissociation of ions with stoithjome
[FeCH,O]" made by reacting Feavith 0.5% methanol in argon. The'Fand FeOHR
fragments observed indicate dissociation of the [HO-FelOHsertion intermediate.
They are the only photofragments observed in our earlier electronic spepiyresaedy

of [HO-Fe-CH]". They are also the dominant fragment ions detected when [HO-Fe-
CHa]" ions are accelerated to 8 keV and collide with helium in the collisional activation
(CA) studies of Schroder et Alln contrast, photodissociation of [Fe@b]" ions
produced using 0.5% methanol in helium reveals several additional fragmegts: CH
CH,OH", CH;OH" and FeH (Figure 3.2, bottom). Collisional activation studies show
that these additional channels are characteristic of {{€AgOH) exit channel
complex?® CH;OH" and CH" are also major products in the UV photodissociation of
Zn*(CHsOH).** Hydrogen abstraction occurs from the carbon, as confirmed by
observation of FeDand no FeHin photodissociation of FECD;OH). Under these
conditions, the source produces a mixture d{€e;0H) and [HO-Fe-CH*. From

290 to 330 nm, the photodissociation spectrum 6f@é;0H) (obtained by monitoring
FeH', CHs", or CHOH") is broad and structureless. The relative;Ofeld increases at
longer wavelength, while the GBH" yield decreases. This is in contrast to the
spectrum of [HO-Fe-CH*, which has well-resolved vibronic featurésAlthough our

previous study was also carried out in helium, we did not obsef{@H©H),
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presumably because much higher methanol concentrations were useds(15%), as

well as a lower stagnation pressure (1 atd atm).

3.3.3 Vibrational Spectroscopy of the[HO-Fe-CHs3]" Insertion Intermediate and
Fe'(CH30OH) Exit Channel Complex

Vibrational spectra of [HO-Fe-GJf and F&CHsOH) were measured using
photofragment spectroscopy. A challenge in obtaining vibrational spectra using
photofragment spectroscopy is that absorption of a photon needs to lead to bond
breaking. One photon in the O-H stretching region only has ~43 kJ/mol of energy, so
photodissociation of [HO-Fe-GiH or F€(CHsOH) requires at least three photons. As a
result, vibrational spectra were measured using infrared multiple photon aigsoci
(IRMPD) and by IR resonance enhanced photodissociation (IR-REPD) of agpedt
molecules [HO-Fe-CH*(Ar), (n=1,2) and FECHsOH)(Ar). These techniques have

been discussed in chapter 1.

3.3.3.1 IRMPD of Insertion Intermediate and Exit Channel Complex

The UV photodissociation results show that reactingwith methanol irargon
produces [HO-Fe-CH". Infrared multiple photon dissociation of these ions in the O-H
stretching region produces Fe CH;OH and FeOH+ CHz in a 45:55 ratio, with little
wavelength dependence. The photodissociation spectrum obtained by monitoring
FeOH has an asymmetrical peak at 3623"cmith a shoulder at 3576 ¢h{Fig. 3.3,
black trace; a deconvolution showing the two components is shown in Fig. 3.4). The

UV photodissociation studies show that reactingwieh methanol irheliumproduces
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Figure 3.3 Experimental (top) and calculated (bottom) vibrational spectra of [F@LH
in the O-H stretching region. Vibrational spectra are obtained by IRMPBEeaH;0]"
produced by reacting Fevith CH;OH in 100% Ar, monitoring FeOHblack) and by
reacting F&with CHsOH in 90% He/10% Ar and monitoring Féight green) and
FeOH' (dark green). Dissociation of [HO-Fe-gJHpeaks at 3623 cfhand primarily
produces FeOH Dissociation of FECHsOH) primarily produces Feand is

responsible for the increased intensity from 3400 to 3578 Galculated spectra are at
the B3LYP/SDD;aug-cc-pVTZ level, with frequencies scaled by 0.956theor
simulations, solid lines represent sextet and dashed lines quartet states.
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IRMPD of [HOFeCH,]"
from Ar mix

3550 3600 3650 3700
Photon Energy (cm'l)

Figure 3.4 Spectra of [HO-Fe-CHl" (top) and [HO-Fe-Ck*(Ar) (bottom),
along with fits to sum of two Gaussians and contributions from each Gaussian.
Fitting parameters : peak (FWHM) in &m

[HO-Fe-CH*: 3576 (28); 3621 (49)

[HO-Fe-CH"(Ar): 3632 (40); 3647 (24)
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Figure 3.5 Difference spectra of [FeCB]" from CHOH/90% He /10% mix at 3610
cm* and 3450 ci. The small peaks ~0.7 ps before each major peak are due to the

iron-54 isotopomer.
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Figure 3.6 Fe/FeOH fragment ratios from IRMPD of [FeGB]" produced by
reacting F&with methanol in argon (red) and 90% helium/10% argon (green). IRMPD
of F€' (CHsOH) predominately produces Fevhile dissociation of [HO-Fe-Ci*

primarily forms FeOH.

51



[HO-Fe-CH;]" and F&(CHsOH). The infrared studies use a 90% He/10% Ar mixture
rather than pure helium, so that spectra of argon-tagged and untagged molecules can be
measured under the same conditions. IRMPD of these ions also givaasdFeeOH,

but with a very different, wavelength-dependent ratio ranging from 52:48 at ~3620
cm?, near the [HO-Fe-CHi" peak, to 65:35 near 3450 ¢niRMPD difference spectra

and branching ratios are shown in figures 3.5 and 3.6. The photodissociation spectra
obtained by monitoring Feand FeOH in the same scan are shown in figure 3.3 (light
and dark green traces). Disentangling the contributions from the insereamécliate

and the exit channel complex is difficult, as the two spectra overlap, and both dessocia
to F€ and FeOH, although the insertion intermediate primarily produces Fe@tile

the exit channel complex mostly forms'Filonitoring FeOH gives a similar, but

broader spectrum to the [HO-Fe-gHspectrum obtained using argon. The broadening
is likely due to overlapping spectra due to quartet and sextet states of theriressa

exit channel intermediates, as well as to preferential photodissociation dioribHs

hot molecules produced in the source. Figure 3.3 shows that monitofigiy€e

additional intensity from 3400 to 3570 ¢niThis is due to photodissociation of

Fe&'(CH3OH).

3.3.3.2 Vibrational Spectroscopy: Argon-Tagged Insertion Intermediate and Exit

Channel Complex

Photodissociation spectra obtained by IRMPD tend to emphasize contributions

from vibrationally excited ions, which leads to broadening, especially to lowesrphot
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energy. Photodissociation spectra obtained from argon-tagged moleculesrare ofte
narrower, as only one photon is required to dissociate the compléealoav argon
binding energy ensures that argon-tagged molecules are vibrationally cold. Argon-
tagged [HO-Fe-Cl" and F&(CHs;OH) are produced with the same gas mixtures and
source conditions as for the respective IRMPD experiments. Argon bindingesnergi
have not been measured for these molecules, but they should be similar to that of Fe
Ar (900+600 cnit).>® Our B3LYP/SDD;aug-cc-pVTZ calculations predict that argon
binds quite strongly to the quartet ground state 6(Gte;OH) (3500 crit), while it
binds weakly to the sextet, excited, state (50d)crrgon binding energies to
[HO-Fe-CH]" are similar for the two spin states: 2700 cfor the first argon and 1300
cm* for the second (Table 3.3). Absorption of one photon in the O-H stretching region
should readily lead to dissociation, and we observe much higher dissociation yields tha
for untagged molecules, with loss of argon the only dissociation pathway. The
photodissociation spectrum of [HO-Fe-g@HAr) consists of a sharp peak at 3647'cm
with a shoulder at 3632 ¢h{Fig. 3.7, and Fig. 3.8, top, blue trace; a deconvolution of
the spectrum into two components is shown in Fig. 3.4). The small peak near 3700 cm
is likely due to a combination band of the O-H and Fe-Ar stretches. The
photodissociation spectrum of [Fe@®]*(Ar) from the 90% He/10% Ar mix (brown
trace, Fig. 3.7) extends substantially further to the red. This is due to absorption from
Fe'(CH;OH)(Ar) at ~3620 cril. This is 60 crit red shifted from the O-H stretch in
bare methanol (3681 ¢h>*

Figure 3.8 compares the spectra of [HO-Fes)CtAr), (n=0,1,2) obtained using

argon carrier gas. The shoulders to the red of the main peaks in the n=0 and 1 spectra
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B3LYP/6-311+G(d,p)

B3LYP/6-311+G(3df,p)

[HO-Fe-CH] - Ar sextet 22.2 28.2
[HO-Fe-CHy] - Ar quartet 23.9 29.6
[HO-Fe-CHy] "Ar-Ar sextet 15.2 18.9

[HO-Fe-CHs] *Ar-Ar quartet 14.8 17.7
Fe'(CHsOH)-Ar sextet 3.3 5.6
Fe'(CHsOH)-Ar quartet 36 42.5

Table 3.3 Calculated argon binding energies. All energies are at the B3LYP/6-

311+G(d,p) geometry and include zero-point energy at B3LYP/6-311+G(d,p). All

energies are 0 Kelvin values, in kJ/mol.
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= 90% He/10% Ar
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Figure 3.7 Experimental (top) and calculated (bottom) vibrational spectra of

[FeCH,O]"(Ar) in the O-H stretching region. Spectra are measured by monitoring argon
loss. A 100% argon mix (blue) produces [HO-FesCHA\r) while the 90% He/10% Ar

mix (brown) also produces REH;OH)(Ar), which leads to enhanced absorption near
3620 cnt. Calculated spectra (right axis) are at the B3LYP/SDD;augvZ level,

with frequencies scaled by 0.956. For the simulations, solid lines represtaitand

dashed lines quartet states.
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[HOFeCH]" [HOFeCH)"(Ar)

(Ar mix)

[HOFeCH]"(Ar),

Normalized Fragment Yield
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[HOFeCH]"(Ar),
quartet

[HOFeCH]"(Ar),
sextet

Intensity (km/mol)
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Figure 3.8 Experimental (top) and calculated (bottom) vibrational spectra of
[HO-Fe-CHs *(Ar), (n=0-2) in the O-H stretching region. The spectrum of
[HO-Fe-CH]" was obtained by IRMPD, monitoring FeQkhose of

[HO-Fe-CH] " (Ar), (n=1,2) were measured by argon loss. Spectra were calculated at
the B3LYP/SDD;aug-cc-pVTZ level and frequencies scaled by 0.956. Spectra of
[HO-Fe-CHs] *(Ar), are in black, blue and red for n=0, 1, 2, respectively. For the

simulations, solid lines represent sextet states and dashed lines qatatet st
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suggest that two spin states or isomers of the molecule contribute to the spectrum. The
same [HO-Fe-CE"(Ar) spectrum is obtained using acetic acid, which previous
studied” *°have shown produces [HO-Fe-gH This again confirms that we are
studying [HO-Fe-CH" rather than F§CHsOH), and that the peak and shoulder are
likely due to the sextet and quartet states of [HO-FglGAY),. In addition, spectra
obtained with the two precursors, and under varying source conditions, show the same
relative intensity of the shoulder. This suggests that the two spin states are in
equilibrium in our source, which implies that the sextet and quartet states iangaat s
energies and that they can interconvert readily. This is consistent witHahlexteaf®
21 cm' spin-orbit coupling between sextet and quartet [HO-FgFCHhe evolution of
the [HO-Fe-CH]*(Ar), (n=0,1,2) spectra is very informative. Adding one Ar leads to a
24 cm® blue shift in the main O-H stretching peak, and a second Ar causes an
additional shift of 15 ci. For the shoulders, the spectral shifts are larger, with addition
of one Ar leading to a 56 chshift. As a result, the separation between the shoulder
and main peak decreases with increasing n, until for [HO-F*Q%), a 20 crit
FWHM peak at 3662 cthwith no shoulder is observed.

To better characterize the quartet and sextet states of the insertiorethtde,
we measured the photodissociation spectra of [HO-F¢g-0k), (n=1,2) in the C-H
stretching region. Of the three C-H stretches, calculations predi¢héhlmwest
frequency, symmetric vibration near 2850 tim the most intense. Measuring this
vibration is very challenging, as it is calculated to be an order of magnitudertieake

the O-H stretch. As a result, we were unable to measure the IRMPD spettrum
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Figure 3.9 IR photodissociation spectrum of [HO-Fe-§HAr) in the C-H and O-H
stretching regions; the Ar loss channel is detected. The inset shows an expandgd vie
the C-H stretching region, along with simulated spectra for the segtt)(and quartet
(dashed) states at the B3LYP/SDD;aug-cc-pVTZ level, with the oiatfrequency

scaled by 0.956.

58



30 3

5"

o 25 2

>—

c

o _ 14

= 20

o)

© 0 ' ' T

L_.IS 15 2800 2840 2880 2920

N

= _

g 10

>
N mm“u Mm
0 "J\A I I I I I

2800 3000 3200 3400 3600

Photon Energy (cm'l)

3800

Figure 3.10 IR photodissociation spectrum of [HO-Fe-gHAr), in the C-H and O-H

stretching regions; the Ar loss channel is detected. The inset shows an expandgd vie

the C-H stretching region, along with simulated spectra for the segtet)(and quartet

(dashed) states at the B3LYP/SDD;aug-cc-pVTZ level, with the oiatfrequency

scaled by 0.956
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[HO-Fe-CHy]™ in this region. The photodissociation spectra of [HO-Fe}GRr) and
[HO-Fe-CH] " (Ar), are shown in Figures 3.9 and 3.10. The C-H stretch is much less
intense than the O-H stretch, so it is magnified in the insets. In this region, ¢traispe
of [HO-Fe-CH]*(Ar) consists of a single, broad peak at 2888 emith 35 cni*
FWHM. Due to low signal levels, the spectrum of [HO-FesC@r), was measured by
integrating the area under difference spectra taken at <8ntervals. The [HO-Fe-
CHs]*(Ar), spectrum shows two, narrow peaks in this region: at 2855(tfcm’
FWHM) and 2891 cim (6 cni* FWHM).

To help assign the spectra, we calculated geometries, energies and harmonic
frequencies of the quartet and sextet states of [HO-Fg-@¥),, and
Fe'(CHsOH)(Ar), (n=0-2). Calculations were carried out using the B3LYP hybrid
density functional with the SDD basis set on Fe and aug-cc-pVTZ on the remaining
atoms. Calculated harmonic frequencies are scaled by 0.956, which is the aatdvage r
of the experimental to calculated C-H and O-H stretching frequencieseimadinanol.
The calculations predict that the geometries of sextet and quartet [HO-FeelFfér
in the O-Fe-C angle (138° vs 111°) and slightly in the Fe-O bond length (1.738 A vs
1.703 A), see Table 3.4. Calculated, scaled C-H and O-H frequencies and inttosities
bare and argon-tagged insertion intermediates are shown in Table 3.5. Anharmonic
calculations are shown in Table 3.6. In principle these should be more accurate than
scaled harmonic frequencies, as they include anharmonicity by calculatohg
derivatives. However, for this system spin contamination leads to small ehdtgy s
that cause substantial error in the third derivatives, and hence in the anharmonic

frequencies. Complementary calculations using smaller basis dethe/B3LYP and
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the PBEPBE density functional were also carried out to assess the robogthess
computational results. Frequencies at the PBEPBE/SDD;aug-cc-pVTatevgven

in Table 3.7. While the computed frequencies vary slightly with functional and basis
set, the calculations consistently make several predictions: the O-¢h sifejuartet
[HO-Fe-CH]" lies below that of the sextet state; argon-tagging shifts both to higher
energy, but the shift is larger for the quartet state, so that the quaredtesaxt
decreases with sequential addition of argon. Our assignment of spectra in the O-H
stretching region is based on the agreement between these predictions antkekxper
In addition, spectra obtained using helium expansions contain contributions from the
Fe'(CHsOH) complex, which is not present in argon expansions.

Figures 3.3, 3.7 and 3.8 show simulated O-H stretching spectra for sextet and
quartet states of bare and argon-tagged [HO-Fg-Gifid F&CHsOH). Exit channel
complexes are predicted to have the lowest O-H stretching frequencies, nyigmad|
shifts on argon-tagging. The IRMPD spectra measured using a 90% He/10B6 Ar m
extend significantly to the red of the other spectra measured. The calwuf@edict
that this is due to dissociation of sextet(E#1;0H). The remaining breadth of this
peak is likely due to contributions from quartet @HsOH) and [HO-Fe-CH", as well
as to preferential dissociation of vibrationally excited ions.

The IRMPD spectrum of [HO-Fe-GH, obtained using argon carrier gas, has a
distinct shoulder, indicating contributions from two species. The calculationstpredi
that the O-H stretching frequency of quartet [HO-Fe;)Ci$ lower than that of the
sextet, suggesting that the main peak is due to the sextet and the shoulder to the quarte

This assignment is supported by the argon-tagging results. Argon-tagguensally
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r(O-H) | r(C-H) | r(Fe-C) | r(Fe-O) | r(C-O) | B(O-Fe-C)
A A A A A degrees
CH3OH 0.961 1.090 - - 1.42 -
1.097
1.097
[HO-Fe-CHy" 0.967 1.095| 1.987 1.742 - 137.83
Sextet 1.094
1.094
[HO-Fe-CHy* 0.968 1.108 | 1.967 1.707 - 109.30
Quartet 1.088
1.088
[HO-Fe-CH"(Ar) | 0.967 1.095| 1.990 1.751 - 133.04
Sextet 1.094
1.094
[HO-Fe-CHs " (Ar) | 0.966 1.099| 1.994 1.709 - 102.92
Quartet 1.088
1.088
[HO-Fe-CHy*(Ar), | 0.966 1.094| 2.001 1.757 - 129.00
Sextet 1.093
1.093
[HO-Fe-CH] " (Ar), | 0.966 1.098 | 1.994 1.717 - 102.48
Quartet 1.087
1.087
Fe' (CH;OH) 0.969 1.088 - 2.06 1.48 -
Sextet 1.088
1.087
Fe'(CHsOH) 0.966 1.089 - 1.98 1.47 -
Quartet 1.089
1.087
Fe (CH;OH).(Ar) 0.969 1.088 - 2.06 1.48 -
Sextet 1.088
1.087
Fe'(CHsOH).(Ar) 0.966 1.089 - 1.971 1.47 -
Quartet 1.089
1.086

Table 3.4 Geometries of bare and argon tagged [HO-Fg}Cihd F&CH;OH)
calculated at the B3LYP/6-311+G(d,p) level.
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O-H stretch (crif) C-H stretches (ci
CHsOH 366031 297224), 290653), 286463)
[HO-Fe-CHj" quartet 3612313) 30557), 29885), 280034)
[HO-Fe-CH;]" sextet 3625456) 29848), 29779), 287834)
[HO-Fe-CH]"(Ar) quartet 3633297) 30544), 29951), 288421)
[HO-Fe-CHy]"(Ar) sextet 3633385) 29805), 29793), 288124)
[HO-Fe-CH]"(Ar), quartet 3643273) 30553), 30041), 288019)
[HO-Fe-CH] (Ar), sextet 3644344) 298G2), 29812), 288516)
Fe'(CH:OH) quartet 361Q(151) 30451), 30290.2), 29394)
Fe (CH:OH) sextet 3574124) 3031), 302§0.1), 29352)
Fe (CH;OH)(Ar) quartet 362(0(152) 30441), 302%1), 293716)
Fe'(CHsOH)(An) sextet 3587111) 30300.3), 303q1), 29353)

Table 3.5 Harmonic vibrational frequencies for bare and argon-tagged intermediates at
the B3LYP/SDD; aug-cc-pVTZ level. IR intensities (km/mol) in parergbes

Frequencies are scaled by 0.956
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O-H stretch C-H stretches
CHsOH 369730) 299727), 291964), 287368)
[HO-Fe-CHj|" quartet 3640394) 299319), 296§6), 281§38)
[HO-Fe-CHy]™ sextet 3642543) 29747), 29659), 287833)
[HO-Fe-CHy]*(Ar) quartet 3642337) 30443), 29941), 287420)
[HO-Fe-CHy] (Ar) sextet 3654461) 297205), 297Q3), 288124)
[HO-Fe-CHy]*(Ar), quartet 3651(319) 30543), 29990.4), 288418)
[HO-Fe-CHy] (Ar), sextet 3674420) 29772), 29642), 288517)

Table 3.6 Anharmonic vibrational frequencies for bare and argon-tagged insertion
intermediates at the B3LYP/6-311+G(d,p) level, in'chiR intensities (km/mol) in

parentheses.
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O-H stretch C-H stretches (ci)
(cm™)
[HO-Fe-CHj" quartet 36403%4) 299319), 29686), 281838)
[HO-Fe-CHy" sextet 3642543) 29747), 29689), 287833)
[HO-Fe-CH](Ar) quartet 3642337) 30443), 29941), 287420)
[HO-Fe-CHy]"(Ar) sextet 3654461) 29725), 29743), 288124)
[HO-Fe-CH]"(Ar), quartet 3651(319) 30523), 29990.4), 288418)
[HO-Fe-CH]"(Ar), sextet 3674420) 29772), 29682), 288517)

Table 3.7 Harmonic vibrational frequencies for bare and argon-tagged intermediates at
the PBEPBE/SDD;aug-cc-pVTZ level in 2mR intensities (km/mol) in parentheses.

Frequencies are scaled by 0.986
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blue-shifts the spectrum, as shown in figure 3.8. The blue shift on argon binding is
predicted to be larger for the quartet state. This agrees with the observatithret
separation between the shoulder and main peak decreases with added argon. The peak
at 3623 crit in the IRMPD spectrum is thus assigned to the O-H stretch of sextet [HO-
Fe-CH;]", while the O-H stretch of the quartet is at 3576'cin the ion source,
ground-state, sextet Fean insert into the C-O bond in methanol to produce sextet
[HO-Fe-CHy]". This can convert to the quartet state via intersystem crossing or
collisions with the argon buffer gas. Spectra obtained with different source coaditi
(timing and backing pressures) and different precursors (methanol and acgtazec
very similar, with the shoulder having the same relative intensity. This sadijas
sextet and quartet [HO-Fe-GH are in equilibrium in the ion source, so they are at
similar energies and can interconvert readily.

Compared to bare methandlyor=3681 cni', the O-H stretching frequencies
of [HO-Fe-CHj]* are 58 and 105 cfrred-shifted for the sextet and quartet states,
respectively. This correlates with the O-H bond lengths, which are caldutabe
~0.006 A longer for the insertion intermediates than for methanol. Also, the caloslati
predict that the observed blue shift on argon binding is due to partial charge transfer to
argon, reducing the charge of the [HO-FesCHore. Mulliken population analysis
predicts that the charge on the [HO-Fe4LHnoiety in [HO-Fe-CH]"(Ar), is +0.89 for
n=1 and only +0.82 for n=2. This is supported by the observation that the O-H stretch in

neutral* *® HO-Fe-CH shows a substantial additional blue shift, to 3744.8.cm
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Of the three C-H stretches, the symmetric C-H stretch is predictedpfae
the most intense, and lies at lowest wavenumbers. For bare [HO-ff&-(
symmetric C-H stretching frequencies of sextet and quartet statpseglicted to differ
by ~80 cmt'. Unfortunately, signal levels for IRMPD of the insertion intermediate in the
C-H stretching region are too low to measure its spectrum directly. dnsteaneasure
C-H stretching spectra of Ar-tagged molecules. However, binding to argohdesgt
the Fe-C and contracts the C-H bonds in quartet [HO-Fg-Cwhich leads to a ~80
cm* blue shift in the calculated symmetric C-H stretch. The perturbation is much
smaller for the sextet state. As a result, the calculations predict nelgrsymmetric
C-H stretch frequencies for sextet and quartet argon-tagged insertionadiates. For
[HO-Fe-CH;]*(Ar), both spin states contribute to the broad peak at 2889Eim. 3.9,
inset). For [HO-Fe-CH(Ar),, two narrow peaks are observed (Fig. 3.10, inset). The
calculations consistently predict that the symmetric C-H stretcheggiéncy of quartet
[HO-Fe-CH] " (Ar), is lower than that of the sextet state. However, the calculated
difference is small. We thus tentatively assign the peak at 285%ccthe quartet state
and the 2891 cthpeak to the sextet state. These values are slightly blue-shifted from
the lowest C-H stretch in bare methanol, 2844" coonsistent with slightly shorter
calculated C-H bond lengths.

It is interesting that reaction of laser-ablated wah methanol produces
Fe'(CH;OH) and [HO-Fe-CH™, depending on source conditions. Both products have
been seen in previous studies. In an early ion cyclotron resonance mass spgctromet
(ICR) study, Allison and Ridge observed that Feserts into the C-O bond in methanol,

even under very gentle conditiot’sThey reacted FeCQvith CH;OH. The
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[FeCH,O]" product was isolated, then reacted with;OB. They produce

[FeCH,D;0,]" + CHs and do not observe loss of €DThis indicates that the two

methyl groups are not equivalent and that reaction of Fe@® CH;OH produces
[HO-Fe-CHy" rather than F€CHsOH). At higher pressure in a chemical ionization
source, Schroder et al. conclude that the4F€H;OH reaction primarily produces
Fe'(CH;OH), based on collision-induced dissociation of the prodicRroduction of
[HO-Fe-CHy]" rather than F€CHsOH) is determined by competition between insertion
into the C-O bond via TS2 (the reverse of the reaction shown in Fig. 3.1) and collisional
cooling of the initially-formed, internally excited [RE€EHsOH)]*. Quartet Fé should

readily insert into the C-O bond, due to the low quartet barrier over TS2. However, the
calculations predict that, for the sextet state, TS2 lies abdve EeLOH. As a result,
production of [HO-Fe-CH" requires sufficient translational energy to overcome the
barrier, which could occur in a laser ablation source, or a spin change to thé quarte
state, which is unlikely for [F€CHzOH)]*, which should have small spin-orbit

coupling®® Our observation that production of [HO-Fe-Hdominates under certain
source conditions suggests that the calculations overestimate the basextébimS2.
Ideally, one would like to study the F& CH;OH reaction under single-collision
conditions as a function of collision energy, as has been done by Armentrout and

coworkers for the Co+ CH;OH reactiorr®

3.4 Summary and Conclusions
Vibrational spectra of two intermediates of the gas-phasé Fe&, > Fe +

CH3OH reaction have been measured. Spectra of the quartet and sextet states of
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[HO-Fe-CHy]", the key insertion intermediate, are obtained from IRMPD of the bare ion
and from resonance-enhanced photodissociation of argon-tagged ions in the C-H and O-
H stretching regions. [HO-Fe-GH is produced using argon carrier gas. Based on the
IRMPD spectrum, sextet [HO-Fe-GH hasvor=3623 cnit while quartet

[HO-Fe-CH;]" hasvorr3576 cmt'. Using 90% helium/10% argon rather than pure

argon as the carrier gas also produces theCFROH) exit channel complex, whose O-

H stretch is measured using IRMPD. Photodissociation produces Baind&eOH,

and the ratio depends on wavelength. [HO-Fe]Cprimarily dissociates to FeOH

while F€(CHsOH) mainly forms F& The O-H stretching frequencies of sextet and
quartet [HO-Fe-Ch*(Ar), become more similar with increasing n. For the sextet,
Vor=3647 cni for [HO-Fe-CH;]*(Ar) and 3662 cri for [HO-Fe-CH]*(Ar),. The
photodissociation spectrum of [Fe@B]*(Ar) produced using 90% He/10% Ar extends

to the red of the spectrum of [HO-Fe-gHAr), implying that F&(CHzOH)(Ar) has
vorr3620 cnf.

Hybrid density functional theory calculations aid in assigning the spetteg. T
correctly predict the direction, but slightly underestimate the magnitude, of the
frequency shift due to adding argon to sextet and quUat@e-CH]*. An improved
potential energy surface for the Fe©CH, reaction is developed based on calculations
at the complete basis set (CBS-QB3) and coupled clusters (CCSD@l¥) l&he
calculations predict that the reaction proceeds through the initial formation of a
OF€'(CH,) complex followed by isomerization over TS1 to the [HO-FejCkhsertion
intermediate. The insertion intermediate can dissociate to produce” FeOH

products or isomerize via TS2 to the @HsOH) exit channel complex, which then
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dissociates to Fer CH;OH. Although the reactant and product ground states are
sextets, at thermal energies the reaction requires a spin change ftentcsguartet to
overcome the barrier at TS1. Production of quartét#FeH;OH is energetically
allowed. The calculations predict that sextet and quartet [HO-F§-@k at similar
energies, and our experiments suggest that they can interconvert. This mechanism

agrees with the results of kinetics and spectroscopic experiments, byl sgoaps.
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CHAPTER 4

VIBRATIONAL SPECTROSCOPY OF INTERMEDIATESIN

BENZENE-TO-PHENOL CONVERSION BY FeO"

4.1 Introduction

Phenol is an important commodity chemical, with 9 million metric tons produced
worldwide. It is used to make materials such as polycarbonate, nylon andregpiosy
drugs such as aspirin and cosmetics such as sunscreens and Haindiyssially,

phenolis mainly produced from benzene via the cumene process: betzeamene

- cumene hydroperoxid® phenol. This three-step process is energy intensive and
has a low phenol yield. Thudirect conversion of benzene to phenol has attracted great
attention due to its economical and industrial importance. Promising direct benzene-
phenol oxidation techniques include Fe-doped ZSM-5 zeolites witha the oxidaft

% and direct oxidation using;@nd H through a Pd membrafi&Some bacteria can

directly convert benzene to phenol under mild conditions using toluene
monooxygenases, which have a di-iron active’sitde biotoxicity of benzene in
mammals is enhanced by its conversion to phenol by cytochrome P450, which has an
Fe-heme active site’

Schwarz, Schréder and coworkers showed that, under thermal conditions, several gas-
phase metal oxide cations M@act efficiently with benzene to produce phenol with

good selectivity (Table1.3)The reaction of FeChas been particularly well-studied. It
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primarily produces Fe+ phenol (56%) and Fe{He)" + CO (37%)° They subsequently
produced several [FgBs0] * isomers by reacting Fevith different precursors in a
chemical ionization source and characterized them using fragmentationpatter
observed following collisional activation in a tandem mass spectroffeter.

This prototypical arene oxidation reaction has also been studied computationally.
Yoshizawa et al. calculated the energetics of reactants, intermeghdtémnsition
states for benzene-phenol conversion by Fesihg B3LYP hybrid density functional
theory!* They considered a mechanism in which F&@t binds to the ring, forming a
OFe€ (CgHs) entrance channel complex, then hydrogen abstraction via transition state
TS1 forms the insertion intermediate HO=&&Hs. Phenyl or hydroxyl migration
through TS2 produces the F&HsOH) exit channel complex, which subsequently
dissociates to Fer CsHsOH. Molecular dynamics simulations on this potential energy
surface predict that the reaction is rapid, and that the hydrogen transfdrlaad@$ to
O-H stretch excitation in the insertion intermediatélhey later also considered two
other possible mechanisms. A radical mechanism involving direct H atom abstract
via a Fe-O-H transition state was considered unlikely on energetic groumdgygen
insertion mechanism which proceeds via an arenium intermediate §RglO@ith
covalent Fe-O-C bonds was considered to be favorable if thewa©also ligated

The oxygen insertion mechanism was also studied by Kwapien'&t. al.

Our group has studied the vibrational and electronic spectroscopy of inteeseaiat
methane to methanol conversion by FE0'® By extending these studies to benzene-
phenol conversion by FéQve can evaluate the effect of the aromatic ring on the

reaction mechanism.
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4.2 Experimental and Theoretical M ethods

Vibrational spectra are measured using a dual time-of-flight redleginotofragment
spectrometer (See chapter 2 for detaiis}Iron cations are generated by laser ablation
of an iron rod (Sigma-Aldrich, 99.8% pure). Feations react with either 0.01% phenol

in helium or a mixture of 2% D and 0.5% benzene in helium to produce the target
molecule. The choice of precursors is guided by the collision-induced dissociation
(CID) studies of Becker et &l.and is discussed in more detail below. lons produced in
the source expand supersonically into vacuum and cool to a rotational temperature of
~10 K*° lons are accelerated to 1800 V kinetic energy, then re-referenced to ground
potential before entering the field-free flight tube. Mass-setkitins are

photodissociated at the turning point of the reflectron. Energetically, photodigsociat
of [HO-Fe-GHs]™ requires at least four photons in the O-H stretching region. So,
vibrational spectra are obtained using infrared multi-photon dissociationR[IR Mdf
[HO-Fe-GsHs]" and F&(CsHsOH). The photodissociation efficiency is greatly improved
using a multi-pass mirror arrangenf@nn which the laser makes 21 passes through the
ion cloud (See chapter 2 for details). The light source is a Nd:YAG pumped optical
parametric oscillator which is tunable from 2 tar, producing ~10 mJ/pulse near

3600 cnt. The IR beam path is purged with nitrogen to minimize absorptions by water
vapor. The laser wavelength is calibrated usip@ Hbsorptions. Fragment ions and
undissociated parent ions are detected by a dual micro-channel plate detecton T

signal is amplified, collected on a digital oscilloscope or a gated integaatbr
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averaged with a LabView based program. phetodissociation spectrura obtained

by monitoring the yield of the fragment ion of interest as a function of wagtblend
normalizing to parent ion signal and laser fluence. In this study we sspanad
simultaneously monitor the Fand FeOH fragments. The photodissociation spectrum
is the product of the absorption spectrum and the photodissociation quantum yield.
Computations are carried out with the Gaussian 2003 program p&ti@gmized
geometries of the reactants, intermediates, transition states and pervduzkculated
using the Becke Lee-Yang-Parr hybrid HF/DFT method (B3LYP) witt6the
311+G(d,p) basis set. Vibrational frequencies are computed to ensure thatrafiespt
geometries correspond to a local minimum or a first-order saddle point (fatitorans
states). To obtain more accurate energies we calculated single-poin¢é®nengg the
complete basis set CBS-QB3 method, which is optimized for thermodyn&nitasll

energies include zero point energy and correspond to 0 Kelvin values.

4.3 Results and Discussion

4.3.1 Potential Energy Surfacefor the FeO™ + C¢Hg Reaction

To establish the accuracy of the computational method used, we compare calculated and
accurate experimental results for the sextet-quartet energy sglittiig), the F&-O

bond enthalpy, and the overall exothermicity of the Fe@gHs > Fe + CsHsOH

reaction. Experimentally, the ground state ofi88D (3d 4s), with theé'F (3d) state

23.9 kJd/mol higher. Calculations at the B3LYP/6-311+G(d,p) level incorrectlygbiaedi
quartet ground state, 19.8 kJ/mol below the sextet state. This is a well knowadéilur

the B3LYP method® ° An attractive alternative to rigorous and expensive high level
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correlatedab initio calculations are hybrid methods developed for accurate
thermochemistry, such as the complete basis set CBS-QB3 apfrdathCBS-QB3,

one first optimizes the geometry and calculates harmonic frequenthesB3LYP

level. Then, from a series of single point energy calculations at various dévieéory

and with different basis sets, one extrapolates the result of a large basisdation at

a very high level of theory. CBS-QB3 thermodynamics have similar accuracy t
extrapolated series of CCSD(T) calculations with very large basis sdtare

significantly more accurate than a single CCSD(T) calculation with ashbdsis set’
CBS-QB3 calculations correctly predict the ordering of theskates, with the quartet

30.1 kJ/mol above the sextet. For the dissociation enthalpy 6f E&3-QB3

calculations predict 337.8 kd/mol, in excellent agreement with experiment (340+2
kJ/mol?’ 33545 kJ/mol¥® For the FeO+ CsHg > Fe" + CsHsOH reaction enthalpy,
CBS-QB3 predicts -88 kJ/mol, in excellent agreement with experiment, -85nBIKS

29

Figure 4.1 shows the potential energy surface for thé FeQHs reaction calculated

using the CBS-QB3 method. Phenol production occurs in a two-step concerted manner
through the formation of the hydroxy intermediate [HO-Rek['. The minimum

energy path involves first producing the Of&Hs) entrance channel complex. For the
sextet state, the FE® not centered on the ring, but rather binds to adjacent carbons in

an configuration, with r(Fe-C)=2.34 A. Quartet Fei® nearly
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—— sextet state

A - S A " J— quartet state

-- -57
Fe* + CgH;OH
-88

Figure 4.1 Schematic potential energy surface for the Fe@sHgs > Fe + GsHsOH
reaction and structures of intermediates and transition states. Enerd¢idsnl) are
calculated at the CBS-QB3 level of theory. The solid line represents tie¢ sed
dashed line the quartet surface. The imaginary frequencies for transites %4 and
TS2 are 1930and 390for quartet states and 1918hd 352 for sextet states,
respectively. The corresponding vibrations are shown in the figure. All geesne

shown are those of the quartet states.
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centered on the ring, with r(Fe-C)=2.32 A. Hydrogen abstraction via TS1 leads to the
key [HO-Fe-GHs] " insertion intermediate. For the quartet state, the Fe-O-H group is
perpendicular to the ring, with r(Fe-C)=1.878 A, r(Fe-0)=1.705 A and r(O-H)=0.964 A.
In the sextet state, the Fe-O-H group is in the plane of the ring, with slighggr

bonds to iron: with r(Fe-C)=1.908 A, r(Fe-0)=1.729 A and r(O-H)=0.961 A. Thé FeO
reactant and Feproduct have sextet ground staté$he minimum energy pathway
involves quartet intermediates. However, since both sextet TS1 and s&Xtet T

below the reactants, the reaction can proceed completely along the sextetypathw
without changing spin. The overall reactigfficiencyis determined by the probability
that reactants will cross TS1, which can occur in two ways: by crossitej $3&4., or

by changing spin and crossing the low-lying quartet TS1. This is a majaedite

from the FeO + methane reaction (Ch.3), where sextet TS1 lies above reactants. As a
result, FeO reacts with benzene at the collision ratehile it reacts with methane at

only ~20% of the collision rat&: * Once produced, the [HO-Fe#d]* insertion
intermediate can isomerize via TS2 to form th§EgHsOH) exit channel complex,

which subsequently dissociates td FeCsHsOH. The calculations predict that
production of FeOH+ CgHs is 20 kJ/mol endothermic. So, it is not surprising that is
not observed as a product of the FeQCsHg reaction’ This is another significant
difference with the FeO+ CH;, system, where FeOH CH; is energetically allowed,

is a significant product at thermal energies, and dominates at high collisioy.&ne
Manganese is the only first-row transition metal for which M@Hbbserved as a

product of the MO + benzene reactich.The calculations predict two isomers of the
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Fe'(CsHsOH) exit channel complex. A-complex in which the Febinds to the oxygen
lone pair, and a-complex, where the Fdinds to the ring. The-complex is predicted
to lie lower in energy, at -284 kJ/mol (sextet state) and -363 kJ/mol (quaigt sta
relative to FeO+ GsHe. In thes-complex, the Feis not in the plane of the ring, and is
1.952 A from the oxygen for the quartet state. The Fe-O distance is substantialty longe
for the sextet state, at 2.071 A. The quartedbmplex has a very interesting geometry.
The carbonrtho andmetato the —OH group pucker towards theé Aeading to,
coordination, with r(Fe-C)=2.20 A. Sextet'Fends much more weakly and leads to
much less distortion of the ring. The'Fe slightly displaced towardsmaetacarbon,

with r(Fe-C)=2.53 A. The electron in the large 4s orbital leads to much weaker non-
covalent interactions for sextet'H8d" 4s electron configuration) than for quartet Fe
(3d’ configuration). Our potential energy surface for the Fe@gHg reaction is similar
to one calculated by Yoshizawa et al. at the B3LYP/6-311+G(d,p) fe@ele key
difference is that the B3LYP calculations predict that the [HO-§5]C insertion
intermediates are ~20 kJ/mol more stable relative to reactants. As aT84u#ind TS2
are also predicted to be ~20 kJ/mol lower. Previous studies of tHeH@&Bls reaction
have also considered two other mechanisms: a radical and an oxygen insertion
mechanisnt® **We measure the spectra of [eigO]" intermediates in the O-H
stretching region. The C-H stretches are weak and they are not tistioctdifferent
intermediates. We did not carry out calculations on the intermediates incimeasdt
mechanisms as they do not contain an O-H bond. In addition, as our experiments
measure spectra in the O-H stretching region, we are not sensitive to trepres

other likely intermediates such as the EgHs) entrance channel complex or the key
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arenium intermediate [FeQ@Bg]" in the proposed oxygen insertion mechanism, as these

species do not contain O-H bonds.

4.3.2 IRMPD Spectroscopy of [FeCeHeO]"

A major challenge in studies of intermediates of ion-molecule reactiomdimslt
suitable precursors and reaction conditions to selectively produce speeifinadiates.
The identity of the intermediates produced is deduced from their vibration&iuspec
and dissociation pathways. Vibrational spectra of [HO-FléslC and F&(CsHsOH) in
the O-H stretching region were measured using photofragment specyro&cop
challenge in obtaining vibrational spectra using photofragment spectrasdbjay
absorption of a photon needs to lead to bond breaking. One photon in the O-H
stretching region only has ~43 kJ/mol of energy, so photodissociation of [HO-Fe-
CeHs] " or FE€(CsHsOH) requires at least four photons. So, vibrational spectra were
measured using infrared multi-photon dissociation (IRMPD). We previously used
IRMPD to measure vibrational spectra of the [HO-Fes]Clend F&(CHzOH)
intermediates of the FEG CH, > Fe" + CH;OH reaction (Chapter 3§. They are not
ideal candidates for IRMPD due to the high binding energy and small size of the
molecules, which leads to relatively slow intramolecular vibrationaltrézlition

(IVR) of energy. Intermediates of the Fe®©CgHs reaction are much better suited to
IRMPD studies, and we observe higher dissociation yields and significanthyvear
spectra for the larger system.

In this study, we find that reacting ablated ®éth phenol or benzene +8 produces

[HO-Fe-GsHs]" and F&(CgHsOH), with the relative amounts depending on the
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precursor. IRMPD of ions generated by reactingi¢éh 0.01% phenol in helium
primarily produces Feand FeOH photofragments. Along with a small amount of

Fe' (CgH.) + H0, trace amounts of Fg&€sHg) + CO and FECsHs) + HCO are also
observed. The maximum dissociation yield is ~15%. Figure 4.2 (top) shows IRMPD
spectra obtained by monitoring'F®lue) and FeOH(red). The two channels give
completely different vibrational spectra, indicating that two or more inteatesdare
produced in the source, and each channel monitors a different intermediate or group of
intermediates. The FCsH,4) and Fé channels have a similar wavelength dependence.
Photodissociation of [FeElsO]" ions produced using 0.5% benzene and 2% N

helium also gives Feand FeOH as the major fragments. Again, spectra obtained by
monitoring Fé and FeOH are different (Figure 2, bottom). The observed dissociation
products and vibrational frequencies (see below) indicate that IRMPD (@sFeOH)
produces Fe+ CsHsOH while IRMPD of [HO-Fe-@Hs]* forms FeOH + CgHs.

Becker et al. generated several [Fd€D]" isomers by reacting F@roduced by

electron bombardment of Fe(G)ith organic molecules in a chemical ionization
source and characterized them by collisional activation (€AA of F&(CsHsOH)
primarily leads to FECgH,) + H,O and Fé& + phenol, while F§CsHg) + CO and

FeOH + GsHs are major products in CA of [HO-Fes#ds]*. So, the fragment ions

observed by CA and IRMPD are similar.
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In the O-H stretching region, IRMPD of [FeldsO]" produced by reacting Favith
phenol in helium generates FeOHGsHs or F€ + CHsOH, depending on wavelength.
The spectrum of F€CsHsOH), obtained by monitoring Feconsists of a 45 ¢

FWHM peak at 3598 cth This is 59 crit red shifted from the O-H stretch in bare
phenol (3657 ci).** Under the same conditions, the FéGHannel gives a much less
intense, 50 cih FWHM peak at ~3700 cth Dissociating [FegHsO]" formed by
reacting F&with N,O/benzene in helium also produces Bed FeOH. The relative
intensity of the FeOHchannel increases eight fold (figure 2 bottom), but its peak
position and shape are unchanged. This is consistent with reactiohvaitliF&l,O and
benzene producing more [HO-FgHg] " than reaction of Fewith phenol. The peak
obtained by monitoring Fés slightly narrower for the }D/benzene precursor than for
phenol. This suggests that more than one isomer or spin statgé@fHEOH)
contributes to the spectrum or, more likely, that the ions have slightly different
vibrational temperatures in the two cases. IRMPD spectra are moite/e€ns
internally excited molecules than one-photon spectroscopies, as fewer photons may be
required to dissociate hot molecules.

To help assign the spectra, we calculated geometries, energies and fesqjaétie
quartet and sextet states of insertion intermediate [HOgsFg}Cand exit channel
complexes FCsHsOH) (Table 4.1). Calculations were carried out using the B3LYP
hybrid density functional with the 6-311+G(d,p) basis set. Calculated harmonic
frequencies are scaled by 0.954, which is the ratio of the experimental toteal €&

stretching frequencies in bare phenol.
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Figure 4.2 Vibrational spectra of [FeflO]" in the O-H stretching region. Spectra are

obtained by IRMPD of ions produced by reacting Wigh CsHsOH (top) and by

reacting F&with N,O and GHs (bottom). Spectra obtained by monitoring Bed

FeOH are in blue and red, respectively. The two product channels are formed by
dissociation of different [FefElsO]" isomers, and the relative amounts of these isomers

depends on the precursor.
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4.3.3 Vibrational Spectroscopy of the [HO-Fe-CgHs]" Insertion Intermediate
IRMPD of the [HO-Fe-@Hs]" insertion intermediate produces FEOHCsHs. Reacting
laser-ablated Fawith N,O and benzene produces significantly more [HO-BidsC
than does reaction with phenol. Both precursors lead to a vibrational spectrum with a
peak at ~3700 cthand a shoulder at ~3670 ¢rfred traces in Figs. 4.2 and 4.3).

The calculations predict O-H stretch vibrations at 3700 and 3674 cim for
the sextet and quartet states of the insertion intermediate, respecthebexiet has
somewhat higher oscillator strength, while the quartet is predicted to li¢r861kJ
lower in energy. Both spin states appear to contribute to the spectrum: the peak at 3700
cm’ is due to the sextet state, and the quartet state is responsible for the shoulder at
~3670 cnT. In our study of the insertion intermediate for the Fe@H, reaction, we
also found that both spin states contribute to the vibrational spectrum. IRMPD of [HO-
Fe-CHy]" gives an asymmetrical peak at 3623’awith a shoulder at 3576 ¢mwhich
were assigned to the sextet and quartet states, respetlidelging argon atoms to
[HO-Fe-CH]" removes charge from the metal center and leads to progressively larger
blue shifts in the O-H stretch frequencies. The O-H stretdeutral HO-Fe-CH
shows an even larger blue shift, to 3745cth* Mulliken population analysis shows a
charge of +0.77 for the Fe-O-H moiety in [HO-Fe-LHwhich drops to 0.56 in [HO-
Fe-GHs]". Relative to [HO-Fe-CH", the O-H stretches of [HO-Fes8s]” exhibit a
~80 cm® blue shift. Thus, this system continues a trend we observed previously:

removing charge from the Fe-O-H group blue-shifts the O-H stretch frequency
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Figure 4.3. Experimental and calculated vibrational spectra of [HO-Fs[C in the O-

H stretching region. The experimental spectrum is obtained by IRMPD of ions
produced by reacting Fevith N,O and GHg and monitoring FeOHfragments (red).
Calculated spectra (right axis) are at the B3LYP/6-311+G(d,p) leutblfiequencies
scaled by 0.954. For the simulations, solid lines represent sextet states'zaul loees

quartet states.
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O-H stretches C-H stretches
(cm™) (cm™)
CeHsOH 3657(61) 304@1), 304217), 302917),
300314)
OFe€ (CgHe) quartet - 30630), 305842), 30570),
30490), 30440),
OF€ (CgHe) sextet - 30645), 305713), 30539),
30483), 30453), 30370),
[HO-Fe-GHs]" quartet 367¢467) 305642), 305(3), 30411),
30275),
[HO-Fe-GHs] ™ sextet 370(B49) 305§1), 30540), 304%0),
30270), 30160)
Fe'(CsHsOH) quartet 3619158) 30633), 305910), 30541),
n-structure 30470), 30341)
Fe'(CsHsOH) sextet 36171175) 30657), 305814), 30513),
n-structure 30441), 30332)
Fe'(CsHsOH) quartet 3605195) 306Q0), 30540), 30441),
o-structure 30390), 30311)
Fe'(CsHsOH) sextet 3562173) 30610), 3050), 30480),
o-structure 30421), 30397)

Table 4.1 Harmonic vibrational frequencies for intermediates of the'FeQsHg >
Fe" + CsHsOH reaction at the B3LYP/6-311+G(d,p) level. IR intensities (km/mol) in

parentheses. Frequencies are scaled by 0.954.

89



Our spectroscopic observation that reaction 6fith N.O and benzene produces
[HO-Fe-GsHs] ™ is a bit surprising in light of collisional activation (CA) and ion
cyclotron resonance (ICR) studies which find no clear evidence for the [HRQHE-
intermediate in the FEOr CgHg reaction™® A possible explanation is that this
reaction can occur via several mechanisms and the different conditions in our laser
ablation source and in the ICR favor different reaction pathways. Our IRMBsrds
not address whether other intermediates, such as th¢@Hg) entrance channel
complex or intermediates proposed for the oxygen insertion mech&hiéare also
present. These intermediates do not contain an O-H bond and thus would not be
detected in our study. Another possibility is that in our laser ablation source
[HO-Fe-GsHs] " is not produced by

Fe" + N,O 2> FeO + N, (4.1)
followed by reaction of FeQwith benzene, but rather is formed by

Fe + CsHg = Fe'(CsHe) 4.2)
followed by reaction of F€CgHs) with N,O. Although we use a 4:1,8:CgHe ratio,
kinetics favors reaction (4.2). The high-pressure limiting bimolecular saselk? x 10
® cm®moleculé'sec! for Co™ and should be similar for E& At thermal energies
reaction (4.1) is much slowétk;=3.1 x 10" cnmmoleculé'se¢’. However, CID and
ICR reaction studié8 as well as flow tube studi€show that the FéCsHg) + N,O
reaction produces ORE:Hs) (the entrance channel complex in Fig. 4.1) rather than the
insertion intermediate. Our spectroscopic results show that reactingtdatsd Fé

with N,O and benzene produces [HO-FgHg]*™. However, our experiments do not
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determine whether [HO-FegBs] " is formed by reaction of FEQvith benzene, or by
reaction of F§benzene) with BD.
4.3.4 Vibrational Spectroscopy of the Fe'(C¢HsOH) Exit Channel Complex

The Fé(CsHsOH) exit channel complexes are predicted to have the lowest O-H
stretching frequencies, with two different possible geometries. TheaRebind above
the benzene ringt{complex) or to the oxygen lone pas-¢omplex). The CBS-QB3
calculations predict that the lowest energy structure is clearly theetjstate of the-
complex, which is predicted to be bound by 275 kJ/mol relative to sextetFresnol.
The sextet--complex is bound by 196 kJ/mol, while the quartet and sextetmplexes
are bound by 166 and 161 kJ/mol, respectively. The preference’far Bied to the
aromatic ring rather than to oxygen is consistent with the greater me:&sodeng
energy for F&benzene (207410 kJ/mol) than for'Aé,0 (12845 kJ/molf® The
guartet and sextatcomplexes and quartetcomplex are predicted to have very similar
O-H stretching frequencies. All are in excellent agreement with thengas O-H
stretch at 3598 cth(Figure 4.4). The O-H stretch for the sextatomplex is predicted
to lie well below the observed peak.

The O-H stretching frequency in Fehenol) is 3598 cifhy which is 59 crit
below the O-H stretch in bare phenol (3657 Vaden and Lisy measured
vibrational spectra of Mphenol)(Ar) (M=Na, K) in the O-H stretching region,
monitoring argon los¥ For K" they observed a narrow, symmetric peak at 3636 cm
which was assigned to tmecomplex. The spectrum of the Neomplex consists of a
peak at 3641 cthwith a clear shoulder at 3632 ¢nwhich were assigned to theand

n-complexes,
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Figure 4.4 Experimental and calculated vibrational spectra 6(E#lsOH) in the O-H
stretching region. The experimental spectrum is obtained by IRMPD®pi@duced
by reacting Féwith CsHsOH and monitoring Fefragments (blue). Calculated spectra
(right axis) are at the B3LYP/6-311+G(d,p) level, with frequenaiaked by 0.954.
Spectra of F¢phenol) with F&€ bound to the oxygers¢complex) and above the ring
(m-complex) are shown. For the simulations, solid lines represent sextetsiates

dashed lines quartet states.
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respectively. So, binding to Kar K" leads to a ~20 crhred shift in the O-H stretching
frequency of bare phenol, significantly smaller than the 59 @d shift due to Fe
binding. The observed red shifts correlate with the binding energie(ph&hol),
which are measurébto be 74 kJ/mol for K 102 kJ/mol for Naand calculated to be

275 kJ/mol for Fé&

4.4 Conclusions

Vibrational spectra of two intermediates of the gas-phasé F&lgHs > Fe +
CsHsOH reaction have been measured in the O-H stretching region. Spectra of the
quartet and sextet states of [HO-FgH€]", the key insertion intermediate, are obtained
from IRMPD, monitoring the FeOHragment. With the aid of B3LYP/6-311+G(d,p)
calculations the main peak observed at 3700 isnassigned to the sextet state and the
shoulder at ~3670 cinto the quartet state. IRMPD of the"F@&HsOH) exit channel
complex primarily produces Fe CsHsOH; F€(CsH4) + HoO is a minor product. The
spectrum consists of a peak at 3598'cralculations suggest that quartet and sextet
states of the FECsHsOH) n-complex and the quartetcomplex could contribute. The
spectrum of ions produced by reacting ®&th N,O and benzene is narrower than that
obtained using Fet+ phenol. This could be due to different populations of the isomers
or to different vibrational temperatures in the two cases. In addition, a poteetigye

surface for the reaction has been calculated at the CBS-QB3 level.
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CHAPTER S

COMPARISON OF IRMPD, Ar-TAGGING AND IRLAPS FOR VIBRATIONAL

SPECTROSCOPY OF Ag'(CH3OH)

5.1 Introduction

Vibrational spectroscopy is widely used to measure structure and bonding of
gas-phase ions> Due to low density of ions in most cases, direct absorption is not
applicable. Thus photofragment spectroscopy is a nice tool to get the desired
information. The primary challenge in applying photofragment spectrosoopy t
measuring vibrational spectra is that light absorption needs to lead to bond hreaking
For many ions, one photon in the IR does not have enough energy to break a bond.
Common techniques to overcome this problem are infrared multiple photon
dissociation, messenger spectroscopy, and two-color techniques such as vilyrational
mediated photodissociation. These techniques have been discussed in Chapter 1. They
are useful methods but each has some drawbacks. In this chapter we focus on
developing a method to get better vibrational spectra, especially forlgttmmond
ions. The method is called infrared laser assisted photodissociation spectroscopy
(IRLAPS). In IRLAPS a tunable IR laser excites a vibration. The vitmatly excited
ions absorb several photons from a second infrared laser and disS6tiate.

The application of IRLAPS to spectra of AGHsOH) is shown schematically
in figure 5.1. A tunable IR laser system excites the O-H stretch vibrafame+photon
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absorption. Vibrationally excited molecules then selectively sequerdiadigrb several
photons in the C-O stretching region from a high-power pulsed&3@r and

dissociate. In principle, vibrationally mediated photodissociation (VMP) ab4RPS

can be used to measure vibrational spectra of unperturbed ions with laser-limited
resolution. These techniques require careful spatial and, in some cases, temporal
overlap of both lasers with the ion cloud. In addition, one-laser background can
interfere with the desired two-laser signal. Lee and coworkers fiptied IRLAPS in

their study of the O-H stretching vibrations of hydrated hydronium ia@% (H,0),
(n=1-3)® Eyler and coworkers used a tunable, pulsed [@€r to excite ions and a
second, continuous wave (cw) glaser to dissociate them, measuring the spectra of
CsFs™ and GHsCI*. They also quantified the two-laser signal dependence on the laser
power, irradiation time, and time delay between the ldsopfer, Maitre and

coworkers observed very low signals in IRMPD of @apenol) using a free electron
laser. Combining the free electron laser with subsequent gWaSeér irradiation

greatly increased the fragment ion yield, allowing them to measure tlagioma
spectrum* The most extensive application of IRLAPS is by Rizzo and coworkers, who
have used the technique to study vibrational overtone spectra of neutral molecules such
as CHOH and CEH.2 ? In this paper, we compare vibrational spectra of(@g;OH)
obtained using IRMPD, IRLAPS and Ar tagging. This allows us to compare the
suitability of these techniques for measuring vibrational spectra afregstrbound ion

produced in a laser ablation-molecular beam source.
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Figure 5.1 Schematic representation of the two-laser infrared laser assisted
photodissociation spectroscopy of A&QHsOH). Molecules are vibrationally excited in
the O-H stretching region, near 3600 triibrationally excited molecules sequentially

absorb several 929 ¢hphotons and dissociate.
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5.2 Experimental and Theoretical M ethods

Vibrational spectra are measured using a dual time-of-flight redlect
photofragment spectrometer described in detail in Chagfet*Silver cations are
generated by laser ablation of a silver rod (Sigma-Aldrich, 99.8% purératigns
interact with a pulse of 0.5% methanol in helium or argon at a stagnation pressure of 4-
5 atm. from a pulsed piezoelectric valve to produc§@gs0H) and Ag(CHsOH)(Ar)
respectively. lons produced in the source expand supersonically into vacuum and cool
to a rotational temperature of ~10'Klons are accelerated to 1800 V kinetic energy,
then re-referenced to ground potential before entering the fieldlfyeetibe. Mass-
selected ions are photodissociated at the turning point of the reflectron. Eadisget
photodissociation of AgCHsOH) requires at least four photons in the O-H stretching
region. So, vibrational spectra are obtained using infrared laser-assisted
photodissociation spectroscopy (IRLAPS) and infrared multiple photon dissociation
(IRMPD). In the O-H stretching region, the light source is a Nd:YAG pumped bptica
parametric oscillator/optical parametric amplifier (OPO/OPAsdraision Inc.) which
is tunable from 2 to Eim, producing ~15 mJ/pulse near 3600°cmith a beam
diameter of 5 mm. The photodissociation efficiency is greatly improvessing a
multi-pass mirror arrangemént'®in which light from the OPO makes 21 passes
through the ion cloud. The IRLAPS experiments also use a TEAS®@r to dissociate
vibrationally excited molecules via multiple photon excitation of the C-O btrétee
CO; laser (InfraLight SP, Optosystems, Ltd.) is line-tunable from 929.0-1086'8 cm

producing up to 50-500 mJ in a 100 ns pulse, depending on the line. It makes one pass
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through the ion beam. The G@ser beam is approximately rectangular, 4 mm x 8 mm.
It is not focused. The OPO wavelength is calibrated usp@atsorptions and GO

laser emission lines are calibrated usingsidBisorptions. In the IRLAPS experiment,
the OPO fires ~30 ns before the Q&ser. The IR beam path is purged with nitrogen to
minimize absorptions by water vapor.

Fragment ions and undissociated parent ions are detected by a dual micro-
channel plate detector. The ion signal is amplified, collected on a gateciategnd
averaged with a LabView based program. The photodissociation spectrum is obtained
by monitoring the yield of the fragment ion of interest as a function of wagtblend
normalizing to parent ion signal and laser fluence. In IRLAPS and IRMPD of
Ag’(CHsOH), the only fragment observed is Ad\s expected, photodissociation of
Ag’(CH;OH)(Ar) leads solely to loss of argon.

Computations are carried out with the Gaussian 2003 program pa¢Rdne.
optimized geometries of AGCH;OH) and Cl(CHsOH) are calculated using the Becke
Lee-Yang-Parr hybrid HF/DFT method (B3LYP) with the SDD relatigieffective
core potential and basis set on the metal and 6-311+G(d,p) basis set on the remaining
atoms. Vibrational frequencies are computed to ensure that optimized gesmetr
correspond to a local minimum. Anharmonic frequency calculations use the
opt=verytightandint=ultrafine keywords. Anharmonic frequencies are not scaled. All

energies include zero-point energy and correspond to 0 Kelvin values.
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5.3 Results and Discussion

The Ag'(CHs;OH) ion is a promising candidate for an IRLAPS study for several
reasons. First, it is relatively small and strongly bound, so simple IRNIBKpiected
to be inefficient. The O-H stretch is a strong IR chromophore that is alst\setsthe
bonding in the molecule. The C-O stretch in bare methanol is a good IR absorber in the
rather limited CQlaser tuning range. The Agation has a 48 'S ground state. As a
result, Ag(CHsOH) is the only stable isomer. In our calculations, we were unable to
optimize an inserted [HO-Ag-GH{ structure; all attempts rearrange to"@&@HsOH).

This is in contrast to the open shell metal system we studied such asdFed. In
addition, the first excited state of Agid’5s,3D) lies 470 kJ/mol above the ground
state, so only singlet A(CH;OH) contributes to the vibrational spectrum. This is in
contrast to the iron system, where the quartet and sextet spin states of 4fe-{E+§]"
and FE(CHsOH) isomers are at similar energies and can contribute to the spectrum,
depending on how the ions are produced (Chaptér 3).

For bare CHOH, the calculated anharmonic frequenciesvare3670 cn' and
veo=1015 cnit. These are very slightly below the experimental valggs3681 cnit
andvco=1033 cnt.'® The calculations predict that Aginds to CHOH at g0 = 2.21
A. Binding to the metal lengthens the O-H bond by 0.004 A, to 0.965 A and lengthens
the C-O bond by 0.040 A, to 1.464 A. As a result, the calculated anharmonic O-H
stretching frequency is predicted to drop to 3644  amd the C-O stretching frequency

drops to 927 ci This is slightly below the 929 chlower limit of our CQ laser. The
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calculated Ag-CHzOH dissociation energy is 145 kJ/mol. Thus, for IRMPD in the O-H
stretching region, at least four photons are required to break the bond. Using.the CO
laser alone, 13 photons need to be absorbed to dissociate the molecule. In the IRLAPS
experiment, after absorbing one photon in the O-H stretch region, dissociation requires

9 additional CQ@ photons.

5.3.1 IRLAPS of Ag'(CH3OH)

We measure the vibrational spectrum of @HsOH) molecules using three
techniques: IRLAPS, IRMPD, and argon-tagging, and the results are camipare
infrared laser assisted photodissociation spectroscopy (IRLAPS) onaonbligt
excites the molecules using a tunable laser. Vibrationally excited medeand then
selectively photodissociated using a high-power laser such as ase®(Figure 5.1).
Ideally, the molecules are vibrationally excited to an energy where tisé¢\ydef
vibrational states is sufficiently high that they form a quasi-continuum, andkbseyb
CO; laser photons much more readily than vibrationally unexcited molecules. In this
ideal case, fragmentation is only observed when both lasers are present,argniber
background from either laser alone. This has been observed in studies by Rizzo and
coworkers, where it is achieved by exciting vibrational overtones, so that onesreache
the quasi-continuum, even for small moleciés?® Background from the CQaser is
minimized by tuning the C{aser to the red of the resonant absorption for vibrationally

unexcited molecules and decreasing the @a€er power until it induces negligible
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dissociation alone. Vibrational absorptions are shifted to the red for vibrationally
excited molecules due to vibrational cross-anharmoniéies.

Figure 5.2 shows the IRLAPS spectrum of the O-H stretching fundamental in
Ag'(CH;OH). This is obtained with 50 mJ/pulaethe 10P(36) CQaser transition, at
929.0 cnt, and with ~16 mJ/pulse at 3600-3700tnin this experiment, there is
significant one-laser background. Each laser alone dissociates ~4% of thesians. A
result, we measure the normalized fragment ion yield with both lasersown(lrace)
and subtract from it the fragment yield measured from each laser aleea {gace).

The result is the IRLAPS spectrum, shown in blue. It consists of a slighthyaetric
peak at 3660 cih with full-width half-max (FWHM) of 50 cii. The anharmonic
calculations predict an O-H frequency of 3644’cin good agreement with our
experimental result.

To optimize the signal to background in the IRLAPS experiment, we measured the
dependence of the one-laser background and two-laser signal on the OPQ, éaskCO
power and C@laser wavelength. The one-laser IRMPD background and two-laser
IRLAPS signal were measured at OPO/OPA laser powers of 5 to 16 mJ/puls®and C
laser powers of 25 to 50 mJ/pulse. The IRMPD fragment yield depends on (OPO laser
power)” and on (CQlaser power)®. The IRLAPS signal depends linearly on the
OPO laser power and depends on {GBer power)®. As expected, IRLAPS is favored
at lower power from each laser, but the effect is small. This is in contrast éo pow
dependencies measured by Rizzo and coworkers in IRLAPS studies of methanol
overtones, where the threshold for IRLAPS is significantly lower than that for

IRMPD.*® As a result, they were able to select laser powers at which they could obtain
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reasonable IRLAPS signal with negligible one-color background. Theteaidikely
reasons for our having to use such high, GSer power: the choice of Glaser
wavenumber, and whether the vibrationally excited molecule is in the quasi-continuum

region.

105



500
OPO and CO, together

400 —

w

o

o
|

OPO and CO, separately

200 —

Relative Intensity

100 - Difference (IRLAPS)

0 | | | |
3620 3640 3660 3680
Photon Energy (cm'l)

Figure 5.2 IRLAPS spectrum of AqCHsOH) in the O-H stretching region. In addition

to the two-color signal, there is significant one-color background. This background is
shown in the green trace, which is the sum of thefragment yield, normalized to

laser power, from the GQaser (which is not scanned) alone and from IRMPD by the
tunable OPO alone. The brown trace shows the normalized signal with both lasers on.
The enhanced dissociation yield (the difference between the brown and gceshita

the net IRLAPS signal, and is shown in blue. The dips in the spectra are due to loss of

laser power due to absorption by trace atmospheric water.
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To optimize IRLAPS signal and minimize G@ser background, Rizzo and
coworkers tune the GQaser to the red of the transition in the vibrationally unexcited
molecule. The anharmonic calculations predict that the C-O stretch (G AgOH)
lies at 927 cril. We find that the fragment ion yield for both IRLAPS and IRMPD
improves with decreasing G@aser wavenumber. Unfortunately, the limited tuning
range of the C@laser does not allow us to explore wavenumbers significantly to the
red of the C-O stretch. The 929 ¢rmansition used is the lowest available for our laser.
We also tried to measuvgy in Cu'(CHsOH) via IRLAPS. Although each laser
produced photofragments, no net IRLAPS signal was observed. The anharmonic
frequency calculations predizgo=908 cm' in Cu'(CH3;OH), significantly lower than
the value in A§(CHzOH), and well below the CQaser tuning range. Large red-shifts
in vco upon binding to metal cations have also been quantified by Dietrich et al. for
Au,"(CHzOH)n using IRMPD with a C@laser*! Clusters with fewer methanol
molecules show progressively larger red shifts. The C-O stretch freglienbelow
929 cm" even for AG(CHsOH),.

Rizzo and coworkers also observe that the threshold&38r power required
for IRLAPS is lower for more highly vibrationally excited g@BH. This is a result of
the steep increase in vibrational density of stagsvith increasing internal energy. At
higher initial vibrational energies, the molecules are more likely to be muths-
continuum region and to sequentially absork, GSer photons more readily. Also,
fewer CQ photons are required to dissociate the molecule. FHCAOH), we
calculate thap,i»=50 states/cihat vo=1. This is not quite in the quasi-continuum, and

may make C@laser absorption less efficient. This effect was also noted by Lee and
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coworkers in their study of 40 (H.0),. For HO,", at \b=1, pvib is only 38 states/cm
! so they observe less efficient absorption of @fbtons than for ¥0;" and HO.",
which have much higher densities of states at the same éhdénggummary, both
conditions-not tuning significantly to the red a¢oin the unexcited molecule and the

low density of states atu=1- are responsible for the significant one-color background.

5.3.2 IRMPD of Ag"(CH3OH)

In the O-H stretching region, IRMPD of X§@HsOH) requires at least four
photons. Using the multipass mirror arrangement, we observe ~4% dissociation near
3635 cnt’. The only fragment observed is AgThe IRMPD spectrum is shown in
figure 5.3 (green trace). It consists of a peak at 3635 with a width of 180 ci.

This is 25 crit red-shifted and significantly broader than the peak observed using
IRLAPS. The O-H stretches of several otheé(@H;OH) systems have also been
measured using IRMPD. Those spectra show similarly broad features. iv&nhe
and Lisy” observe a peak at 3663 ¢f108 cn* FWHM) for C$(CHs;OH). For
Mg*(CH;OH), Machinaga et &f* obtain a 200 cihwide peak at 3520 chmand Furuya

et al. measure a 130 ¢rwide peak at 3490 cifor Al*(CH;OH) .2
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Figure 5.3 Comparison of vibrational spectra of AGHsOH) in the O-H stretching
region. The spectra obtained using IRLAPS (blue) and argon tagging (red) idae sim

The IRMPD spectrum is significantly broader, especially to lonsremumber.
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5.3.3 Argon-Tagged Ag"(CH3;0H)

Photodissociation of AGCHsOH)(Ar) provides another means to measure the O-H
stretching frequency. The computed argon binding energy is 24 kJ/mol (2d90som
one photon in the O-H stretching region can break the bond. Ar tagging is calculated to
blue-shift the O-H stretching frequency by 3 trExperimentally, loss of argon is the
only photodissociation fragment observed. The resulting photodissociation spectrum is
shown in red in Figure 5.3. It consists of a peak at 3668dth a width of 60 crit.
This is narrower than the IRMPD spectrum, but is slightly broader than thatesbtey
IRLAPS. There is no significant shift between the Ar-tagging and IRLAPS&rspe
The photodissociation spectrum of AGH;OH)(Ar) is broader than is typically
observed for Ar-tagged ions. Much of the width of the Ar-tagged and IRLAPS spectra
is likely due to sequence bands from vibrationally excited ions. Attachmenf ¢bA
CH3OH is 145 kJ/mol exothermic. ldeally, collisions with the carrier gas inkagien
source and subsequent expansion remove this energy. However, molecular beams cool
vibrations much less efficiently than rotations. As a result, tHiéQ%sOH) can be
vibrationally excited, particularly in the low-frequency intermolecularatibns and
CH5OH torsion. A similar effect is expected for AGH:OH)(Ar), except the 2000 ¢
Ar binding energy limits the vibrational energy.

Several groups have measured the O-H stretching frequencié$QifiidH)
complexes using IRMPD and Ar-tagging. Binding to the metal lowgrérom its
value in bare methanol (3681 ¢jn For many metals, this red shift is small. For
example, Weinheimer and Lisy measusg=3663 cni in Cs (CH3;OH),?® and 3659

cm® in Na'(CHsOH), (the value for N§CHzOH) is likely to be similar, as there is little
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shift in going from N&CH;OH),, n=4 to 2)*° We measureoy=3660 cn' in
Ag*(CHsOH). Previously, we observed=3630 cn in Fe (CH;OH) via Ar-tagging
(Ch.3)® Hirabayashi et al. measured O-H stretches fgi{8H;OH), obtaining
vor=3634 cn for n=3 and 3645 cthfor n=42" They measure similar values for
Ca,'(CH;0H).2® There are two metals which give much larger red shifts. For
Mg*(CHsOH), Machinaga et al. measure a broad peak at 352Qusing IRMPD and a
much narrower peak at 3560 ¢masing Ar tagging® Al*(CHsOH) shows a further red

shift, tovor=3490 (IRMPD) andioy=3495 (Ar tagged), as measured by Furuya &t al.

5.4 Summary and Conclusion

IRLAPS gives the narrowest vibrational spectrum of(8d1;OH) in the O-H
stretching region. The spectrum obtained via Ar-tagging is slightly breadeshows
no significant shift. In contrast, IRMPD leads to a peak that is three tsrigsad, is
25 cni® shifted to the red, and exhibits significant tailing to the red. With the sanme lase
ablation source, for larger molecules, we find that IRMPD can give narrowes. pea
For example, IRMPD of Féhenol) gives a peak at 3598 ¢mvith 45 cm* FWHM
(Ch.4)® This is despite the fact that ehenol) is more strongly bound than
Fe'(CH;OH). The narrower spectrum is likely due to the greater IVR rate in
Fe'(phenol), which allows for efficient sequential multiple photon absorption by rapidly
transferring energy out of the O-H stretch vibration. This also suggesiREARS
may be more efficient and give narrower features for larger moe@geone O-H
guantum is sufficient to reach the quasi-continuum region, facilitating sulseeque

absorption of C@laser photons.
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE WORK

6.1 Additional vibrational studies of FeEO* + CH, reaction inter mediates

There are several directions in which we can extend the studies describegptén 8ta

gain addition information on the intermediates of the Fe@H, reaction.

6.1.1 Spectr oscopy of OFe"(CHy)

The initial step in the FeEOr CH, reaction is formation of the OHEH,) entrance
channel complex. The vibrational spectroscopy of the OFg(Géhtrance channel
complex should be investigated to provide complete picture of the vibrational
information for all the FeO+ CH, reaction intermediates.

Binding to Fe® weakens the C-H bonds in GHand vibrational spectroscopy is a
sensitive probe of this effect. Figure 6.1 shows the calculated IR spedta of
possible OFECH,) complexes and of bare methane. Note that binding td kesds
to substantial IR intensity for the IR-inactive symmetric stretetdbia methane. Many
electrostatically bound compounds have several possible structures with similar
energies. We know that vibrational spectroscopy is really sensitive toubgistrof
the molecule. To find the ground state, we have to combine vibrational spectroscopy
with electronic structure calculations of vibrational frequencies.dargi6.1, this
situation is demonstrated by showing that the C-H stretching spectnqﬁ'n of
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coordinated OFgH3CH) is considerably different from that of thé OFef(H,CH,)

complex.
The biggest challenge to create QBH,) is finding a suitable precursor. Reasonable
candidates are reacting Reith N,O and CH in a specific ratio, or to use a mineral,

e.g. hematite, to create Fely ablation, which then reacts with the £H

6.1.2 VM P studies of reaction inter mediates

A major challenge in characterizing the intermediates of an ion-molesadéaan is that
the intermediates are all isomers and thus cannot be separated in a mesnefszct
One way to circumvent this problem is through the use of different precursors to
selectively prepare specific intermediates. In some cases, ts quate well — see,

for example, intermediates of the Fe©benzene reaction discussed in chapter 4.
However, for systems like the FE® CH,reaction intermediates we have yet to find a
chemical precursor and reaction conditions that produce o €HRgOH); it is always
accompanied by [HO-Fe-GH. One way to distinguish isomers is via a double
resonance experiment. The electronic spectra of the intermediates differ. B
combining electronic spectroscopy with vibrational spectroscopy we coelttigely

measure vibrational spectra of specific intermediates.
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Figure 6.1 Calculated IR spectra of GHandn? andn®isomers of Fe®CHa).

Calculations at the B3LYP/6-311+G(d,p) level. The arrow indicates the posittbe of

IR-inactive symmetric stretch in GH
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Vibrationally mediated photodissociation (VMP) could be used to measure vibrational
spectra of isomer- and spin-state selected [HO-Fg-G#ith laser-limited resolution.
In VMP, a laser vibrationally excites the molecules; a second lasetiwalepromotes
vibrationally excited molecules to an excited electronic state, from whigh the
dissociate. We have used VMP to measure the antisymmetric OCO stref¢® @0},
partially resolving rotational structurand to measure the O-H stretching vibrations in
Co'(H,0). In order for VMP to work, the electronic photodissociation spectrum of
vibrationally excited molecules must be significantly different from ttiahe
vibrationally unexcited ones. Also, to measure spectra of specific intategdhe
electronic photodissociation of the vibrationally excited intermediate oestterust be
much more efficient than that of other intermediates present. The quadeifdta
insertion intermediate has a structured photodissociation spectrum in the 300-325 nm
region (figure 6.2). Follow-up experiments could thus selectively chamztae O-H

and C-H stretches of bare quartet [HO-FesChising VMP.

6.1.3 Vibrational spectrain thefingerprint region

Measuring vibrations directly involving the metal center would give mumte m
information on bonding in intermediates such as [HO-Fg}CHNe used electronic
spectroscopy to measure the Fe-C and Fe-O stretches, and the O-Fe-C hend in a
excited electronic state of [HO-Fe-gH (Fig 6.2)° We would like to characterize the
corresponding vibrations in the ground electronic state. These vibrations aratedicul

to lie at 776 crit (Fe-O stretch), 397 cm(Fe-C stretch) and 130 ¢hfO-Fe-C bend) in

117



quartet [HO-Fe-CH* and at 771cih (Fe-O stretch), 480 cin(Fe-C stretch) and 130
cm* (O-Fe-C bend) in sextet [HO-Fe-@H The Fe-C stretch frequency could be used
to identify the spin state.
Measuring these vibrations is more challenging than measuring O-ehsset
Laboratory lasers produce ~10 mJ/pulse in the O-H stretching region, but <0.1seJ/pul
near 800 cil. In addition, IRMPD in the fingerprint region requires substantially more
photons than in the O-H stretch region, as each photon has only ~25% the energy.
Spectra of molecules such as protonated benzene, protonatedtatei&H,0)
(X=OH, O, F, ClI, Br} have been measured in the fingerprint region. Another possibility
is to use VMP to selectively detect vibrationally excited molecules.

An alternate approach is to use a light source with substantially mansiinte
the fingerprint region. The free electron lasers at FELIX (Netherlgrats CLIO
(France§ have been used for IRMPD studies of vibrational spectra of a huge number of
ions, % as they are broadly tunable and produce ~30 mJ/macropulse down to ~600

cmt,

6.2 Studies of inter mediates of methane and benzene activation by other MO”

As was discussed in chapter 1, there are severalwhi@h convert methane to
methanol, with varying efficiencies and selectivities. Thus, it is of istéoestudy the
spectroscopy of intermediates of the MOCH, reaction for a range of metals, and
attempt to correlate the photofragment pathways and the vibrational andretectr

spectroscopy of the intermediates with the reactivity patterns. Thé &wPtO
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systems are particularly interesting, as they show very differeaeeffies and
selectivities (CoOshows 0.5% efficiency, but 100% selectivity for methanol, while
PtO" shows 100% efficiency, but only 25% selectivity for methanol, see table 1.1).

| have measured the electronic and vibrational spectra of the [HO-gJ6-CH
insertion intermediate and Q&Hs;OH) exit channel complex. Photodissociation of
[HO-Co-CHy]" in the visible produces only Ce- CH;OH. This is in sharp contrast to
[HO-Fe-CH] *, which dissociates to produce similar amounts 6fF€HOH and
FeOH + CHs. The observed photodissociation pathways mirror the bimolecular
reaction results. Figure 6.2 compares a portion of the electronic photodissociati
spectra of [HO-Co-Ck" and [HO-Fe-CH*. They both show resolved vibrational
progressions in the excited electronic state, particularly an extendgession in the
metal-C stretch (335 cmand 478 cnl respectively). Calculations agree with the
experimental findings, predicting that electronic excitation leads tohenugtg of the
M-C bond and slight contraction of the M-O bond. Figure 6.3 shows the vibrational
spectra of [HO-Co-Ck" and [HO-Fe-CH * in the O-H stretching region, measured
using argon-tagging. The spectra are very similar.
A great deal could be learnt by extending these studies to intermediates @the M
CH, reaction for M=Pt, Ni, Mn, as they show interesting reactivities (table Inl)
addition, it would be instructive to study M@ benzene intermediates for these metals,

as well as Co.
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Figure 6.2 Electronic photodissociation spectra of [HO-FesCtnd [HO-Co-CH]".

M™ loss is detected.
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Figure 6.3 Infrared photodissociation spectra of [HO-Fe+4LHAr) and

[HO-Co-CH]"(Ar) in the O-H stretching region. Argon loss is detected.
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6.3 Spectroscopy of intermediates of M+ + C3Hg reactions

Alkanes are unusually stable compounds and they are also among the most
abundant organic compounds in nature. The abundance of the alkanes makes them
important raw materials for chemical synthesis. On the other hand the staitifiey
alkanes makes transformations into other compounds difficult. Therefore, theveelecti
activation of alkane carbon-hydrogen and carbon-carbon bonds is a challengait orga
chemists.

Certain gas-phase transition-metal ions dfle chemically interesting for their
ability to activate C-H and C-C bonds of saturated alkanes. A summary of tineenbse
reactions of the first row Mwith CaHg at thermal energies is shown in Table 8.1.
Parentheses indicate the minor product in cases where both C-C and C-H actieation a
observed. At low kinetic energyhand Tit react exothermically with linear alkanes to

yield primarily H elimination products, e.qg.:
Ti* + CgHg — TiCgHg" + Ha (6.1)
On the other hand, exothermic reactions 6t §€, Co™ and, Ni with larger alkanes

branch between +and CH elimination** e.g.;

Fet + C3Hg — FeGHg*+Hp (6.2)

Fet+ C3Hg — FeGHsm+CHy (6.3)
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It is obvious that the first-row transition metal cations do not react uniforitty w
hydrocarbons. Why do some ($di,* V* and Cd) give predominately C-H

activation, others (Feand Nif) give predominantly C-C activation, while still others
(Cr,* Mn*, Cut and Zrt) are unreactive? Asymptotic studies of the reactants and
products have suggested correlations between electron configuration andtyeactfvi
For example the lack of reactivity of €Mn*, Cu" and Zrt has been attributed to

these ions having filled, or half filled d-orbitals. Other models have been based on
conservation of spin during the reaction, the need for emptygrMtals of suitable
symmetry into which the alkane can back-donate electron density, and non-adiabatic
effects.

The mechanism for the gas phase reaction is basically simple: on collisieadtents
form an adduct, [MRH]*, which can dissociate back to reactants or go on to products.
Tonkynet al. observed that the reaction offMith propane in helium buffer gas forms
M+*(C3Hg) adducts for most M** In crossed-beam studies Weisshaar’s group found
that the Cé + C3Hg reaction forms an adduct that lives ¥& ps at 0.01-0.21eV

collision energy® These mass spectrometric studies were not able to characterize the
structure of the M(CgHg) adducts. Knowing the structure of the adduct is of immense
help in characterizing the mechanism for the reaction. For example, comparing the
structure of the adduct isolated forCu C3gHg with that for F& + C3Hg would show

why the Cd adduct reverts to Gut+ C3Hg while the Fé& adduct proceeds to Feldst +

CHa.
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| st | 1it | vt | ¢ | Mnt | Fet | Cot | Nit | cut | zn*t |
Ground Electronic State Configuration
3d4s | 3R 4s| 3d 3k | 3cP4s| 3d4s| 3&

3 | 3dt0 | 3d0
4s
3D 4F 5D 65 S 6D 3F 2D 1S5 25
Reaction with propan¥; C= C-C activation, H= C-H activation
|HC)| H | H None| None| C,H] H,C) C,H) None None
Excited Electronic States and their Energies &th
4s— 3d
3 3B 3d6 3d’
4803 | 908 14326| 1873
GF) | (¢F) (°D) | (R
12074 | 9364 13474
GP) | (4P) (*P)
3d— 4s
49 | 3d48 | 3dB4s| 3d4s| 3d |34 | 3d’4s| 3B4s| 3d4s| 3¢
4 4
11736 24961 | 2605 | 11962 | 54846| 23318| 3351 | 8394 | 21929 | 62722
(!S) | D) | OF) | (®D) | D) | (5S) | CF) | (*F) | (D) | (°D)
13512 9818 | 13550| 26265
(°P) GR) | (R | (D)

Table 6.1 Ground and low-lying electronic states of first row Khd reactivity with
propane
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Depending on the nature offMind RH, possible forms for these adducts range

from simple cluster ions, [MRH] held together by only electrostatic forces, to C-H,
and C-C insertion forms [H-MR] [H3C-M*-R"] or rearrangement intermediates such
as [H-M*-R"] exhibiting new chemical bonds. Long-range attractive forces, of/piee t
ion - induced dipole, exist between BIt-RH pairs. These forces will stabilize the
adduct relative to both reactants and products.

It would be interesting to study the vibrational spectroscopy of the addsitgydrom
reaction of the 3d transition metals with small alkanes such as propane togaurait
and thermochemical information on these molecules. The first systems could be
M*(C3Hg) where M= Fe, Co, Ni. These metals show both C-H and C-C activation at
thermal energies. Elegant crossed beam studies by the Weisshaar groogt fiatllow
collision energy Cb+ propane produces predominantlyéfimination products in
preference to Cilelimination products® This contrasts sharply with the behavior of
Fet and Ni, its two nearest neighbors, both of which produce predominantly"Cl
Also, there have been high quality computational studies of the reactions &fdte

Ni* with small alkanes using DFT which have examined all important stationary points

on the ground state surfacgs"

A preliminary IRMPD spectrum of FEC3Hg), in the C-H stretching region is shown in
figure 6.4. The peak at 2970 ¢morresponds to stretching vibrations of C-H pointing
away from the metal. This is similar to frequency observed in b#tg The enhanced
dissociation near 2750 ¢htould be due to C-H stretches of C-H proximate to the

metal.
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