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I. INTRODUCTION

The potential energy surface (PES) determines the course of a chemical reaction,

and characterizing PESs for reactions has been a central focus of chemical

dynamics [1]. Reaction studies, especially detailed measurements of reaction

cross-sections as a function of collision energy or the reactivity of state selected

reactants to produce products whose quantum states are measured, provide a

great deal of indirect information on the PES for a reaction. However, even

relatively simple reactions may involve several intermediates, connected by

multiple transition states, and a particular experiment will only be sensitive to

some features of the PES. Spectroscopic studies complement bimolecular

experiments as they provide a direct probe of a region of the PES. Spectroscopy

of reactive PESs presents particular challenges, as the stationary points on the

surface correspond to intermediates (local minima) that are often short lived

and to transition states (local maxima) that are inherently transient. Our studies

of the PES of transition metal ion-molecule reactions are part of a tradition of

transition state spectroscopy, which has primarily been used to study reactions of

neutrals. Early studies by Brooks, Stwalley, and co-workers looked at far wing

absorption by reacting complexes during the course of a harpoon reaction [2–4].

These experiments are extremely challenging, and interpreting the results is

complicated by the averaging over impact parameter and orientation inherent in

bimolecular reactions. Photoinitiating a reaction from a precursor with a similar

geometry to the region of the PES of interest provides a powerful alternative.

One advantage is that photoexcitation provides a start time to the reaction, which

makes possible time-resolved studies, such as those of Zewail and co-workers

[5,6]. A second advantage is that the energy, orientation, and angular momen-

tum (impact parameter) are constrained, and energy-resolved studies can give

well-resolved spectra rich in information, although one is limited to studying

regions of the PES with good Franck–Condon overlap with the initial complex.

In work on neutral metal atom reactions, Polanyi and co-workers [7] and Soep,

Visticot, and co-workers [8,9] photoexcite van der Waals clusters, such as Ca

(XH), where X is a halide to study the Ca*þXH ! CaXþH harpoon reaction.

Kleiber and co-workers have studied photodissociation of complexes of alkaline

earth cations, Alþ and Znþ with hydrogen, hydrocarbons, and simple organic

molecules, observing several examples where photoexcitation leads to H��H,
C��H, or C��C bond activation [10–13]. Photodetachment of a stable negative

ion can give information on the corresponding neutral, which may be an

intermediate or transition state of a neutral reaction. Brauman and co-workers

measured photodetachment cross-sections of hydrogen-bound negative ions

to study the transition state of hydrogen-transfer reactions [14]. Photo-

electron spectroscopy gives more detailed information. Lineberger and co-

workers studied isomerization of vinylidene to acetylene from photoelectron
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spectroscopy of CCH2
� [15], and photoelectron spectroscopy of a strongly

bound negative ions, such as XHY�, where X and Y are halogen atoms, allows

Neumark and co-workers to study the XþHY ! XHþY hydrogen-exchange

reaction [16, 17].

Spectroscopy of the PES for reactions of transition metal (Mþ) and metal

oxide cations (MOþ) is particularly interesting due to their rich and complex

chemistry. Transition metal Mþ can activate C��H bonds in hydrocarbons,

including methane, and activate C��C bonds in alkanes [18–20]; MOþ are

excellent (and often selective) oxidants, capable of converting methane

to methanol [21] and benzene to phenol [22–24]. Transition metal cations

tend to be more reactive than the neutrals for two general reasons. First, most

neutral transition metal atoms have a dx�2 s2 ground electronic state, and this

configuration tends to be nonreactive. This is especially true for the 3d metals,

where the 4s orbital is significantly larger than the 3d, so an approaching

molecule sees the filled, repulsive 4s orbital. The reactivity of neutral M with

hydrocarbons is correlated to the promotion energy required to form a state with

a dx�1 s1 configuration and the appropriate spin [19]. The ground state of the Mþ

cations is dx s0 or dx�1 s1 (and the other configuration often lies at low energy),

so this promotion energy is usually low. The second reason for the enhanced

reactivity of the ions is the strength of the ion-induced dipole and ion–dipole

interaction. This causes the initial Mþ–reactant interaction to be attractive,

leading to a strongly bound entrance channel complex, as shown in Fig. 1. This

binding energy is substantial: �1 eV for late transition metal Mþ and MOþ with

methane. This also serves to stabilize all of the intermediates (and the barriers

separating them) relative to the reactants and products.

Figure 1 highlights several general features of PESs for Mþ reactions. After

forming the entrance channel complex, the metal typically inserts into a bond in

M+* AB+

M+ AB+

Entrance
Channel Insertion

Intermediate

MA+ B+

AM (B)+
M (B)+

Exit
Channel

MA +* B+TS1

TS2

Figure 1. Schematic PES for reaction of a transition metal cation Mþ with a hydrocarbon AB.

The potential for the high spin reaction is shown with solid lines; dashed lines indicate the low spin

reaction.
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the reactant, leading to one or more insertion intermediates. The situation shown

in Fig. 1, in which it is energetically favorable for reaction of a high spin metal

to occur through low spin intermediates, is fairly common, especially for the

late transition metals. The low spin configurations provide much more flexibility

in bonding, as more electrons can be paired. Finally, electrostatic interactions

lead to a strongly bound exit channel complex. The PES for these ion molecule

reactions differs significantly from those of neutral reactions in that one (and

usually several) of these adducts (intermediates, reactant, or product complexes)

is significantly more energetically stable than either reactants or products. In our

group, we synthesize and cool the intermediates and study them using electronic

and vibrational spectroscopy [25].

A wide range of bimolecular experiments have characterized PESs for

reactions of transition metal containing ions. Thermal reaction studies identify

reaction products and rates, and have been applied to a wide range of reactions to

illuminate periodic trends and reveal catalytic cycles [18–20, 24, 26]. In contrast

to neutrals, there have been few crossed molecular beam studies of these

reactions, although crossed-beam studies have revealed interesting dynamics in

competitive C��C versus C��H activation in hydrocarbons and measured the

lifetime of the reaction intermediates [27–29]. The charge on ions means that

their velocity (and hence collision energy) can be readily varied. The majority of

metal ion–ligand bond strengths have been determined by measuring reaction

cross-sections as a function of collision energy on guided ion beam instruments

[30–32]. Low energy collision induced dissociation of the intermediates gives

their energies relative to reactants or products [33–35]. As Fig. 1 shows, an

important feature of many reactions of transition metal ions is the participation

of PESs with different spin. Reactions of state-selected metal ions measure how

spin and electronic configuration affect rates and products [36–38]. Our work on

the vibrational and electronic spectroscopy of reactants and reaction inter-

mediates studies complements the collision studies by characterizing the

structure and vibrations of these species and, in some cases, measuring bond

strengths.

Photoionization of a neutral complex could be a powerful tool for studying

the PESs of reactions of transition metal cations, much as photoelectron

spectroscopy of negative ions has been applied to transition state spectroscopy

of neutral reactions. However, the difficulty of generating tunable vacuum

ultraviolet (UV) light with sufficient intensity has hampered these studies. We

have measured [39] photoionization efficiencies for FeO and CuO at the

Chemical Dynamics beamline of the Advanced Light Source (Lawrence

Berkeley National Lab), obtaining ionization energies for the metal oxides and

observing low lying quartet states of FeOþ. Transitions to these states are

optically forbidden from the FeOþ 6� ground state. These results are detailed in

Section III.B. Recent experiments have looked at photoionization of PtC, PtO,

334 r. b. metz



and PtO2. Followup photoelectron spectroscopy studies are planned, to measure

vibrational frequencies and low lying electronic states of the cations.

The PES for even a simple transition metal ion reaction is quite complex;

experiments alone cannot characterize it and electronic structure theory is

required. Calculations of reactive PESs are inherently challenging, as they

involve partially made and –broken bonds. Calculations involving transition

metals are even more difficult, due to the presence of several unpaired electrons

and large number of low lying electronic states. Transition metal reactions

frequently involve multiple spin states. Figure 1 shows a fairly common case, in

which ground state, high spin Mþ reacts to form ground-state, high spin MAþ,
yet the reaction proceeds through low spin intermediates. Modeling such a

reaction requires accurately calculating the high and low spin surfaces and their

relative energies, as well as the coupling between the surfaces. Spectroscopy of

the reactants and reaction intermediates provides a rigorous test of the accuracy

of computational methods.

II. EXPERIMENTAL METHODS

We use laser photofragment spectroscopy to study the vibrational and electronic

spectroscopy of ions. Our photofragment spectrometer is shown schematically in

Fig. 2. Ions are formed by laser ablation of a metal rod, followed by ion molecule

reactions, cool in a supersonic expansion and are accelerated into a dual TOF

mass spectrometer. When they reach the reflectron, the mass-selected ions of

interest are irradiated using one or more lasers operating in the infrared (IR),

visible, or UV. Ions that absorb light can photodissociate, producing fragment

ions that are mass analyzed and detected. Each of these steps will be discussed in

more detail below, with particular emphasis on the ions of interest.

A. Ion Production

Ions are produced in a Smalley-type laser ablation source [40,41]. The

frequency-doubled output (532 nm) of a pulsed Nd:YAG laser is loosely focused

Ablation laser Dissociation Laser(s)

Pulsed

valve

Metal

rod

Skimmer

Accelerator

Ion optics

Mass gate

Reflectron

Detector

Figure 2. Time-of-flight (TOF) photofragment spectrometer.
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onto a rotating and translating metal rod. Ablation produces transition metal ions

Mþ, which then react with an appropriate precursor entrained in a pulse of gas

introduced through a piezoelectric pulsed valve [42]. Simple metal–ligand

complexes MþL where the ligand is a stable molecule [e.g., Vþ (CO2)] are

produced using 0.05–5% ligand seeded in an inert carrier, such as helium or

argon at a backing pressure of 1–5 atm.

Most of the ions we study have covalent bonds to the metal (e.g., MOþ,
[HO��M��CH3]

þ). These ions are synthesized via ion molecule reactions, and

our choice of synthetic precursors is guided by the extensive literature on

ion molecule reactions, typically carried out under single-collision conditions in

ion cyclotron resonance (ICR) spectrometers [18, 43]. Although conditions

in our ablation source are very different from those in an ICR, we generally

observe the same products (other than, of course, the ablation source also

produces cluster ions). Thus, for example, FeOþ is produced by reaction of Feþ

with nitrous oxide [44]. Studying the intermediates of a reaction presents a

special challenge, as they are all isomers and thus cannot be separated in a mass

spectrometer. In our study of the intermediates of the FeOþ þ CH4 reaction [45]

(Section III.C) it was critical to find precursors that selectively form each

intermediate. Our choices were based on the extensive study of Schröder et al.,

who produced several of the intermediates by reacting Feþ with a variety of

neutral molecules in an ICR [46]. They identified the resulting ions based on

fragments produced after collision-induced dissociation (CID). Again, we are

generally able to produce the desired intermediate using the same reaction. For

example, the [H2C����Fe��OH2]
þ intermediate is synthesized by the reaction of

Feþ with acetic acid or, with less efficiency and specificity, n-propanol.

Reaction of Feþ with methanol efficiently produces [HO��Fe��CH3]
þ; acetic

acid and n-propanol also give modest yields of this isomer. In each case, we

characterize the ion formed through its dissociation pathways and electronic and

vibrational photodissociation spectrum [45].

Once formed, ions travel through a short tube and supersonically expand into

the source vacuum chamber. This cools the ions, reducing spectral congestion

due to transitions from excited rotational and vibrational states. The molecular

beam is then skimmed and ions pass into the differential pumping chamber. We

have measured rotational temperatures of 8 K for FeOþ [47] and 12 K for

Vþ(OCO) [48] although the supersonic expansion is not at equilibrium, so the

rotational-state distribution has a small component at a higher temperature,

which is not unusual for an ablation source [49]. At these low temperatures,

weakly bound cluster ions are readily produced. Vibrational spectroscopy of

Vþ(OCO)n and Feþ(CH4)n is discussed in Sections IV and V. When using argon

(Ar) as the carrier gas, cluster ions containing argon can be formed. As a

result, we study vibrations of the of [HO��Fe��CH3]
þ insertion intermediate

by measuring the vibrational spectrum of [HO��Fe��CH3]
þ(Ar)n (n¼1,2)
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(Section III.C). Using a rotational temperature to characterize an ion source can

be misleading, as the reactions used to form the ions of interest can be quite

exothermic, producing vibrationally and even electronically excited ions. These

degrees of freedom are more difficult to cool than rotations. Transitions from

vibrationally excited molecules provide very useful information, if they can be

identified and analyzed. Hot FeOþ (produced using 3% N2O in helium) has a

n0 ¼ 1 n00 ¼ 1 sequence band that disappears when 15% N2 is added to the

carrier gas [47]. This sequence band allows us to measure the ground-state

vibrational frequency n000 ¼ 838� 4 cm�1. Similarly, by adjusting the delay

between the ablation laser and the pulsed valve, we can observe [48] the

n03 ¼ 0 n003 ¼ 1 hot band in Vþ(OCO), which gives the frequency of

the metal–ligand stretch in the ground electronic state n003 ¼ 210 cm�1.
After the skimmer, ions are extracted along the beam axis using a pulsed

electric field, then accelerated to 1800-V kinetic energy. This is a coaxial

version of the classic orthogonal Wiley–McLaren TOF mass spectrometer [50].

It is convenient to have the source and flight tube grounded, so, after

acceleration, the ions are rereferenced to ground potential [51]. This is

accomplished by having the rereferencing tube at -1800 V potential as the ion

cloud enters, then pulsing it to ground prior to the ions’ exit using a potential

switch [52]. An Einzel lens and deflectors guide the ions through an aperture

into the detector chamber. A final deflector allows the ion beam to traverse the

5� angle through the reflectron and to the detector. When the deflector is off,

<0.1% of the incident ions reach the detector. Applying a pulsed voltage to the

deflector allows only ions within a few mass units of the ion of interest to reach

the detector, forming an effective mass gate. This is essential as, without the

mass gate, peaks from lighter ions, particularly the large Mþ peak, distort the

baseline for the rest of the mass spectrum.

Ions are photodissociated at the turning point [53] of the reflectron [54, 55]

with pulsed lasers. Photofragment ions and undissociated parent ions (dashed

line in Fig. 2) reaccelerate out of the reflectron and strike a 40-mm diameter

dual microchannel plate detector. Masses of parent and fragment ions are

determined from their flight times. Two laser systems were employed for the

studies described here. Electronic spectra were obtained using the unfocused

output of a pulsed, tunable Continuum dye laser pumped by a Continuum Nd:

YAG laser. With mixing and doubling crystals, this laser system is tunable from

220 to >900 nm with < 0:08-cm�1 line width. A LaserVision IR OPO/OPA

pumped by an injection seeded Nd:YAG laser produces light in the near- and

mid-IR for vibrational spectra. The IR laser system uses a 532-nm pumped

OPO, followed by a 1064-nm pumped OPA. In the mid-IR, it is tunable from

�2100 to >4000 cm�1, with 0.3-cm�1 line width. It produces �3 mJ/pulse near

2400 cm�1 and �10 mJ/pulse near 3800 cm�1. The lasers operate at 20-Hz

repetition rate.
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The ion signal is amplified, collected on a digital oscilloscope or a gated

integrator, and averaged using a LabView-based program. Subtracting

mass spectra collected with the dissociation laser blocked from those when it

is unblocked produces a difference mass spectrum. As shown in Fig. 3, this

allows immediate identification of the dissociation channels active at a

particular wavelength, along with their relative importance. Mass resolution is

m=�m � 200 for fragment ions, although the large parent ion signal can make

it difficult to detect H atom loss from heavy ions, such as AuCH2
þ.

The shape of the fragment peak in the difference mass spectrum can be

affected by kinetic energy release and the dissociation rate. Significant kinetic

energy release leads to broadening, while slow dissociation leads to tailing. We

have not yet observed broadening in photofragments of singly charged ions,

probably because the long-range attraction between the fragments and the

large number of available product quantum states both favor low kinetic

Figure 3. Difference mass spectrum of the [HO��Fe��CH3]
þ insertion intermediate at

photolysis wavelengths of 570 nm (a) and 350 nm (b). Simple Fe��C bond fission is observed at

both wavelengths, but photolysis at 350 nm also triggers the half reaction to produce

Feþ þmethanol (CH3OH).
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energy release. We do, however, observe significant broadening in singly

charged fragments formed by photodissociation of dications, where the

Coulomb repulsion between the fragments leads to kinetic energy releases of

80–170 kJ mol�1 [56–58]. If an ion is photoexcited, then travels some distance

through the reflectron before it dissociates, its flight time will lie between

those of the parent ion and prompt-dissociating fragments. The fragment peak in

the difference mass spectrum will then exhibit an exponential tail whose time

constant depends on the dissociation rate. In our apparatus, tailing should be

observed for dissociation lifetimes in the range �50 ns to �3 ms. We have not

observed tailing for any singly charged, metal-containing ions, indicating

photodissociation lifetimes <50 ns. Larger ions do show tailing, for example,

the ethylbenzene radical cation near 450 nm [59] and Co2þ(CH3OH)4 at 570 nm

[58] from work in our group, and Fe3coronene
þ at 532 nm [60] from work by

Duncan’s group.

Monitoring the yield of a particular fragment ion as a function of laser

wavelength and normalizing to parent ion signal and laser fluence yields

the photodissociation spectrum. This is the absorption spectrum of those ions

that photodissociate to produce the fragment being monitored. The photo-

dissociation spectrum is obtained by monitoring the fragment ion signal with a

gated integrator or, if the fragment ion signal is very small, measuring the area

under the fragment peak in the difference mass spectrum using numerical

integration and then normalizing to the parent signal and laser fluence.

B. Electronic Spectroscopy

The ions we study typically have several unpaired electrons and consequently

have many excited electronic states. This high density of states, along with peak

broadening due to photoinduced reactions, fast internal conversion and rapid

dissociation can lead to broad, featureless electronic photodissociation spectra.

These cases provide a strong impetus for vibrational spectroscopy (described

below). However, broad spectra do contain useful thermodynamic information,

as one-photon dissociation of internally cold ions requires the photon energy to

exceed the strength of the bond being broken. The photodissociation onset thus

provides an upper limit to the true, thermodynamic bond strength [30–32, 61].

The high density of electronic states in ions with a coordinatively unsaturated

transition metal center means that they are likely to absorb widely in the visible

and near UV. As a result of this broad absorption and strong coupling between

states near the dissociation limit, these ions often photodissociate at the

thermodynamic threshold, and the photodissociation onsets give bond strengths

precise to 5 kJ/mol or better [25, 62–64]. Photodissociation studies can thus

complement bond strengths measured with collisional methods [32] such as

endothermic reactions or collision induced dissociation in guided ion beams. In

general, collisional methods are preferred for measuring bond strengths, as they

spectroscopy of the potential energy surfaces 339



have higher throughput and are more generally applicable because they do not

rely on specific absorption properties of the molecule. The exception is those

ions for which the photodissociation spectrum exhibits vibrational structure that

completely converges to a diabatic dissociation limit. This has been seen for

VArþ and CoArþ; the dissociation limit can be determined with spectroscopic

accuracy, giving bond strengths with <0.1-kJ mol�1 precision [65–67]. The

methods used to measure ion thermochemistry are compared in an excellent

review by Ervin [30].

Fortunately, many of the ions we study predissociate, giving photodissocia-

tion spectra with resolved vibrational progressions and, in some cases, residual

rotational structure. Electronic spectroscopy of the FeOþ reactant and the

[HO��Fe��CH3]
þ intermediate of the FeOþ þ CH4 ! Feþ þ CH3OH reaction is

discussed in Section III, while the electronic spectroscopy and coupling

between high and low spin states of Vþ(OCO) is covered in Section IV.

Analysis of the electronic photodissociation spectrum gives detailed informa-

tion on the excited-state potential energy surface(s), coupling between

electronic states, and the geometry of the ion.

If an ion predissociates, then the rotational congestion and vibrational

sequence bands can determine the resolution of the photodissociation spectrum.

Most of the ions we study are quite rotationally cold, irrespective of the source

conditions. However, varying the source conditions can greatly affect the

vibrational temperature of the ions. As noted above, vibrational hot bands can

be very useful, characterizing low frequency vibrations in the ground electronic

state. More commonly, the peaks in the spectrum are simply broadened due to

overlapping vibrational sequence bands. Helium, the typical buffer gas, is rather

poor at cooling vibrations, so we often add <10% of a polyatomic molecule to

enhance vibrational and electronic cooling. Adding O2 eliminates an electronic

hot band in PtOþ and gives a much sharper dissociation onset in CoCH2
þ, again

due to cooling metastable excited electronic states [63,68]. We have used CF4,

which is rather inert, for vibrational cooling in Auþ(C2H4) [69]. The

unimolecular dissociation rate of ethylbenzene cation is strongly dependent

on the available energy. To produce vibrationally cold ions, we form them first

by charge transfer from Ptþ, which is nearly thermoneutral, and also include

CO2 in the carrier gas [59]. In producing cluster ions, more concentrated mixes

are not always better. We produce cold Vþ(OCO)5 using 5% CO2 in helium.

This same mix produces Vþ(OCO), which is fairly hot, as, in order to get good

yields of the smaller clusters, we have to adjust the delay between the ablation

laser and pulsed valve to have lower gas pressure in the ablation region. Using

only 0.1% CO2 in helium produces plenty of Vþ(OCO), and it is cold [48].

Photofragment spectroscopy is extremely sensitive, but it has the

disadvantage that one is only sensitive to absorption that leads to photo-

dissociation. For single-photon experiments, this means that one is restricted
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to studying electronic states that lie above the dissociation limit, and the

lifetime of these states usually determines the resolution of the spectrum.

We, along with several other groups, have developed techniques to measure

the spectroscopy of states that lie below the dissociation limit, with laser-

limited resolution. We have used resonance-enhanced photodissociation

(REPD) spectroscopy to study the electronic spectrum of FeOþ near

14,000 cm�1. One photon promotes the molecule to an excited electronic

state; absorption of a second photon leads to dissociation. We obtain the

rotationally resolved spectrum, with 0.05-cm�1 resolution, which allows us

to measure the rotational constants (and bond lengths) in the ground and

excited electronic states. The results are discussed in more detail in

Section III.B. Brucat and co-workers used REPD to study charge-transfer

transitions in CoOþ [49]. One disadvantage of REPD is the low dissociation

yield. For FeOþ, we obtain 0.1% dissociation at a peak, which restricts us

to studying ions that can be produced in abundance. A second consideration

is power broadening. For the FeOþ study, the UV laser was not focused

and was attenuated to avoid saturating the more intense transitions. Using two

different wavelengths helps to avoid this problem, as the fluence of the laser

exciting the bound–bound transition can be low, while that of the second

laser is much higher. In addition, one can access a much broader range of

electronic states, as one is not restricted to those that lie above 50% of the

dissociation energy. An excellent example of two-color resonance enhanced

photodissociation is the study of vibronic transitions in Ni2
þ by Brucat and

co-workers [70].

Another method to measure electronic spectra of ions below the dissociation

limit is to photoexcite molecules relatively weakly bound to a ligand. For

example, photofragmentation of FeCH2
þ(H2O) in the visible probes electronic

states of the FeCH2
þ chromophore that lie below D0(Fe

þ–CH2)¼ 28500 cm�1

[31, 63]. Absorption of 14,000–20,000-cm�1 photons leads to loss of H2O. The

resulting spectrum is vibrationally resolved, but the peaks are �300 cm�1 wide.
The REPD of FeCH2

þ shows a similar vibrational progression, shifted

1740 cm�1 to the red. [45]. This shift is due to the different binding energies

of H2O to the ground and excited states of FeCH2
þ. The peaks in the REPD

spectrum are also 300 cm�1 wide, probably due to rapid internal conversion of

the excited state. In their photofragment study of the ZrOþ(CO2) and ZrOþ(N2)

complexes, obtained by monitoring loss of CO2 or N2, Brucat and co-workers

observe beautifully resolved photodissociation spectra from 14,900 to

17,700 cm�1, with progressions in the Zr��O stretch, as well as the ZrO��ligand
stretch and rock [71]. This technique provides a way to study the electronic

spectroscopy of ZrOþ far below its dissociation limit. Similarly, we observe a

well-resolved spectrum in TiOþ(CO2) from 14,000 to 17,300 cm�1, which

probes a 2�  2� transition in TiOþ [72].
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C. Vibrational Spectroscopy

Electronic spectroscopy of jet-cooled molecules is an excellent tool to

characterize excited electronic states of molecules, but it rarely gives information

on vibrations in the ground electronic state. Vibrational (IR) spectroscopy is the

tool of choice to study bonding in the ground electronic state. In electrostatically

bound entrance channel complexes, such as Mþ(CH4), vibrational spectroscopy

illuminates the mechanism of C��H bond activation by measuring how

interaction with the metal center affects bonds in the reactant. Similarly,

vibrational spectroscopy of reaction intermediates elucidates the mechanism of

ligand activation by the metal center. An additional advantage is that vibrational

spectroscopy gives well-resolved spectra even in quite complex molecules, such

as Mþ bound to several ligands, where the electronic spectrum is usually

featureless [73]. As a result, vibrational spectroscopy of ions has chiefly been

applied to studying noncovalent interactions in solvated cluster ions [73–92].

Vibrational spectroscopy has been used to reveal the structure of products and

intermediates of ion molecule reactions [93, 94] as well as of intracluster

reactions [76, 95]. We have used vibrational spectroscopy to study covalently

bound reaction intermediates, such as [HO��Fe��CH3]
þ (Section III.C), and

noncovalent complexes, such as Vþ(OCO) and Feþ(CH4)n (Sections IV and V).

These studies were carried out using an IROPO/OPA laser system that is pumped

by an injection-seeded Nd:YAG laser. The IR laser system uses a 532-nm

pumped OPO and a 1064-nm pumped OPA to produce tunable light from 2100 to

>4000 cm�1, with 0.2-cm�1 line width and �3 mJ/pulse near 2400 cm�1 and

8 mJ/pulse near 3500 cm�1. Free electron lasers, such as FELIX (Netherlands)

and CLIO (France), produce very high fluences down to �600 cm�1. This wide
spectral range has allowed the characterization of many ions that have several

potential isomers [74, 81, 93, 94, 96]. Free electron lasers have disadvantages:

beam time is limited and the spectra tend to be broad due to the 2% bandwidth of

the light and high fluences required for efficient IR multiphoton dissociation.

Photofragment spectroscopy requires that the ion dissociate, which is a

challenge as most of the ions we wish to study have significant binding energies:

for example, Vþ(OCO) is bound by 6000 cm�1 [33]. Groups in this field have

developed a toolbox of complementary techniques to measure IR spectra of

strongly bound ions [74]. No one method is perfect or completely general, but at

least one method should work on any given ion. Because absorption of several

IR photons can dissociate even strongly bound ions, resonance enhanced IR

multiphoton dissociation (IRMPD) has proven a useful tool for studying the

spectroscopy of ions since early work on organic ions using CO2 lasers [97].

Transition metal containing systems have also been studied using CO2 lasers

[98–101]. The high fluences available from IR OPOs and free-electron lasers

make IRMPD an attractive technique. Efficient IRMPD requires fairly rapid
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intramolecular vibrational redistribution (IVR), to ensure that vibrationally

excited molecules continue to absorb at the resonant wavelength and also to

efficiently transfer energy from the vibration excited to the dissociation

coordinate. Small molecules and clusters tend to have high binding energies and

low vibrational density of states (and hence small IVR rates); larger molecules

are better candidates for IRMPD due to their higher densities of states and more

rapid IVR. For example, Duncan and co-workers observe no signal in IRMPD

of Feþ(CO2), weak signal from Feþ(CO2)2, and strong signals in larger clusters,

attributing this to slow IVR in the small clusters [102]. Similarly,

[HO��Fe��CH3]
þ is not a good candidate for IRMPD studies. We observe

very small amounts of multiphoton dissociation: only 0.1% dissociation in the

O��H stretching region. Also, power broadening and preferential photodissocia-

tion of hotter ions in the beam lead to a broad, poorly resolved spectrum.

‘‘Argon tagging’’ is a version of the ‘‘spectator spectroscopy’’ developed by

Lee and co-workers [103] in which the ion of interest is clustered with one

or more argon atoms. The IR absorption by the ion core leads to

vibrational predissociation and loss of the tag. The choice of argon as the tag

is a compromise: Argon has sufficiently weak binding to ensure one-photon

dissociation and to minimize perturbations of the vibrational spectrum, yet

binds sufficiently strongly to allow production of usable quantities of tagged

ions. Argon tagging has been extensively developed by Johnson and co-workers

for the spectroscopy of negative ions [78, 104–107] and has been used by Lisy

and co-workers to study Csþ(H2O) and Liþ(H2O) [86,88] and Duncan and

co-workers to study many ions, including Mþ(CO2)n (M¼Al, Fe, Mg, Ni, V)

[76, 77, 102, 108–112]. We have used this technique to measure the O��H and

C��H stretching vibrations of [HO��Fe��CH3]
þ (Section III.C). Neon-tagged

ions are more challenging to produce, but the weaker binding is an advantage in

studying low frequency vibrations and also gives smaller perturbations [79].

Helium tagging leads to the smallest perturbations and has been used to measure

vibrational spectra of vanadium oxide cations using a free-electron laser [113].

Vibrationally mediated photodissociation (VMP) can be used to measure the

vibrational spectra of small ions, such as Vþ(OCO). Vibrationally mediated

photodissociation is a double resonance technique in which a molecule first

absorbs an IR photon. Vibrationally excited molecules are then selectively

photodissociated following absorption of a second photon in the UV or visible

[114–120]. With neutral molecules, VMP experiments are usually used to

measure the spectroscopy of regions of the excited-state potential energy

surface that are not Franck–Condon accessible from the ground state and to see

how different vibrations affect the photodissociation dynamics. In order for

VMP to work, there must be some wavelength at which vibrationally excited

molecules have an electronic transition and photodissociate, while vibrationally

unexcited molecules do not. In practice, this means that the ion has to have a
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vibrationally resolved photodissociation spectrum due to predissociation [as is

the case for Vþ(OCO)] or that the photodissociation spectrum have a sharp

onset (e.g., at the bond strength, as for FeCH2
þ, AuCH2

þ and several other ions

we have studied) [25, 63, 121]. This is not always the case, or the electronic

transition may be weak, or lie at an inconvenient wavelength, so VMP is less

generally applicable to ion spectroscopy than IRMPD or tagging. However,

VMP has the great advantage that it can be used to measure vibrational spectra

of unperturbed ions with resolution limited only by the laser line width. Section

IV discusses our use of VMP to measure the OCO antisymmetric stretch in

Vþ(OCO) and to see how exciting vibronic transitions involving this vibration

affect the photodissociation dynamics.

III. METHANE–METHANOL CONVERSION BY FeOþ

Methane cannot be liquefied by pressure alone, it must also be cooled, which

makes it awkward to transport. Therefore there has been a great deal of effort

directed toward direct conversion of methane to an easily transportable and more

synthetically useful liquid, such as a larger hydrocarbon or methanol [122–144].

Direct conversion of methane to methanol is also of great fundamental interest as

the simplest alkane oxidation. Although no direct, efficient methane–methanol

conversion scheme has yet been developed [122], significant advances have been

made using iron-based catalysts. Wang and Otsuka have achieved high catalytic

selectivity for direct oxidation of methane to methanol using an FePO4 catalyst

with N2O and H2/O2 as the oxidizing agents, but the reaction yield is low

[125, 126]. Other approaches that have achieved modest success include direct

oxidation by N2O in a plasma [127], oxidation of methane to a methyl ester using

a platinum catalyst [128, 129], and direct methane–methanol conversion using an

iron-doped zeolite [130]. Methanogenic bacteria efficiently convert methane to

methanol. The reaction is catalyzed by the enzyme methane monooxygenase

(MMO), which contains non-heme iron centers at the active site [131–133].

In 1990, Schröder and Schwarz reported that gas-phase FeOþ directly converts
methane to methanol under thermal conditions [21]. The reaction is efficient,

occuring at�20% of the collision rate, and is quite selective, producing methanol

40% of the time (FeOHþ þ CH3 is the other major product). More recent

experiments have shown that NiOþ and PtOþ also convert methane to methanol

with good efficiency and selectivity [134]. Reactions of gas-phase transition metal

oxides with methane thus provide a simple model system for the direct conversion

of methane to methanol. These systems capture the essential chemistry, but do not

have complicating contributions from solvent molecules, ligands, or multiple

metal sites that are present in condensed-phase systems.

Bond activation by transition metals is a complex process, as it often involves

making and breaking several bonds and can occur on multiple, coupled potential
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energy surfaces. Detailed understanding of the mechanism requires

many experiments, as each is sensitive to only part of the potential energy

surface, but experiments alone are not sufficient: Accurate calculations are also

required. Studies of small model systems that retain the essential chemistry are

necessary, as they are the systems for which we can carry out the most detailed

experiments and highest level calculations, allowing us to assess the reliability

of competing theoretical methods. These methods can then be used to predict

mechanisms for more complex, condensed-phase reactions for which we have

limited experimental data and to help develop improved catalysts.

Methane-to-methanol conversion by gas-phase transition metal oxide cations

has been extensively studied by experiment and theory: see reviews by

Schröder, Schwarz, and co-workers [18, 23, 134, 135] and by Metz [25, 136].

We have used photofragment spectroscopy to study the electronic spectroscopy

of FeOþ [47, 137], NiOþ [25], and PtOþ [68], as well as the electronic and

vibrational spectroscopy of intermediates of the FeOþ þ CH4 reaction.[45, 136]

We have also used photoionization of FeO to characterize low lying, low spin

electronic states of FeOþ [39]. Our results on the iron-containing molecules are

presented in this section.

A. Reaction and Computational Studies: Mechanism

Figure 4 shows a schematic potential energy surface for the conversion of

methane to methanol by FeOþ. The sextet (high spin) reaction path is indicated

by a solid line and the quartet (low spin) path is dotted. The minor pathway

leading to FeCH2
þ þH2O is not shown. The relative energies of reactants and

products are based on experiment [138]. The energies of intermediates are

based on our calculations [45, 139] at the B3LYP/6-311þG(d,p) level, and the

energies of transition states are relative to the previous intermediate, as

calculated by Yoshizawa et al. [140]. Recent calculations in our group at the

CCSD(T)/6-311þG(3df,p) and B3LYP/6-311þG(3df,p) level give similar

results, but predict that the quartet and sextet states of the insertion intermediate

have very similar energies [141]. Our calculations are an extension of

computational studies at the B3LYP/6-311G(d,p) level by Yoshizawa et al. on

methane activation by FeOþ [142–144] and the other first-row MOþ [140, 145].

Schröder et al. [46] and Fiedler et al. [146] have also carried out calculations on

methane–methanol conversion by FeOþ and the late first-row transition metals,

respectively.

The mechanism that has been developed for the conversion of methane to

methanol by FeOþ is an excellent example of the synergy between experiment

and theory. This mechanism includes two key concepts: concerted reaction

involving the critical [HO��Fe��CH3]
þ insertion intermediate and two-state

reactivity. The reaction proceeds as follows: electrostatic interaction between

FeOþ and methane produces the [OFe � � �CH4]
þ entrance channel complex.
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Depending on the level of theory, the iron coordinates to methane in an Z2 or Z3

configuration, and weakens the proximate C��H bonds by accepting electron

density from C��H s bonding orbitals and backdonating electron density to

C��H antibonding orbitals. At transition state TS1 the strong C��H bond in

methane is being replaced by two bonds: a strong O��H bond and a fairly weak

Fe��C bond. Although both the reactants and products are high spin, at thermal

energies the reaction occurs through low spin intermediates [143,144], as the

high spin TS1 lies significantly above the reactants. This ‘‘two-state reactivity’’

has been extensively studied by Shaik and co-workers, especially in the

exothermic, but very inefficient, FeOþ þH2 ! Feþ þH2O reaction [147–150].

The efficiency of the reaction is determined by the likelihood that reactants will

cross TS1. This is determined by the energy of the quartet TS1, as well as by the

probability that the initially formed sextet entrance channel complex will

undergo a spin change to the quartet state. Shiota and Yoshizawa have

calculated [144] the spin–orbit coupling in the entrance channel complex to be a

modest �130 cm�1. This and the lifetime of the [OFe � � �CH4]
þ entrance

channel complex determine the likelihood of crossing to the quartet surface.

The low efficiency of the FeOþ þH2 reaction is due to the short lifetime of

the entrance channel complex. The TS1 leads to the key insertion intermediate
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Figure 4. Schematic potential energy surface for the reaction of FeOþ with methane. The solid

line indicates the sextet surface; the quartet surface is shown with a dotted line, in each case leading

to the production of Feþ þ CH3OH. The dashed line leads to formation of FeOHþ þ CH3. The

pathway leading to the minor FeCH2
þ þH2O channel is not shown. Schematic structures are shown

for the three minima: the [OFe � � �CH4]
þ entrance channel complex, [HO��Fe��CH3]

þ insertion

intermediate, and Feþ(CH3OH) exit channel complex. See text for details on the calculations on

which the potential energy surface is based.
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[HO��Fe��CH3]
þ, which can dissociate to produce FeOHþ þ CH3 or can

undergo migration of a methyl group via TS2 to produce the iron–methanol exit

channel complex [Fe(CH3OH)]
þ, which subsequently dissociates. The selectivity

of the reaction between methanol and methyl radical products is primarily

determined by the energy of TS2 relative to methyl radical products. Because

methyl radical is produced by simple bond fission of the insertion intermediate, it

is entropically favored over the methanol channel, which occurs through the

tighter transition state TS2. Thus, if TS2 is at an energy close to or above methyl

products, the reaction will overwhelmingly produce MOHþ þ CH3, as is

observed for MnOþ [134, 145]. For FeOþ, TS2 lies somewhat below methyl

radical products, so the two pathways are competitive at thermal energies, but

increased translational energy strongly favors the methyl radical pathway [151].

Producing quartet Feþ þ CH3OH from sextet reactants is endothermic, so a

second spin change is required to produce exothermic sextet products.

Previously, most discussions assumed that this occurs in the Feþ(CH3OH) exit

channel complex. However, Shiota and Yoshizawa calculate [144] that the spin–

orbit coupling in this complex is only 0.3 cm�1. They suggest that the second

spin change occurs in the insertion intermediate, which has a spin–orbit coupling

of �20 cm�1. Our vibrational spectroscopy experiments on the insertion

intermediate support this idea, as our results suggest that the quartet and sextet

states of [HO��Fe��CH3]
þ are both formed in the molecular beam and can likely

interconvert. In order to characterize FeOþ we have measured the electronic

spectroscopy of predissociative and bound states, as well as photoionization of

neutral FeO. We have also studied the electronic and vibrational spectroscopy of

the [HO��Fe��CH3]
þ intermediate.

B. Spectroscopy of FeOþ

1. Electronic Spectroscopy of Predissociative States

In 1986 Freiser and co-workers measured the photodissociation spectrum of

FeOþ in an ion cyclotron resonance spectrometer using a lamp–monochromator

as their light source. They observed a gradual onset at �420 nm leading to a

sharp peak near 350 nm (28,600 cm�1) whose width was determined by the

10-nm resolution of their instrument [61]. More recent guided ion beam

measurements place D0(Fe
þ��O) at 28,000 � 400 cm�1 [31]. We produce FeOþ

by reacting Feþ with N2O and measure its photodissociation spectrum from

�28,000 to >30,000 cm�1. Figure 5 shows the origin of the 6� X 6� band,

which lies just above the dissociation limit. The partially resolved rotational

structure in the peak can be simulated to obtain rotational constants for the upper

state, using the known (see below) constants for the ground state [47,137]. The

simulation (dashed lines) gives a bond length r0
0 ¼ 1.664 Å and the spin–spin

splitting constant l0 ¼ 0.60 cm�1 for the upper state. The resolution is limited to
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1.5 cm�1 by the 3.5-ps predissociation lifetime of the excited state. The n0 ¼ 1

peak is observed 662 cm�1 higher in energy and is 40 cm�1 wide, dissociating in
140 fs. By producing the ions using helium as the carrier gas at low backing

pressure, we minimize vibrational cooling and observe the n0 ¼ 1 n00 ¼ 1

transition at 28,473 cm�1, which allows us to measure the vibrational frequency

in the ground electronic state n000 ¼ 838 cm�1 [47].

2. Resonance-Enhanced Photodissociation: FeOþ States Below

the Dissociation Limit

Unfortunately, predissociation of the excited-state limits the resolution of our

photodissociation spectrum of FeOþ. One way to overcome this limitation is by

resonance enhanced photodissociation. Molecules are electronically excited to a

state that lies below the dissociation limit, and photodissociate after absorption

of a second photon. Brucat and co-workers have used this technique to obtain a

rotationally resolved spectrum of CoOþ from which they derived rotational
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Figure 5. Photodissociation spectrum of 56FeOþ. The 0–0 vibrational transition of the
6� X6� band (solid line) and best-fit simulation (dashed line) are shown.
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constants for the 5�4 ground state and the 5�3 and
5�5 excited states [49]. We

carried out time-dependent density functional theory calculations (TD–DFT)

using the B3LYP hybrid density functional to see if FeOþ has excited electronic

states in the relevant energy range. The TD–DFT results, shown in Fig. 6, predict

an excited 6� state near 27500 cm�1, with a bond length similar to the ground

state. These predictions are in excellent agreement with our observed 6�–6�
transition. At lower energy, the calculations predict three 6� states with

equilibrium bond lengths significantly longer than the ground state. A vertical

transition to the lowest 6� state should occur at about one-half of the dissociation

energy, making this state a good candidate for resonance enhanced (1þ 1)

photodissociation (REPD) studies. Figure 7 shows a portion of the REPD
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Figure 6. Calculated potential energy curves for sextet states of FeOþ. The ground electronic

state and excited states accessible by allowed electronic transitions from the ground state are shown.

Points are calculated using TD–DFT at the B3LYP/6-311G(d,p) level. Solid lines are � states and

dashed lines are � states, the vertical dashed line indicates re for the ground state. The experimental

value of the dissociation energy De is also shown for reference.
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spectrum. The resolution is limited only by the 0.05 cm�1 line width of the laser,
leading to clearly resolved rotational structure. Based on the energy shift

observed for the minor 54FeOþ isotopomer, the transition is from v00 ¼ 0 of the
6� ground state to v0 ¼ 8 of the 6�7/2 excited state. The 6� ground state has six

spin–spin sublevels and we observe transitions from four of them to v0 ¼ 8, 9 of

the 6�7/2 excited state. The observed transitions have been fit to a detailed

Hamiltonian to obtain rotational constants for the ground and 6�7/2 excited states

[137]. The rotational constant for the ground state gives r0
00 ¼ 1.643� 0.001 Å.

Other molecular parameters determined for the 6�þ ground state are the spin–

spin coupling constant l ¼ �0:126 cm�1 and the spin–rotational coupling

constant g ¼ �0:033 cm�1. Detailed spectroscopy of FeOþ and similar systems

provide a demanding test of electronic structure methods. Measurements of the

ground-state bond length and the ground- and excited-state vibrational

frequencies test calculations of the potentials, while measurements of the

spin–spin and spin–orbit coupling test calculations of the interactions between

states. Observation of transitions to high vibrational levels of the 6� state is

consistent with the TD–DFT calculations, which predict that the low lying 6�
states have charge-transfer character, with much longer bond length than the 6�
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ground state. In general, we find that TD–DFT calculations of excited electronic

states of open-shell metal-containing diatomics are surprisingly accurate, with

mean errors of 0.03 Å in bond lengths, 2000 cm�1 in electronic excitation

energies and 50 cm�1 in vibrational frequencies [137].

3. Photoionization of FeO: Low lying Quartet States of FeOþ

Transition metal containing ions often have low lying electronic states with

different spin multiplicity from the ground state. Electronic transitions to these

states from the ground state are spin forbidden and often occur at awkward

wavelengths, making their study difficult. Photoionization of the neutral

provides an alternate route to access these states. For example, electronic

structure calculations predict that FeOþ has a 6� ground state (which our

experiments confirm) and several low lying quartet states, 4�, 4�, and 4�
within �1 eV of the ground state, depending on the level of theory [145, 146,

152, 153]. The quartet states have not been optically observed. All of these

states can be accessed by photoionization of neutral FeO (X, 5�). We have

measured photoionization efficiencies for FeO (Fig. 8) and also of CuO at the

Advanced Light Source, obtaining ionization energies for the metal oxides with
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Figure 8. Photoionization efficiency curve for 56FeO near the ionization onset, corresponding

to production of FeOþ X, 6�.
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0.01-eV precision [39]. This allows us to refine the Feþ �O bond strength

using

D0ðMþ��OÞ � D0ðM��OÞ ¼ IEðMÞ � IEðMOÞ

Recent photofragment imaging experiments give a very precise value

D0ðFe��OÞ ¼ 4:18� 0:01 eV [154], which implies D0ðFeþ��OÞ ¼ 3:52�
0:02 eV. This value is consistent with, and slightly more precise than, the

guided ion beam value of 3.47� 0.06 eV [31]. For most transition metal

oxides, bond strengths for the ions are significantly more precise than for the

neutrals, so measuring the molecule’s ionization energy leads to improved

values of the neutral bond strength. In this vein, we have also recently

measured ionization energies of PtC, PtO, and PtO2.

Photoionization can also access excited electronic states of the ion that are

difficult to study by optical methods. The photoionization yield of FeO increases

dramatically 0.36 eV above the ionzation energy. This result corresponds to the

threshold for producing low spin quartet states of FeOþ. These states had not

been previously observed, as transitions to them are spin forbidden and occur at

inconveniently low energy. Because the FeOþ þ CH4 reaction occurs via low

spin intermediates, accurately predicting the energies of high and low spin states

is critical.

C. Spectroscopy of the [HO��Fe��CH3]
þ Insertion Intermediate

1. Electronic Spectroscopy

The potential energy surface for the FeOþ þ CH4 reaction has four intermedi-

ates: an [OFe � � �CH4]
þ entrance channel complex, [HO��Fe��CH3]

þ insertion

intermediate and Feþ(CH3OH) exit channel complex, as shown in Fig. 4. In

addition, there is an [H2O��Fe¼ CH2]
þ exit channel complex that leads to the

minor FeCH2
þ þH2O channel. As these intermediates are, at least, local

minima, once they are produced and cooled, they should be stable in the absence

of collisions and they can be studied. Studying these ions is complicated by the

fact that they are all isomers and thus cannot be separated in a mass spectrometer.

So, we use ion molecule reactions to synthesize a particular intermediate and

then characterize it from its photodissociation pathways and photodissociation

spectrum. In an elegant series of ICR experiments, Schröder et al. synthesized

the intermediates of the FeOþ þ CH4 reaction by reacting Feþ with a variety of

organic precursors. The intermediates were characterized based on fragment ions

produced by collision-induced dissociation [46]. Although the reaction condi-

tions in our ion source are very different from those in an ICR, we find that

the reactions used by Schröder et al. generally form the same intermediates in

our source. We have produced the [HO��Fe��CH3]
þ and [H2O��Fe����CH2]

þ
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intermediates, cooled them in a supersonic expansion, and measured their

electronic and vibrational spectra. Here we will focus on the [HO��Fe��CH3]
þ

insertion intermediate, results on [H2O��Fe����CH2]
þ have been presented

elsewhere [45, 139].

Photodissociation of the insertion intermediate produces Feþ þ CH3OH

and FeOHþ þ CH3 in a 44:56 ratio at each photodissociation resonance peak.

Nonresonant photodissociation leads to less Feþ product, as shown in Fig. 3.

So, in a half-collision experiment, photoexcitation of the [HO��Fe��CH3]
þ

intermediate triggers the FeOþ þ CH4 reaction, leading to the same products

as are observed in the bimolecular reaction. The photodissociation spectra of

[HO��Fe��CH3]
þ and [HO��Fe��CD3]

þ obtained by monitoring FeOHþ are

shown in Fig. 9. The data shown was obtained from the insertion intermediate

produced by reacting Feþ with CH3OH and CD3OH. As this reaction can also

produce the Feþ(CH3OH) exit channel complex, we also synthesize the ions

by reacting Feþ with acetic acid, which produces [HO��Fe��CH3]
þ and

[H2O��Fe����CH2]
þ. Monitoring the Feþ or FeOHþ fragment, we get the same

spectrum as shown in Fig. 9, confirming that it is due to the insertion

intermediate. If we monitor FeCH2
þ, we get a very different photodissociation

spectrum due to [H2O��Fe����CH2]
þ. The spectrum of the insertion intermediate

is vibrationally resolved and the peaks show some tailing to lower energy due

Figure 9. Photodissociation spectra of the insertion intermediate of the FeOþ þ CH4 reaction. Top:

[HO��Fe��CD3]
þ, middle: [HO��Fe��CH3]

þ, bottom (dashed): Franck–Condon simulation of the

[HO��Fe��CH3]
þ spectrum. The spectrum shows a long progression in the Fe-C stretch

(n110 ¼ 478 cm�1) and short progressions in the Fe��O stretch (n80 ¼ 861 cm�1) and O��Fe��C bend

(n140 ¼ 132 cm�1).
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to unresolved rotational structure. As these intermediates are probably in

the sextet state [45], the peaks are due to vibrations in an electronically

excited sextet state of the intermediate. The longest vibrational progression

observed is in the Fe��C stretch (n110 ¼ 478 cm�1) and there are short

progressions in the Fe��O stretch (n80 ¼ 861 cm�1) and O��Fe��C bend

(n140 ¼ 132 cm�1). This assignment is supported by isotope shifts in the

spectrum of [HO��Fe��CD3]
þ and extensive hybrid density functional theory

(B3LYP) calculations [45]. The Franck–Condon simulation shown in dashed

lines in the figure predicts that electronic excitation leads to a 0.13-Å change

in the Fe��C bond length, a 0.05 Å change in the Fe��O bond length, and

O��Fe��C angle change of 4�. The low frequency bend is the primary motion

required for the molecule to get from the insertion intermediate to transition

state TS2. While the electronic spectrum allows us to study an excited

electronic state of [HO��Fe��CH3]
þ, it gives little information on the structure

and bonding in the ground state of the complex. This information is best

obtained from vibrational spectroscopy.

2. Vibrational Spectroscopy

To characterize bonding in the insertion intermediate, we have measured its

vibrational spectrum. As noted in Section II, using photofragment spectroscopy

to measure vibrational spectra of strongly bound ions is challenging, as one IR

photon does not have sufficient energy to break a bond. This is certainly the

case for [HO��Fe��CH3]
þ, which is bound by �130 kJ mol�1 (three IR photons

at 3600 cm�1) relative to Feþ þ CH3OH [45]. Infrared multiphoton dissociation

is inefficient (<0.1% dissociation at 10 mJ/pulse) and gives a very broad spe-

ctrum. Instead, we measure the vibrational spectrum of argon-tagged molecules

[HO��Fe��CH3]
þ(Ar)n (n¼ 1,2) in the O��H stretching region (Fig. 10)

[141]. The spectrum of [HO��Fe��CH3]
þ(Ar) peaks at 3646 cm�1 and has a

shoulder at �3633 cm�1, while the spectrum of [HO��Fe��CH3]
þ(Ar)2 is

significantly narrower, peaking at 3660 cm�1. For comparison, the O��H
stretching frequency in methanol is 3681 cm�1. The shoulder in the

[HO��Fe��CH3]
þ(Ar) spectrum suggests the presence of two isomers or spin

states of the molecule, and this feature persists when we change source

conditions. The same spectrum is obtained with methanol and acetic acid as the

precursor, confirming that we are studying the insertion intermediate, rather

than the exit channel complex. We have extended our previous calculations

on the FeOþ þ CH4 reaction to B3LYP and CCSD(T) with larger basis sets, and

the calculations predict that the quartet and sextet states of [HO��Fe��CH3]
þ

are at very similar energies. Calculations on the argon-tagged complexes

predict that the O��H stretching frequency of sextet [HO��Fe��CH3]
þ lies

11 cm�1 above that of the quartet state, but that the frequencies are very similar
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for the argon-tagged complexes. So, it is possible that both the sextet and

quartet states of the insertion intermediate are formed in our experiment and

that the significant spin–orbit coupling calculated by Shiota and Yoshizawa

[144] allows them to interconvert in the source. We have also measured the

vibrational spectrum in the C��H stretching region, which is significantly

more difficult, as the C��H stretches are at least an order of magnitude

weaker than the O��H stretch. We observe peaks at 2880 and 2860 cm�1

for [HO��Fe��CH3]
þ(Ar) and narrower peaks at 2885 and 2860 cm�1 for

[HO��Fe��CH3]
þ(Ar)2. The calculations predict these to be the symmetric C��H

stretch, which is the most intense and occurs at the lowest energy. They also

suggest that the higher frequency vibrations are due to the sextet state. The

vibrational spectrum is sensitive to both spin states, as both have intense O��H
stretching vibrations. In the electronic photodissociation spectrum, we observe

a structured spectrum near 31,000 cm�1. The TD-DFT calculations suggest that

this is due to the quartet state, as the sextet is not predicted to absorb in this

energy region, while the quartet is predicted to have several electronic states

with modest absorption from 29,300 to 35,900 cm�1. Some of these states also

likely lead to the nonresonant photodissociation observed in this region.

Figure 10. Vibrational spectra of the [HO��Fe��CH3]
þ insertion intermediate in the O��H

stretching region. Spectra are obtained by monitoring loss of argon from IR resonance enhanced

photodissociation of the argon-tagged complexes [HO��Fe��CH3]
þ(Ar)n (n¼ 1,2).
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IV. C��O BOND ACTIVATION BY Vþ: SPECTROSCOPY AND

DISSOCIATION DYNAMICS OF Vþ(OCO)n

The reaction between Vþ cation and CO2 is quite interesting, as it demonstrates

the effect of spin on an exothermic reaction, and how spin effects differ between

a bimolecular reaction and a photoinduced half-reaction. It also shows how

photoexcitation can be used to influence the products of the chemical reaction.

The Vþ þ CO2 reaction is exothermic:

Vþð5DÞ þ CO2 ! VOþð3�Þ þ COð1�Þ �H ¼ �52 kJ mol�1 ð1Þ

However, the reaction does not occur at thermal energies (the reaction rate is

<0.1% of the collision rate) [26], but is observed at higher collision energies

[33]. This is unusual: Most exothermic ion molecule reactions have an

appreciable rate at thermal energies, as the attractive electrostatic forces between

the reactants depress reaction barriers so that they lie below the reactants.

Vanadium cation forms an electrostatic entrance channel complex with CO2;

calculations show that the complex is linear: Vþ(OCO), with a 5� or 5� ground

state [48,155], and guided ion beam experiments [33] show that it is bound by

72 kJ mol�1 relative to Vþ þ CO2. Collision-induced dissociation [33] of

Vþ(OCO) leads exclusively to Vþ þ CO2 at low energies, with VOþ only

observed at collision energies > 8 eV. This result is surprising, as VOþ

production is energetically favored, but spin forbidden

V+ (5D) + CO2 (
1Σ) ∆H = 72 ± 4 kJ mol–1

V+(OCO)

VO+ (3Σ) + CO (1Σ) ∆H = 20 ± 10 kJ mol–1 

A. Electronic Spectroscopy of Vþ(OCO)

Brucat and co-workers studied photodissociation of Vþ(OCO) in the visible

[156]. The excited-state predissociates, giving a vibrationally resolved spectrum

with partially resolved rotational structure with progressions in the Vþ��OCO
stretch and rock, and in the OCO bend. Dissociation occurs via both the reactive

VOþ and nonreactive Vþ channels, with a VOþ/Vþ ratio of 0.4 at the vibronic

origin. They also observed interesting mode selectivity in the photodissociation:

Exciting the rocking vibration enhances the reactive channel by 50%. Because

the reactive channel requires breaking a C��O bond, we felt that the OCO

antisymmetric stretch would be similar to the reaction coordinate. So, we

proposed that exciting vibronic transitions involving the antisymmetric stretch,

ð2aÞ

ð2bÞ
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perhaps in combination with Vþ��OCO stretch and rock, would enhance the

reactive channel even further. Brucat and co-workers did not observe bands

involving the antisymmetric stretch vibration, presumably due to small Franck–

Condon factors. To overcome this problem, we used vibrationally mediated

photodissociation to access transitions involving the antisymmetric stretch

vibration, n1. An IR photon vibrationally excites molecules to n001 ¼ 1, then a

visible photon promotes the molecules to vibrational levels in the excited

electronic state with n01 ¼ 1, whereupon they predissociate, and we measure the

products. This experiment would also measure the antisymmetric stretch

frequencies in the ground and excited electronic states, which had not been

previously determined.

B. Vibrational Spectroscopy and Vibrationally Mediated

Photodissociation

As noted in the experimental section, vibrational predissociation is the simplest

way to measure the vibrational spectra of ions. Vibrational predissociation

requires that the photon energy exceed the bond strength. The OCO antisym-

metric stretch frequency in Vþ(OCO) should be similar to the value in bare CO2,

2349 cm�1. The Vþ��OCO bond strength [33] is 6050� 320 cm�1, so three IR

photons are required to dissociate the molecule, ruling out vibrational

predissociation. Vþ(OCO) is also a poor candidate for IRMPD studies, as it is

small and thus has a low density of vibrational states. We first looked at

vibrational spectroscopy of Vþ(OCO)5, which had previously been studied by

Duncan and co-workers [112]. They find that, for Vþ, the first four CO2 ligands

bind to the metal; additional ligands are in the second solvent shell. This results

in weak binding, and our IR resonance enhanced photodissociation spectrum of

Vþ(OCO)5 is shown in Fig. 11. The antisymmetric stretch vibrational frequency

for outer-shell CO2 is nearly unchanged from its value in free CO2. For inner-

shell CO2, binding to Vþ shifts the antisymmetric stretch 26 cm�1 to the blue.

This shift should be even larger for the Vþ(OCO) cluster, as the metal–ligand

interaction is stronger, and Duncan and co-workers observe a peak at 2378 cm�1

for the argon-tagged complex Vþ(OCO)Ar, but the signal for this ion is quite

weak [112].

The Vþ(OCO) ion has a structured electronic photodissociation spectrum,

which allows us to measure its vibrational spectrum using vibrationally

mediated photodissociation (VMP). This technique requires that the absorption

spectrum (or, in our case, the photodissociation spectrum) of vibrationally

excited molecules differ from that of vibrationally unexcited molecules.

The photodissociation spectrum of Vþ(OCO) has an extended progression in the
Vþ��OCO stretch, indicating that the ground and excited electronic

states have different equilibrium Vþ��OCO bond lengths. Thus, the OCO

antisymmetric stretch frequency n1 should be different in the two states, and the
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n01 ¼ 1 n001 ¼ 1 transition will be at a different energy than the

n01 ¼ 0 n001 ¼ 0. We use this fact to measure the vibrational spectrum of

Vþ(OCO) in a depletion experiment (Fig. 12a). A visible laser is set to the

n01 ¼ 0 n001 ¼ 0 transition at 15,801 cm�1, producing fragment ions. A tunable

IR laser fires before the visible laser. Absorption of IR photons removes

population from the ground state, which is observed as a decrease in the

fragment ion signal. This technique is a variation of ion-dip spectroscopy, in

which ions produced by 1þ 1 REMPI are monitored as an IR laser is tuned.

Ion-dip spectroscopy has been used by several groups to study vibrations of

neutral clusters and biomolecules [157–162].

We observe 8% depletion of the fragment signal at 2391.5 cm�1, which
establishes the antisymmetric stretch frequency in the Vþ(OCO) ground

electronic state and that at least 8% of the ions are vibrationally excited. This

value is only a lower limit because vibrationally excited molecules may also

absorb at 15,801 cm�1 and photodissociate. The major drawback to the

depletion experiment is that we are trying to observe a small decrease in the

fragment ion signal, which is not particularly large or stable. Obtaining good

signal-to-noise ratio thus requires extensive signal averaging, limiting the

number of data points we can measure. An enhancement experiment, in

2400238023602340

Energy (cm–1)

V
+
(CO2)5

CO2

Figure 11. Infrared resonance enhanced photodissociation spectrum of Vþ(OCO)5 obtained by
monitoring loss of CO2. The antisymmetric stretch of outer-shell CO2 is near 2349 cm

�1 (the value
in free CO2, indicated by the dashed vertical line). The vibration shifts to 2375 cm�1 for inner-shell
CO2.
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which tuning the IR laser onto a vibrational resonance increases the fragment

ion yield from a near-zero background level would greatly improve the

signal to noise. In order to do this, we first find a electronic transition

originating from n001 ¼ 1. The IR laser is set to excite the OCO antisymmetric

stretch and the visible laser is tuned in the vicinity of the n01 ¼ 0 n001 ¼ 0

band. Figure 13 shows that we observe the n01 ¼ 1 n001 ¼ 1 band at

15,777 cm�1, 24 cm�1 to the red of the 0 0 band. Now, we can measure

the vibrational spectrum with much improved signal-to-noise (and using a

much smaller energy spacing) by setting the visible laser to the

n01 ¼ 1 n001 ¼ 1 electronic transition and tuning the IR laser while

monitoring the fragment ion yield. The resulting vibrational action spectrum

is shown in Fig. 12(b). The resolution of the spectrum is limited only by the

Figure 12. Vibrational action spectra of Vþ(OCO) in the OCO antisymmetric stretch region.

(a) Spectrum obtained by monitoring depletion in the Vþ photofragment produced by irradiation at

the vibronic origin at 15,801 cm�1. The IR absorption near 2391.5 cm�1 removes molecules from

v1
00 ¼ 0, leading to an 8% reduction in the fragment yield. (b) Spectrum obtained by monitoring

enhancement in the VOþ photofragment signal as the IR laser is tuned, with the visible laser fixed at

15,777 cm�1 (the n01 ¼ 1 n001 ¼ 1 transition). The simulated spectrum gives a more precise value

of the OCO antisymmetric stretch vibration in Vþ(OCO) of 2392.0 cm�1.
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IR laser line width. As a result, the spectrum clearly shows P and R branches,

establishing that Vþ(OCO) is linear. The simulated spectrum (dashed line)

gives an improved value for the OCO antisymmetric stretch frequency in the

ground electronic state n001 ¼ 2392.0 cm�1. The simulation assumes a 5�
ground state and uses B00 ¼ B0 ¼ 0.057 cm�1, the value given by our density

functional theory calculations [48]. Because the rotational constants are so

small, the simulated spectrum is not sensitive to B0 or B00, but B0��B00 affects
the relative intensities of the P and R branches, and the separation between the

branches is due to the 12 K rotational temperature of the ions. This is the first

use of vibrationally mediated photodissociation for spectroscopy of an ion.

The n01 ¼ 1 n001 ¼ 1 band lies 24 cm�1 below n01 ¼ 0 n001 ¼ 0, so the OCO

antisymmetric stretch frequency in the excited electronic state is n10 ¼ 2392–

24¼ 2368 cm�1. Table I summarizes the vibrational frequencies of the ground

and excited states of Vþ(OCO) and compares the values to those in CO2.

Electronic excitation of Vþ(OCO) lengthens the metal–ligand bond, resulting

in a smaller blue shift. More generally, based on our calculations [163], the

blue shift in the OCO antisymmetric stretch on binding to Vþ correlates with

the amount of charge transferred to the CO2, which means that this is an

electronic effect, rather than simply a mechanical effect due to the proximity

of the Vþ to the ligand. Larger Vþ(OCO)n clusters have smaller blue shifts

[112], due to longer metal–ligand bonds and less charge transfer to each

ligand.

Figure 13. Photodissociation spectrum of Vþ(OCO), with assignments. Insets and their

assignments show the photodissociation spectrum of molecules excited with one quantum of OCO

antisymmetric stretch, n001 at 2390.9 cm�1. These intensities have been multiplied by a factor of 2.

The shifts show that n01 (excited state) lies �24 cm�1 below n001 (ground state), and that there is a

small amount of vibrational cross-anharmonicity. The box shows a hot band at 15,591 cm�1 that is

shifted by 210 cm�1 from the origin peak and is assigned to the Vþ��OCO stretch in the ground state.
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C. Mode Selective Photodissociation of Vþ(OCO)

Figure 13 shows the photodissociation spectrum of Vþ(OCO) in the visible and

the insets show the photodissociation spectrum of vibrationally excited

molecules containing one quantum of OCO antisymmetric stretch (n1). The
shift between a vibronic band and the corresponding n01 ¼ 1 n001 ¼ 1 sequence

band is �24 cm�1 in each case, indicating that there is little cross-anharmonicity

between n1 and the other vibrations observed. To characterize how the OCO

antisymmetric stretch, OCO bend and metal–ligand stretch and rock affect the

products of photodissociation of Vþ(OCO), we used difference spectra to

measure the relative yield of the nonreactive Vþ (and CO2) versus the reactive

VOþ (and CO) channels at each band assigned in Fig. 13. The results, shown in

Fig. 14, indicate that there is mode selectivity in the reaction. Data <
16,600 cm�1 was obtained from one-photon dissociation. Compared to the

origin band, one quantum of Vþ��(OCO) rock (n50) enhances the reactive

channel, while one quantum of Vþ��(OCO) stretch (n30) or CO2 bend (n40)
slightly decreases it. These results agree with those previously obtained by

Brucat and co-workers [156]. We also find that exciting 3n30 þ n50 enhances
reactivity by �70%, a result that was not reported earlier, presumably due to the

low total dissociation yield for this peak. Brucat and co-workers also observed

vibronic features at 17,000–17,500 cm�1 that lead to VOþ/Vþ branching ratios

of �1.2, showing a trend toward higher VOþ production at higher energy. We

used vibrationally mediated photodissociation to measure how the OCO

antisymmetric stretch vibration n1, alone or in combination with other vibrations,

affects the mode selectivity. We excite the peak of the P branch of n1 at

2390.9 cm�1, and then photoexcite vibrationally excited molecules in the visible.

The VOþ/Vþ branching ratio for these vibronic transitions is shown in the high

energy portion of Fig. 14, where the energy is the total energy of the IR and

TABLE I

Vibrational Frequencies ðcm�1Þ of Vþ(OCO) and CO2

n1 n2
OCO OCO n3 n4 n5

Antisymmetric Symmetric Stretch OCO Vþ��(OCO)
Stretch Stretch Vþ��(OCO) Bend Rock

Vþ(OCO)
Ground 2392.0 210

State

Vþ(OCO)
[15.8] State 2368 1340 186 597 105

(Visible)

CO2 2349.16 1333 667.38
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visible photons. Exciting the OCO antisymmetric stretch enhances the reactive

channel by almost a factor of 3. Exciting combination bands of the

antisymmetric stretch with several other vibrations further increases the VOþ

yield slightly, but combination bands involving the antisymmetric stretch all give

similar branching ratios [163].

The photodissociation and guided ion beam experiments on Vþ(OCO) give
interesting and, at first glance, conflicting results. Photodissociation of

Vþ(OCO) leads to significant amounts of the reactive, spin forbidden VOþ

product, and its yield increases significantly for specific vibrations in the excited

electronic state [156, 163]. On the other hand, collision-induced dissociation of

Vþ(OCO) at energies < 8 eV leads exclusively to spin-allowed Vþ [33]. We

also find that photodissociation in the near IR, near 7000 cm�1 only produces

Vþ [163]. To investigate these observations, we carried out extensive electronic

structure calculations. We first characterized the stationary points on the

Vþ þ CO2 potential energy surface (Fig. 15). The ground state of Vþ is high

spin (5D), and the ground state of the Vþ(OCO) complex is also a quintet.

Triplet OVþ(CO) is the most stable species on the potential energy surface, so

insertion of Vþ into the C��O bond is exothermic. However, there is a

substantial barrier to insertion, that explains why the Vþ þ CO2! VOþ þ CO

reaction does not occur at thermal energies [26]. The transition state to insertion

is tight and quite bent. So, in collision-induced dissociation of Vþ(OCO), the

Figure 14. Mode selectivity in photodissociation of Vþ(OCO). The ratio of the reactive

(VOþ þ CO) to nonreactive (Vþ þ CO2) product is measured at the peaks of the vibronic bands

labeled in Fig. 13. The data below 16,600 cm�1 is from bands accessed by one-photon excitation;

data at higher energy was obtained by vibrationally mediated photodissociation exciting the OCO

antisymmetric stretch.
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Vþ þ CO2 channel dominates as it is spin allowed and occurs via a loose

transition state. In contrast, production of VOþ is spin forbidden and goes via a

tight transition state that lies higher in energy than Vþ þ CO2.

Interpreting the photodissociation experiments requires further calculations

to characterize the ground and excited triplet and quintet states of Vþ(OCO),
and the spin–orbit coupling between the states. We find that there are several

triplet states that cross the excited quintet states accessed in the photodissocia-

tion experiments. These crossings occur at bent Vþ��OCO geometries and

extended Vþ��OCO bond lengths. Also, the excited quintet states have modest

spin–orbit couplings of �90 cm�1 to nearby triplet states [163]. These

observations help to explain the photodissociation results. The photodissocia-

tion spectrum of Vþ(OCO) in the near-IR is broad and poorly resolved [48],

suggesting that dissociation is rapid. This gives little time for the excited quintet

state to convert to triplet states, so quintet Vþ is the only channel observed.

In contrast, the photodissociation spectrum of Vþ(OCO) in the visible shows

vibrational and partial rotational structure. The observed <3.5 cm�1 line width,
indicates excited state lifetimes of at least 1.4 ps. During this time, the

molecules have an opportunity to cross to triplet surfaces, from which they can

dissociate to form VOþ (3�). The calculations also help to explain the observed

mode selectivity. Exciting vibrations that lead to regions of the excited state

potential with higher spin–orbit coupling should enhance production of VOþ.
Triplet states of Vþ(OCO) cross the excited quintet state at long Vþ��OCO bond

lengths and at large Vþ��OCO bend angles. Thus, exciting the Vþ��OCO stretch

(n30) and the Vþ��OCO rock (n50) should enhance VOþ production, as is

Figure 15. Calculated potential energy surface and geometries of intermediates of the

Vþ þ CO2 reaction. The energy of the lowest energy state for the quintet (solid lines) and triplet

(dotted lines) stationary points are shown. Energies are calculated at the CCSD(T)/6-311þG(3df)
level, at the B3LYP/6-311þG(d) geometry and include zero-point energy at the B3LYP/6-311þG(d)
level.
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observed. We also find that exciting the OCO antisymmetric stretch n10 leads to
significant increase in the VOþ product. If Vþ(OCO) dissociated to produce

VOþ þ CO via a spin-allowed, collinear transition state, then the OCO

antisymmetric stretch would be similar to the reaction coordinate, and exciting

n10 should enhance VOþ production. The calculations suggest that the reaction

mechanism is much more complex: The transition states leading to VOþ are not

linear, and second, producing VOþ requires intersystem crossing to the triplet

surface, which is enhanced at nonlinear geometries. Thus, the enhanced

reactivity we observe following excitation of the OCO antisymmetric stretch is

likely due to overall enhancement of VOþ production with increasing energy,

combined with a mode selective effect due to stretching the C��O bond, which is

required for reaction, even at nonlinear geometries.

V. PREREACTIVE COMPLEXES: VIBRATIONAL

SPECTROSCOPY OF Feþ(CH4)n

Most of the third-row transition metal cations react with methane under thermal

conditions to produce MCH2
þ þH2 [164]. The corresponding reactions of

first- and second-row Mþ are endothermic [18]. Even in these cases, bonding in

Mþ(CH4) is not merely electrostatic, but includes significant covalency due to

donation from C��H bonding orbitals into empty or partially empty 4s and 3d

orbitals on the metal, along with back donation into C��H antibonding orbitals.

These interactions weaken the C��H bonds and significantly lower the C��H
stretching frequencies, so vibrational spectroscopy of Mþ(CH4)n entrance

channel complexes reveals the amount of donation and backdonation. For our

first studies [165] of vibrational spectroscopy of these complexes we selected

Feþ(CH4)n. The complexes are easy to produce, and the Feþ þ CH4 reaction is

123-kJ mol�1 endothermic [31, 63, 166], and there is a substantial barrier to

C��H insertion [167] so, at the conditions in our ion source, we should only

produce the entrance channel complex. Later studies will look at vibrational

spectra of the entrance channel complex of the exothermic FeOþ þ CH4

reaction, which is more challenging to produce.

Sequential binding energies of methane to Feþ have been measured by Schultz

and Armentrout using collision-induced dissociation [168] and more recently by

Zhang, Kemper, and Bowers by cluster equilibrium [169]. According to the

equilibrium measurements, the first methane binds by 77 kJ mol�1 and the second
binds by 108 kJ mol�1. Stronger binding of the second ligand is often observed in
electrostatic Feþ complexes. The first excited state of Feþ (3d7, 4F) interacts more

strongly with ligands than the 6D (3d6 4s) ground state, as the 4s orbital is empty,

reducing repulsive interactions. Calculations predict that Feþ(CH4) has a quartet

ground state [169], so its measured binding energy includes the 24 kJ mol�1 Feþ
6D��4F promotion energy. Larger clusters (at least up to n¼ 6) are calculated to
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remain quartets, so this promotion energy is no longer an issue. Binding energies

for the third and fourth methane are much smaller, 23 and 20 kJ mol�1. This large
change in binding energy with cluster size suggests that the binding in these

complexes is not simply electrostatic. We measured the resonance enhanced

dissociation spectra of Feþ(CH4)n (n¼ 3,4) in the C��H stretching region

(Fig. 16). The CH4 binding energies are sufficiently small that absorption of one

Figure 16. Experimental and calculated IR resonance enhanced photodissociation spectra of

Feþ(CH4)3 and Feþ(CH4)4. Experimental spectra were obtained by monitoring loss of CH4.

Calculated spectra are based on vibrational frequencies and intensities calculated at the B3LYP/

6-311þG(d,p) level. Calculated frequencies are scaled by 0.96. The calculated spectra have been

convoluted with a 10-cm�1 full width at half-maximum (FWHM) Gaussian. The D2d and D4h

geometries of Feþ(CH4)4 are calculated to have very similar energies, and it appears that both

isomers are observed in the experiment.
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IR photon leads to dissociation. The Feþ(CH4)3 cluster has an intense absorption

at 2703 cm�1, with smaller peaks at 2648, 2803, 2895, and 3015 cm�1. Compared

to the C��H stretching frequencies in bare CH4 (2917-cm
�1 symmetric stretch and

3019-cm�1 antisymmetric stretch), the large peak is red-shifted > 200 cm�1. The
red shift is smaller in the Feþ(CH4)4 cluster, which has a doublet at 2711/

2737 cm�1 and large peaks at 2838 and 2998 cm�1. Zhang et al. calculated

structures of low lying isomers of Feþ(CH4)n and their binding energies using the

B3LYP method with the 6-31G(d,p) basis on carbon and hydrogen and the TZVP

and augmented Wachter’s basis on iron [169]. For several of the clusters they

identify multiple isomers with similar calculated energies, with the energy

difference depending on the basis set. In principle, the supersonic expansion in

our experiment should cool the molecules to the minimum-energy structure, so

to identify this structure we compare measured and calculated vibrational

spectra. Thus, we reoptimized the geometries and calculated energies and

vibrational frequencies and intensities at the B3LYP/6-311þG(d,p) level.

Calculated frequencies have been scaled by 0.96, which predicts C��H
stretching frequencies for CH4 within 15 cm�1 of experiment. Due to the high

symmetry of the complexes, the calculated vibrational spectra consist of only a

few peaks. The calculated spectrum for Feþ(CH4)3 is in good agreement with

experiment, although it does not reproduce the smaller peak at 2648 cm�1. This
may be due to an isomer in which one of the methanes is even closer to the

metal. For the larger Feþ(CH4)4 cluster, neither of the low energy isomers has a

calculated vibrational spectrum with a doublet near 2700 cm�1. However, the
calculations reproduce the doublet observed at 2711/2737 cm�1 if both the D2d

and D4h isomers are included. Our calculations predict that the D4h isomer is

more stable by a mere 21 cm�1, so the presence of two isomers in the beam is

not unreasonable.

The calculated C��H stretching frequencies are very sensitive to the C��H bond

lengths, which in turn depend on the metal–methane distance. In Feþ(CH4)3 each

methane is bound to the metal in a Z2 configuration. The calculated C��H bond

length rCH is 1.114 Å for hydrogens pointing toward the metal, 0.023 Å longer

than in bare CH4, while rCH¼ 1.089 Å for the hydrogens pointing away from the

metal. In Feþ(CH4)4 the D4h structure has four equal Fe��C bond lengths, with the

proximate C��H bonds extended by 0.017 Å. The D2d isomer has two short and

two longer Fe��C distances; the C��H bonds are extended by 0.019 Å for the

nearer methanes. Zhang et al. note that systematic measurements for many metals,

along with theoretical studies, were required to establish the relative importance

of four factors to binding of Mþ to H2 [169]. These are donation from bonding

orbitals on the ligand to empty 4s and partially empty 3d orbitals on the metal,

backdonation from partially filled 3d orbitals to s* orbitals on the ligand, metal–

ligand repulsion due to partially filled 3d and 4s orbitals, and simple electrostatic

attraction. Systematic studies of the vibrational spectroscopy of Mþ(CH4)n, along
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with thermodynamic measurements, should allow us to characterize metal–

methane bonding in even greater detail.

VI. FUTURE PROSPECTS

Characterizing the potential energy surfaces of an ion molecule reaction requires

using a variety of experimental techniques. The studies described above use

vibrational and electronic spectroscopy as well as photoelectron spectroscopy,

each of which is sensitive to particular features of the potential. Advances in

techniques and equipment are extending the applicability of each of these

techniques. Our current IR laser system is limited to the range of 2100

to >4000 cm�1. Free electron lasers have a much broader tunability down to

�600 cm�1 and outstanding fluences, but they have modest line width and beam

time on these multiuser facilities is limited. Difference frequency mixing in the

new nonlinear optical materials LiInS2 and AgGaSe2 is extending the tunability

of laboratory infrared lasers down to 900 and 600 cm�1, respectively [170]. This
region of the IR spectrum has recently been used in elegant laboratory studies of

vibrational spectra and structure of H3O
þ(H2O)n [79, 80]. Using AgGaSe2 to

obtain light at these longer wavelengths will allow us to directly probe M��OH
and M����CH2 stretches, as well as C����C and C����O stretches and H��C��H bends,

which are beyond the tuning range of our current IR laser. Improved techniques

for vibrational photofragment spectroscopy will also extend the systems that can

be studied. Techniques to measure the vibrational spectra of unperturbed ions

with <1-cm�1 resolution are particularly attractive. Vibrationally mediated

photodissociation is one such method, and we are exploring complementary

methods.

Photoelectron spectroscopy of negative ions has been used to probe the

transition state of neutral reactions [16, 17], so photoelectron spectroscopy of

appropriate neutral complexes could be a powerful tool for studying the

potential energy surfaces of reactions of transition metal cations. As discussed

above, we have measured photoionization efficiencies of FeO, CuO, PtC, PtO,

and PtO2 at the Chemical Dynamics beamline at the Advanced Light Source.

We have also obtained preliminary photoelectron spectra of FeO. These

photoelectron imaging experiments are significantly more challenging as the

source has to produce good yields of the neutral of interest, with excellent

selectivity. Photoelectrons from other neutrals can obscure features from

the molecule of interest. Photoelectron–photoion coincidence experiments

eliminate most interferences, but have far lower signal. Yang and co-workers

have elegantly applied ZEKE photoelectron spectroscopy to studying metal–

ligand complexes with ionization energies <�6 eV [171]. Covalently bound

complexes of late transition metal ions tend to have ionization energies

>8 eV, in the vacuum UV, where current laboratory laser systems have much
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lower fluences. A possible solution to this problem is resonant multiphoton

ionization, where the resonance selects the neutral of interest, and all photon

energies lie <6 eV [172, 173].

Studying photoelectron spectroscopy of intermediates of metal ion reactions

requires synthesizing neutrals with a geometry similar to the ion of interest.

Several third-row transition metal cations react with methane at thermal

energies, but no neutral metal atoms do. However, calculations show that neutral

Pt readily inserts into the C��H bond in methane, producing a H��Pt��CH3

intermediate that lies 1.4 eV below the reactants [174]. It is fairly long lived,

which leads to the observed high termolecular rate for the Ptþ CH4 clustering

reaction [174–176]. We plan to measure the photoionization of H��Pt��CH3,

which would give the energy of this insertion intermediate relative to Ptþ CH4,

as the corresponding value has been measured for the cation [35]. Subsequent

photoelectron spectroscopy of H��Pt��CH3 would measure vibrational frequen-

cies of [H��Pt��CH3]
þ, particularly the Pt��C stretch, complementing vibra-

tional spectroscopy, which is better suited to higher frequency vibrations.
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