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Abstract

The photodissociation spectrum of jet-cooled PtOþ is reported over the range of 25 000 to 30 000 cm�1. Excited state

vibrational progressions are identified for 4P�1=2 4R3=2 and 4P5=2 4R3=2 transitions with several vibrational peaks
rotationally resolved. Additional peaks not assigned to a vibrational series also exhibit rotational structure. Transitions

arising from the 4R3=2 ground state show a spectroscopic onset of 25 520 cm�1, giving an upper limit to the bond
strength of D0(Pt

þ–O) 6 305 kJ mol�1. A hot band is observed at 25 317 cm�1 and rotational analysis predicts it as

arising from a low-lying X ¼ 7=2 state, probably 4D7=2.
� 2003 Elsevier B.V. All rights reserved.
1. Introduction

As one of the most abundant, simple and in-

expensive hydrocarbons, methane is of consider-

able economic value. However, being a permanent
gas, methane is expensive to transport and is not

easily converted to more useable products such as

methanol or gasoline. It is of both technological

and fundamental interest to find a direct way to

convert methane into methanol [1–3]. Transition

metal oxides, MOþ, have been shown to efficiently

and directly convert methane to methanol under

thermal conditions in the gas phase [4,5]. Specifi-
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cally, the reaction of PtOþ with methane occurs at

the collision rate and produces methanol with 25%

selectivity [6]

PtOþ þ CH4 ! Ptþ þ CH3OH ð1Þ
This simple reaction serves as a key step in the

gas-phase catalytic conversion of methane to
methanol by bare Ptþ [7]. The cycle begins with

methane reacting with Ptþ to form the PtCHþ2
intermediate. Using O2 as the oxidant, the fol-

lowing reactions occur:
ed.
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The catalytic cycle then uses reaction (1) to pro-

duce methanol and regenerate Ptþ, continuing the

cycle.

Gas-phase studies of MOþ are useful because

these catalytic species are examined without in-
terference of solvent or other ligands and thus

serve as good model systems that are amenable to

theoretical studies. Reactions involved in the Ptþ-

mediated oxidation of methane to methanol (in-

cluding reactions 1–3) were examined using

FTICR experiments by Schwarz and co-workers

[6–8]. As part of their detailed experimental and

theoretical study [7], they also performed calcula-
tions on several reaction pathways, providing ge-

ometries and energies for a number of transition

states. In one of their earlier Letters [9], calcula-

tions on PtOþ at the CAS-SCF level, including

spin–orbit and relativistic core effects, predict a
4R ground state. Spin–orbit interaction of the 4R
ground state with a 2P excited state splits the
4R state into two components: a 4R3=2 ground state
and a 4R1=2 state 400 cm�1 higher in energy [9]. The
4R3=2 ground state is calculated to have a harmonic
frequency xe ¼ 675 cm�1 and equilibrium bond

distance re ¼ 1:815 �AA. Density functional calcula-
tions at the B3LYP level give the PtOþ bond

strength as 290 kJ mol�1 with the PCI-80 corrected

value of 303 kJ mol�1 [7]. The theoretical value is

slightly lower than the experimental guided ion
beam value of Zhang and Armentrout [10], who

give the bond energy as D0(PtO
þ)¼ 315� 7 kJ

mol�1 (	26 300� 600 cm�1).
To date, there have been no reported spectro-

scopic studies on the PtOþ cation. However, this is

not the case for the neutral PtO and anionic PtO�

species. Scullman and co-workers [11–14] photo-

graphed the gas phase emission spectra of PtO
from 11 200 to 26 300 cm�1. Initially identified as

having a 1R ground state, subsequent experiments
correctly determined it as being 3R0þ [13]. Addi-
tionally, Bernath and co-workers [15] used Fourier

transform emission spectroscopy to study the

7100–8015 cm�1 region. Stark spectroscopy by

Steimle et al. [16] gives the ground state permanent

dipole moment of PtO as 2.77 Debye. Matrix
isolation techniques have also been applied to PtO.

Jansson and Scullman [17] photographed the ab-

sorption spectra of PtO in argon, krypton and
xenon matrices from 	11 000 to 40 000 cm�1.

More recently, Andrews and co-workers [18], re-

port bands at 828 and 823 cm�1 assigned to the Pt–

O stretch of PtO at two different sites in solid Ar.

The 828 cm�1 band is reported to be in good

agreement with B3LYP calculated frequencies for
the 3R ground state of neutral PtO. Lineberger and
co-workers [19] obtained the photoelectron spec-

trum of the PtO� anion, observing transitions

from both the excited 2P1=2 and
2P3=2 ground

state. They observe transitions to the 3R0þ ground
state of neutral PtO as well as to two previously

unobserved low-lying 3P states. A spin–orbit

splitting of 3580� 40 cm�1 was found between the
3P2 and

3P1 states.

Transition metal-containing diatomics often

have predissociative electronic states whose spec-

tra yield a wealth of information. Previous studies

in our laboratory on FeOþ and FeOþ +CH4 in-

termediates [20,21] as well as NiSþ and FeSþ [22]

have shown that detailed vibrational and rota-

tional information along with thermodynamic in-
formation can be gained from the analysis of these

spectra. We continue our series of studies on the

species involved in the conversion of methane to

methanol in this Letter with the photofragment

spectrum of PtOþ.
2. Experimental

The experimental apparatus, a dual time-of-

flight mass spectrometer, and method have previ-

ously been described in detail [20,21] and only
specifics to this experiment are given. Platinum

cations are generated in a laser-ablation source;

however, due to the cost of a solid platinum rod,

platinum foil (Sigma–Aldrich, 99.9% pure) was

used. For the initial experiments, 0:00400 thick, 100

square Pt foil was wrapped twice around a threa-

ded rod and secured in place with aluminum end-

caps. In later experiments, 0:002500 thick foil was
simply glued to a 0:2500 o.d. aluminum rod whose

central portion was machined down to 0:21700 o.d.,
so that the foil was flush with the outer surface. In

both cases, the seam where the foil overlapped led

to an unstable ion signal. Once produced, Ptþ ions

react with the backing gas mixture which typically



Fig. 1. Photodissociation spectrum of 195Pt16Oþ from 25 000 to

29 700 cm�1. Three excited state vibrational progression are

identified (A, B, C) as transitions to 4P�1=2, 4P5=2 and
4P�1=2

states, respectively, from the 4R3=2 ground state. The onset of
25 520 cm�1 (indicated by the arrow) gives an upper limit to the

Ptþ–O bond strength of D0(Pt
þ–O) 6 305 kJ mol�1. Photo-

dissociation below the arrow is due to a hot band.
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consists of 1–5% N2O in Ar and He to form PtO
þ.

The plasma undergoes supersonic expansion into

vacuum, is skimmed and extracted into the time-

of-flight mass spectrometer. PtOþ is isolated by its

characteristic flight time and excited at the turning

point of the reflectron. Fragment and parent ions
are then re-accelerated down the flight tube and

detected by a microchannel plate detector. Moni-

toring the yield of the major 195Ptþ isotope from
195Pt16Oþ (34% natural abundance) as a function

of wavelength and normalizing to both parent ion

signal and laser fluence produces the photodisso-

ciation spectrum. Selected vibrational features of
194Pt16Oþ and 196Pt16Oþ were also obtained (33%
and 25% natural abundance) to determine isotopic

shifts. Unless otherwise indicated, PtOþ refers to

the 195Pt16Oþ isotopomer. Photodissociation of

PtOþ was accomplished using both the frequency

doubled and mixed output of a pulsed (20 Hz)

Nd:YAG-pumped dye laser with a line-width of

<0.2 cm�1 for the frequency-doubled output and
slightly narrower for the mixed output, as the
YAG is injection seeded.
3. Results

Photodissociation of PtOþ in the near-UV re-

gion is observed from 25 000 to 30 000 cm�1. The

entire jet-cooled photofragment spectrum is given

in Fig. 1 and shows the complex nature of PtOþ.

We observe at least 100 vibrational peaks in the

5000 cm�1 range covered, which encompass several
different electronic states. Many of the vibrational

features show partially resolved rotational struc-

ture and are usually red-degraded. Towards higher

energy, peaks broaden, obscuring rotational

structure with background nonresonant dissocia-

tion becoming prevalent. This is most likely due to

direct dissociation or fast predissociation of some

excited states. Individual vibrational peaks are
	10 cm�1 wide, reflecting the rotational envelope
at the 	10 K beam temperature. A weak, resolved
feature observed at 25 317 cm�1, whose intensity

depends upon source conditions, is identified as a

hot band. The onset of nonhot band features is

assigned to 25 520 cm�1.
4. Analysis and discussion

A requirement in photodissociation spectros-

copy is that the incident light have sufficient energy

to break, in our case, the Ptþ–O bond. The spec-
troscopic onset to photodissociation in the PtOþ

spectrum is assigned to 25 520 cm�1 (indicated by

the arrow in Fig. 1), giving a strict upper limit to

the bond strength D0(Pt
þ–O) 6 305 kJ mol�1.

Zhang�s [10] value of D0(PtOþ)¼ 315� 7 kJ mol�1,
based on guided ion-beam measurements, lies

slightly above our spectroscopic threshold. The

calculated PCI-80 value of 303 kJ mol�1 is in quite
good agreement with our value, while the B3LYP

value of 290 kJ mol�1 is slightly low [7].

A weak, rotationally resolved peak is observed

at 25 317 cm�1, below our assigned value of D0.

The intensity of this peak depends on source

conditions, indicating it is a hot band. Rotational

structure in the peak was fit to a Hund�s case (c)
model, with X as the only meaningful quantum
number [23]. Fig. 2 shows this band along with the

simulated spectrum and the rotational parameters

are given within the figure caption. Simulations

showed the best fit to have DX ¼ 0 and X ¼ 7=2.
This excludes transitions from a 4R3=2 ground



Fig. 2. Hot band observed near 25 318 cm�1 (solid line). Ro-

tational simulation (dashed line) assigns the peak as a

X ¼ 7=2 X ¼ 7=2 transition. Simulation parameters are

DB ¼ B0 � B00 ¼ �0:107 cm�1 with B00 ¼ 0:392 cm�1 and a life-
time of 5 ps.

Table 1

Vibrational parameters

Progression Upper state constants

Peak

(cm�1)

xe

(cm�1)

xexe
(cm�1)

re
(�AA)

A 25 530 743 0 1.965

(0.02)

B 25 595 1069 63.9 1.930

(0.02)

C 25 675 630 4.3 1.945

(0.02)

Ground state parameters were held fixed in all simulations

based on the calculated results from [9]: r00e ¼ 1:815 �AA and

x00e ¼ 675 cm�1. Bond lengths re are based on a Franck–Condon
fit and error bars are given in parentheses, see text for details.
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state, further identifying the peak as a hot band.

The most probable transition is from a low-lying,

metastable 4D7 state, which Schwarz and co-

workers [9] predict to lie 8700 cm�1 above the

ground state. Rotational analysis shows that the

hot band transition involves significant change in

the rotational constant B. With such an increase in
bond length, one would expect a long vibrational

progression. We were unable to identify additional

vibrational features from this transition, likely due

to peak broadening and interference from the

much more intense transitions from the ground

state.

In order to characterize excited electronic states

of PtOþ, we tried to identify vibrational progres-
sions in the spectrum. The criteria used for iden-

tifying progressions were a fairly long series, a

good fit to a Morse progression, reasonable in-

tensities, and a consistent rotational profile. Many

of the vibrational peaks in the spectrum could not

be assigned to a progression using the outlined

criteria. This is most likely due to strong pertur-

bations by nearby states. Only three progressions
could be identified with any confidence using the

above conditions. All progressions showed an in-

crease in bond length, leading to the observed

red tailing. The excited state vibrational progres-

sions, all originating from the 4R3=2 ground state,
are identified and vibrational constants for the

upper states are given in Table 1. Bond lengths and
anharmonicities were obtained from a Franck–
Condon analysis using Morse potentials for the

ground and excited electronic states. Error bars for

re (given in parentheses) were estimated by varying
the bond length and comparing calculated and

experimental intensities. The rotational analysis

used to assign the excited states is described in

detail below. Isotope shifts were obtained by si-

multaneously monitoring the yield of the minor
194Ptþ and 196Ptþ isotopes as a function of the

dissociation laser wavelength. Observed shifts

confirmed the excited state vibrational numbering

in the identified series. Progression A consists of

five peaks with a harmonic vibrational spacing of

xe ¼ 743 cm�1. The first peak in this series was
used to assign the spectroscopic onset. Rotational

analysis shows that the upper state is 4P�1=2.
Progression C is also to a 4P�1=2 excited state. This
series consists of seven peaks with a spacing of

xe ¼ 630 cm�1 and a small anharmonicity of

xexe ¼ 4:3 cm�1. The final series, Progression B, is
to a 4P5=2 excited state consisting of seven peaks

with xe ¼ 1070 cm�1 and a large anharmonicity of
xexe ¼ 64 cm�1.
As this is the first spectroscopic study of PtOþ

we turn to calculations on PtOþ to help us char-

acterize the structure and bonding in this molecule.

As a starting point, theory predicts a 4R3=2 ground
state with the 4R1=2 state lying 400 cm�1 higher.
The ground state valence molecular orbital con-

figuration is represented by 2r21p41d42p23r1 [9].
Orbitals possessing bonding character are the filled

2r (O 2pz with Pt 6s and 5dz2) and 1p (O 2px, 2py
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with Pt 5dxz, 5dyz) orbitals. The 1d orbital contains
only the Pt 5dxy and 5dx2�y2 orbitals and is non-

bonding. The 3r and the 2p orbitals are weakly
antibonding versions of the 2r and 1p orbitals.
Filling these orbitals leads to a weakening of

the Ptþ–O bond and may account for its catalytic
activity.

Various Hund�s coupling cases have been used
to describe states having a 4R configuration. It is

the interaction with nearby electronic states that

gives rise to the splitting between states with

jXj ¼ 1=2 and jXj ¼ 3=2. The use of specific

Hund�s cases depends on the degree of contami-
nation by other states [24]. With very little ad-
mixture of states, the X levels are not split by an

amount large compared to BJ and Hund�s cou-
pling case (b) is most appropriate. A transition to

case (a) occurs as the amount of contamination

increases and the splitting between X levels be-

comes large compared to BJ. However, for a R
state K ¼ 0, and a pure case (a) cannot exist. Kopp
and Hougen [24] suggest the introduction of an
intermediate coupling case for R states they call

(a0). The intermediate case follows all the rules for
case (a) and differs only in the description of how

the values of X are split. In states with K 6¼ 0, the
multiplet splitting arises within the specific state

and is a first-order phenomenon. When K ¼ 0, the
multiplet splitting is a second-order phenomenon

due to interactions with nearby states with K > 0.
Finally, a transition into case (c) occurs when the

R state becomes very strongly perturbed. Again,

the rotational spacing has the same form as in case

(a0); however, the only good quantum number is X.
In each case, states with the same value of jXj are
basically degenerate with the splitting between the

jXj ¼ 1=2 and jXj ¼ 3=2 states approximately

equal to 4k. The second-order spin–orbit param-
eter k also includes the effect of spin–spin inter-
actions, but for diatomics containing a transition

metal, second-order spin–orbit effects dominate

[25]. The nature of the low-lying states is therefore

needed to determine what sort of interactions

could occur and to apply the appropriate Hund�s
coupling case.

Spectroscopic studies on transition metal di-
atomics with a 4R ground state provide a yardstick
for the possible perturbations in our case. The
first-row species CrN [26] and VO [27] have been

extensively studied and their X4R ground states are
accurately known. Very little admixture of states is

present in these systems, which have k ¼ 3 cm�1
and k ¼ 2 cm�1 for CrN and VO, respectively.

Additionally, the second-row diatomics MoN [26]
and NbO [28] have well characterized X4R ground
states. Only slightly more admixture of states is

present compared to the first-row species as indi-

cated by k ¼ 20 cm�1 (MoN) and k ¼ 16 cm�1
(NbO). It follows that case (a) coupling was used

to describe the ground states at low values of J.

The ground state of NbO rapidly uncouples to

Hund�s case (b) with increasing rotation. Experi-
ments on neutral PtO show the splitting between

the 3R0þ ground state and the 3R1 state to be 930
cm�1. Due to the large amount of perturbation,

Hund�s coupling case (c) is used to describe the
3R0þ ground state [13]. In PtOþ the calculated [9]
multiplet splitting is 400 cm�1, giving k ¼ �100
cm�1. This moderate amount of perturbation

makes a Hund�s case (a0) most appropriate. Al-
lowed transitions within case (a0) coupling are
limited to 4P1=2,

4P3=2 and
4R1=2 states from the

4R1=2 state and to 4P�1=2, 4P5=2 and
4R3=2 states

from the 4R3=2 ground state.
For the first peak in each of the three identified

vibrational progressions, the ground state was fit

to the rotational Hamiltonian [25,29,30]

H ¼ B00ðJ � SÞ2 þ 2
3

k00ð3S2z � S2Þ; ð4Þ

and the excited P states were fit using

H ¼ B0ðJ � SÞ2 þ A0KR: ð5Þ
As described above, the nature of PtOþ is such

that the intermediate coupling case (a0) is most
appropriate. Ground state parameters were fixed

as r00e ¼ 1:815 �AA and x00e ¼ 675 cm�1 based on the
theoretical calculations of Schwarz and co-workers

[9]. Additionally, the multiplet splitting in the

ground state is calculated as 400 cm�1 giving the

second-order spin–orbit coupling constant as

k00 ¼ �100 cm�1, which was held fixed in all sim-
ulations. The excited 4P states were modeled using
Hund�s case (c) and by fixing the spin–orbit split-
ting to be 1000 cm�1. Varying the spin–orbit

splitting from 1000–5000 cm�1 had no effect on the



Table 2

Rotational simulations

Upper state

constants

Transition

4P�1=2
 4R3=2

4P5=2

 4R3=2

4P�1=2
 4R3=2

Progression A B C

B0 (cm�1) 0.305 0.327 0.306

r 0o (�AA) (1.935) (1.868) (1.930)

T0 (cm�1) 25612.5 25175.5 25555.0

s (ps) 5 5 5

Ground state parameters were held fixed in all simulations

based on the calculated results from [9]: r00e ¼ 1:815 �AA and

x00e ¼ 675 cm�1. The values of r0e are given in parentheses, see
text for details.
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simulated rotational band contour. In all of the

rotational simulations, a resolution of 1 cm�1 was

able to capture all of the observed rotational

structure, giving an excited state lifetime of 5 ps,

likely due to predissociation. At this modest res-

olution, it is desirable to constrain the rotational
constants as much as possible and the only vari-

able in the simulations was the excited state rota-

tional constant B0.
Rotational simulations were performed for

both 4P–4R and 4R–4R transitions. Although sev-
eral peaks in the spectrum are due to 4R–4R tran-
sitions, they could not be fit to an identifiable

vibrational progression and will not be discussed
further. Additionally, no transitions were seen

from the 4R1=2 state, further confirming the theo-
retical prediction of a 4R3=2 ground state [9]. Pro-
gressions A–C are all due to 4P–4R3=2 transitions.
Fig. 3. Rotational simulation (dashed lines) of the first peak for

each of the three identified vibrational progressions. A resolu-

tion of 1 cm�1 was able to capture all of the rotational struc-

ture. Parameters used in the rotational simulation are given in

Table 2.
Best-fit simulations are shown along with the ex-
perimental data in Fig. 3 and results from rota-

tional analysis of individual peaks are summarized

in Table 2. Due to the modest resolution of the

spectra, the only free parameter in the simulations

is B0. This was optimized to reproduce the splitting
between and intensity ratio of the peaks for a given

transition, as they are the features most sensitive to

this parameter. The use of only one adjustable
parameter limits our ability to capture the entire

peak shape. Because the spin–orbit splitting in the

P states is expected to be at least 1000 cm�1, the

correction to the rotational constant [23], which is

approximately 3B=A, is <0.1% and is ignored. As

mentioned above, progression A is from a
4P�1=2 4R3=2 transition. Consistent with the ob-
served red-tailing in the peaks, the bond length
increases by 7%. The next progression (B) is due to

a 4P5=2 4R3=2 transition. Again an increase in
bond length of 4% was observed. Similar to peak

A, peak C arises from a 4P�1=2 4R3=2 transition
with a 7% increase in bond length.
5. Conclusions

We report the first spectroscopic study of gas

phase PtOþ. The photodissociation spectrum is

very complex due to the high number of excited

electronic states. From the observed spectroscopic

onset, an upper-limit to the bond strength is given

as D0(Pt
þ–O) 6 305 kJ mol�1. Our spectroscopic

value is slightly below the thermodynamic value of
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D0(PtO
þ)¼ 315� 7 kJ mol�1 determined by Ar-

mentrout and co-workers. Vibrational progres-

sions are identified for 4P�1=2 4R3=2 and
4P5=2 4R3=2 transitions. Rotational analysis of
individual peaks within the progressions was used

to determine the excited electronic state. A hot
band was observed below the spectroscopic onset

and identified as a DX ¼ 0, X ¼ 7=2 transition,
most likely a 4D7=2 state.
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