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Photoelectron spectroscopy of reactive intermediates

‘By V.ButcHER, M. C. R. CockeTT, J. M. DYKE, A. M. ELLIs, M. FEHER,
A. Morris AND H. ZAMANPOUR

Department of Chemistry, University of Southampton, Southampton SO9 5NH, U.K.

Recent developments in the use of photoelectron spectroscopy to study reactive
intermediates in the gas phase are reviewed. The information to be derived on low-
lying cationic states from such studies is illustrated by considering two diatomic
molecules, NCI and PF, and one triatomic molecule, HNO.

Also, the use of a transition-metal photoelectron spectrum to interpret the photo-
electron spectrum of the corresponding transition-metal oxide is discussed by using
the spectra of vanadium and vanadium monoxide as examples. The value of super-
heating in high-temperature photoelectron spectroscopy is demonstrated by con-
sidering the vapour-phase photoelectron spectra of the monomers and dimers of
sodium hydroxide. ‘

Unlike most of the other contributions to this Meeting where the aim is to prepare molecular
ions in sufficient concentration for spectroscopic study, the work described in this paper is based
on generating unstable molecules in sufficient concentrations in the gas phase for study by
photoelectron spectroscopy (pEs) (Dyke et al. 1979, 1982¢; Dyke 1987).

If a photon removes an electron from a molecule, then measurement of the kinetic energy
of the electrons produced combined with the conservation-of-energy condition means that the
ionization energy of the molecule can be determined. This can be summarized as

M+ >M*+e, ' ' (1)

kE(eT) = w—1,—AE,,, (@)

where M is the molecule under consideration, AE,, is the change in vibrational energy on

ionization and 7, is the ionization energy corresponding to the separation of the zeroth

vibrational levels in the molecule and ion. In general terms, through measurement of 7, and

AE,, the pEs technique is capable of providing information on electronic states of molecular

ions that are accessible from the neutral molecule by one-electron ionization, although if the

neutral molecule is electronically or vibrationally excited, information on the neutral species
may be obtained.

One way of generating an excited state of -a molecule is via a microwave discharge of
a flowing gas mixture. For example, microwave discharging molecular oxygen excites some
0,(X®%;) to O,(a'A,) and one-electron ionization of O,(a'A,) gives some states of O that are
not seen on one-electron ionization of (0,X%%;) (Jonathan et al. 1974).

Another way of populating an excited state of a molecule is via an exothermic chemical
reaction. For example, NF is isoelectronic with O,, and its first excited state, the a'A state, can
be produced from the reaction of fluorine atoms with the Nj radical, which in turn can be
produced from the reaction of fluorine atoms with HN; (Dyke et al. 19824, ), i.e.

F+HN, — N, +HF, 3)
F+N; - NF+N,. (4)
[ 123 ]
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198 V.BUTCHER AND OTHERS

Both of these reactions are known to be rapid at room temperature (Pritt & Coombe 1980) and
the F+N; reaction is sufficiently exothermic to populate both the X°Z~ and a'A states of
NF. '

Bands associated with ionization of both states can be seen in the experimental photoelectron
spectrum recorded for the products of this reaction (see figure 1). The first ionization process

50 — Ar'(_Iiel’) '

NF'(X*)-—-NF(X'E)
rrrr1—

NF(X'M)—NF(a'A)

counts/s™!

14 13 12 11 10 9
ionization energy/eV

Ficure 1. Part of the Her photoelectron spectrum observed for the F+ N, reaction.

for both the NF(X®X") and NF(a'A) states corresponds to removal of an electron from the
outermost filled orbital, a m-antibonding molecular orbital, to give the NF*(X*II) state.
Measurement of the vibrational component separations in each band allows a value of
the vibrational constant, @,, of (1520+40) cm™ to be determined for NF*(X*IT). Also, use
of the vibrational component intensities in each band, together with a Franck—-Condon
analysis (Dyke et al. 1979, 1982¢; Dyke 1987), allows the equilibrium bond length in the
ion to be determined as (1.180+0.006) At. As expected because both the ionizations,
NF*(X?II) « NF(X3®%") and NF*(X*II) « NF(a'A), correspond to removal of an electron
from the outermost orbital, an antibonding  molecular orbital, the vibrational constant, @,,
in the ion is greater than that in the neutral states (X*Z™ and a'A) and the equilibrium bond
length in the ion is lower than the neutral molecule values.

Assignment of the NF bands shown in figure 1 was achieved on the basis of a number of
pieces of evidence.

(a) Both bands were clearly associated with ionization of a short-lived molecule as increasing
the mixing distance above the photoionization point above 5 cm (the optimum value for
producing maximum signal intensity) i.e. 1ncreasmg the reaction time, produced a dramatic
decrease in intensity.

(b) The separation of the first components in each band was in good agreement with the

t 1A=10" m = 10" nm.
[ 124 ]


http://rsta.royalsocietypublishing.org/

Y 4

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

REACTIVE INTERMEDIATES 199

known separation of the zeroth vibrational levels in the a’A and X®¥~ neutral states, as
determined from the a’A—X?2~ NF emission spectrum (Jones 1967).

(c) The experimental vertical ionization energies are in good agreement with those com-
puted by using ab initio molecular-orbital calculations for each state (see table 1).

Table 1 shows Ascr (self-consistent field) vertical ionization energies that were obtained by
performing separate scF calculations, by using a gaussian basis set of triple-zeta plus polarization

TABLE 1. COMPUTED FIRST VERTICAL IONIZATION ENERGIES (ELECTRONVOLTS) oF NF (X3X")
AND NF(a'A)

Ascr Ascr+car experimental
initial state ionic state value value value
X3z 1 13.19 12.51 12.63
a'lA I 11.31 10.82 _ 11.21

quality, on the neutral molecule and ion at the experimental geometry of the neutral molecule.
As can be seen from this table, the Ascr values are higher than the experimental values
indicating that unusually the correlation energy in the NF* (X?I1) state is greater than in the
neutral-molecule initial state. However, in line with this interpretation, when correlation
energy is allowed for from extensive configuration interaction calculations, the Ascr values are
corrected downwards giving good agreement with experimental values. This effect has also
been observed in recent independent calculations on NF and NF* (Bettendorff & Peyerimhoff
1985). :

A similar reaction sequence could also be used to produce the NCI molecule, a molecule that
is valence isoelectronic with O,. The obvious route would be via the Cl14+HN;, reaction to give
N,, followed by the reaction of chlorine atoms with N, to give NCI. This approach was tried and
found to give very little reaction, and no photoelectron bands were seen that could be associated
with the NCI molecule. However, inspection of known rate constants for these reactions (Pritt
& Coombe 1980) shows that the rate constant for the Cl+ HNj, reaction is at least one order
of magnitude smaller than the rate constant for the F+ HNj reaction, whereas the Cl+4Nj
reaction has a rate constant at room temperature that is an order of magnitude larger than that
for the F+HN, reaction. As a result, the following ‘hybrid’ reaction scheme was used to
produce the NCI molecule

F+HN, » HF+N,, (5)
Cl+N, —» NCI+N,. (6)

Part of the He1 photoelectron spectrum obtained from these reactions is shown in figure 2.
This shows contributions from hydrazoic acid, a reactant, and ethyl bromide, which was
added as a calibrant, as well as three components of a vibrational series in the 9.5-10.5 ¢V
ionization energy region with a vertical ionization energy of (9.8240.01) eV. This band
was only observed when N, F atoms and Cl atoms were present and studies of the intensity of
this band as a function of reaction time show clearly that it is associated with a short-lived
molecule. Furthermore, analysis of the vibrational separations in the observed band gave
we = (1180+30) cm™ in the ionic state compared with values of @, in NCI X®Z~ and NCl a’A
of 827 and 905 cm™ respectively (Huber & Herzberg 1979; Pritt ef al. 1981). The observed
value of @, in the ion is therefore greater than the NCI neutral values, consistent with ionization
from the outermost molecular orbital, which is antibonding in character.

[ 125 ]
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5x10°
| [HN,

o
8
5 »
8 NCI (x‘n)«—NCI (a'A
x3
S | | 1 ]
105 100 95 90

ionization energy/eV

Ficure 2. Part of the Her photoelectron spectrum observed for the Cl+ N, reaction.

Although these observations are consistent with assignment of the band at 9.82 eV
to ionization of NCI, unlike the NF case only one band was observed despite the fact that
the Cl+4 N, reaction is sufficiently exothermic to populate the A and T~ states (Clyne &
MacRobert 1983). One obvious interpretation is that the observed band is caused by the
NCI*(X*IT) « NCl(a'A) ionization with the corresponding NCI*(X*IT) « NCl(X*’Z ) band
being masked by more intense bands in the 10.5-11.5 eV region.

To test this hypothesis, ab initio calculations that include the effects of electron correlation
were performed for NCI and NCI* by using the approach adopted previously for NF and
NF*. The results of these calculations are shown in table 2. Again, as in the NF case, the Ascr
vertical ionization energy for the NCI*(X*®IT) < NCl(a'A) ionization is too high, suggesting
that the correlation energy in the ion is greater than that in the neutral molecule. However,
allowing for correlation energy in each state via extensive configuration interaction calculations
brings the computed NCI*(X?IT) « NCl(a'A) vertical ionization energy in good agreement
with experiment.

TABLE 2. COMPUTED FIRST VERTICAL IONIZATION ENERGIES (ELECTRONVOLTS) oF NCI(X3Z")
AND NCl(a'A)

AscF Ascr+ar experimental
initial state ionic state value value value
X3z I 12.08 11.33 —
alA 0 10.33 9.84 9.82

The calculated vertical ionization energies shown in table 2 support the hypothesis that the
NCI*(X2[) « NCl(a'A) ionization has been observed and that the NCI* (X?IT) « NCI(X3Z")
ionization is not seen because it is overlapped by the more intense bands in the 10.5-11.5 eV
region.

As in the NF case, the vibrational component intensities in the observed NCI band can be

[ 126 ]
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used with a series of Franck—Condon factor calculations to determine the decrease in equi-
librium bond length on ionization as (0.09340.01) A. Unfortunately, it appears that the
equilibrium bond length in NCI (a'A) has not been determined experimentally and as a result
it is not possible to calculate the equilibrium bond length, r,, in NCI*(X?*II).

The low ionization-energy part of the photoelectron spectrum of PF, a molecule that is
valence isoelectronic with oxygen, is also similar to that observed for NCI. For PF, the neutral
molecule has been produced as a secondary product of the F 4+ PH; reaction and the first band
attributable to ionization of this molecule at a vertical ionization energy of (9.74+0.01) eV
(Dyke et al. 1982¢; see figure 3) is assigned on the basis of ab initio calculations that include the

100 — {-----) PF(Ne1, shadow)

PF(Ne1,) PF, (Ner,)
L v S R S S A

PF, (Ner, shadow)

counts/s™!

10 9
ionization energy/eV

Ficure 3. The Ne1 photoelectron spectrum of the first band of PF. Bands labelled 4, ¢ and d are obtained by ionization
of helium. The PF is produced as a secondary product of the F+ PH, reaction. Bands: ¢, He ionized by Nem
(82.68 eV); b, PF (Ne1, shadow of second component; ¢, He ionized by Nen (30.54 eV); 4, He ionized by Nen
(30.45 eV). .

effects of electron correlation to the PF*(X*IT) « PF(X3?X") ionization. Again, as in the NF
and NCI examples, the vibrational constant, @,, determined for the ionic state from the ex-
perimental vibrational component separations is greater then that in the neutral molecule. The
measured value in PF*(X?II) is (1030+30) cm™ compared with the corresponding value in
the PF(X3Z") state of 847 cm™ (Huber & Herzberg 1979), and the use of the vibrational
component intensities via a series of Franck—Condon calculations allows the equilibrium bond
length in the ion to be determined as (1.498+0.005) A. Also as shown in figure 3, each
vibrational component in the PF*(X?II) « PF(X®2") band is resolved into two parts. This
arises from spin—orbit splitting in the PF*(X*II) state and the measured average value for this
separation, (316 +16) cm™, is in good agreement with a value of 324 cm™ determined in a
study of the PF*(A%Z*) —» PF*(X?II) emission spectrum (Douglas & Frackowiak 1966).
HNO is a triatomic molecule that is isoelectronic with O,. It can be conveniently prepared in
the gas phase by the reaction of fluorine atoms with hydroxylamine, NH,OH, and part of the
photoelectron spectrum obtained from this reaction recorded at a reagent-mixing distance of
1 cm above the photon beam is shown in figure 4. As well as some residual hydroxylamine, this
spectrum shows the first band of nitric oxide, a reaction product, as well as two other bands
that were also found to be associated with reaction products; a sharp intense band at
(10.7740.01) eV and a broad, structured series with a vertical ionization energy of

18 [ 127 ] Vol. 324. A
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3000 NO

counts

UL

11 10 9

ionization energy/eV

Fi1GUrE 4. Part of the Her photoelectron spectrum recorded for the F+NH,OH reaction at a mixing
distance of 1 cm above the photon beam.

(10.68+0.01) eV. When the intensities of these bands were investigated as a function of
reaction time, both bands were found to be associated with reactive intermediates, but the
band at 10.77 eV was found to be associated with a much shorter-lived molecule than the band
at 10.68 eV. On the basis of this evidence the broad band centred at 10.68 eV is assigned to
the first ionization of HNO and the band at 10.77 eV is tentatively assigned to ionization of
HNOH. The assignment of the 10.68 eV band to HNO is a lot firmer than the assignment of
the band at 10.77 eV as the adiabatic ionization energy of the 10.68 €V band, measured as
(10.07£0.03) €V, is in reasonably good agreement with the first adiabatic ionization energy
of HNO of (10.2910.14) eV determined by electron-impact mass spectrometry (Kohout &
Lampe 1966). Also, the observed vibrational structure in this band can be assigned to excitation
of the N-O stretching mode and the HNO deformation mode in the ion; the N-O stretching
frequency is increased over the corresponding value in the neutral molecule, HNO(X'A"), as
expected by analogy with oxygen, as ionization occurs from a molecular orbital that is-
antibonding in the N-O direction, whereas the deformation frequency is decreased from the
value in HNO(X'A’). The measured average separations are (1940+40) cm™ for the N-O
stretch and (880+40) cm™ for the deformation mode whereas the corresponding values in
HNO(X'A’) are 1556 cm™ (v,) and 1501 cm™ (v;) (Johns ef al. 1983). These changes in
vibrational frequencies on ionization are consistent with the equilibrium geometry change
between HNO(X'A’) and HNO*(X?A’) expected from ab initio molecular-orbital calculations
(Bruna 1980; Bruna & Marian 1979). ‘

As well as investigating reactive intermediates by single-photon ionization, it is also possible

[ 128 ]
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to investigate molecules of this type by multiphoton ionization. By recording the total ion—
current as a function of laser wavelength it is possible to probe the spectroscopic properties of
resonant intermediate states whereas by recording a photoelectron spectrum at a fixed laser
wavelength, it is possible to probe the spectroscopic properties of the ion. A very simple
spectrometer has been constructed with a borrowed excimer pumped dye laser to demonstrate
that short-lived molecules can be investigated in this way. _

An Mp1 (multi-photon ionization) ion—current spectrum recorded for discharged oxygen, and
tentatively assigned to O,(*A,), has been recorded in the wavelength range 455.0-430.0 nm.
The linewidth of the spectrum was controlled by the Doppler effect and the laser linewidth.
Although photoelectron spectra at selected laser wavelengths need to be recorded and the laser
power dependence of the observed signals needs to be investigated, the experimental ion
spectrum is currently being analysed in terms of a (34 1) ionization process via a number of
as-yet unobserved singlet Rydberg states of oxygen. The use of this study lies in the fact that
mp1 studies on O,(X3Z;) have the ability to probe excited triplet states accessible from the
ground °%; state (Katsumata et al. 1986), whereas similar studies on O,(*A,) have the advan-
tage in that singlet excited states can be probed, for which much less experimental infor-
mation is currently available. More generally, this approach is valuable in that photoelectron
spectra can be recorded at selected laser wavelengths and, as a result, simplified vibrational
structure will usually be seen compared with that observed in a single photon spectrum. This
arises because highly excited states of neutrals often have similar equilibrium geometries and
spectroscopic constants to the ground state of the positive ion. Hence short vibrational series
will usually be seen in the experimental photoelectron spectra. By preparing different vibronic
excited intermediate states, different vibrational frequencies will be excited in the ion. Hence
in a polyatomic free radical such as the phenyl radical, where the structure in the single photon
photoelectron spectrum is very complex (Butcher et al. 1987), it should be possible to observe
considerably simplified structure. It should also be possible to determine the fundamental
frequencies of a number of modes of the ion simply by preparing different highly excited
vibronic states for ionization.

As well as having interests in reactive intermediates produced in the gas phase by microwave
discharge or rapid atom—molecule reactions, we also have interests in molecules produced by
high-temperature evaporation. Evaporation temperatures of up to 2800 K have been achieved
by using a radiofrequency induction heating method (Morris et al. 1986). The main areas of
investigation have centred on the study of metals, metal oxides and metal hydroxides.

Recently, the He1 photoelectron spectra of all the first-row transition metals has been studied
(Dyke et al. 1985 a). These elements were investigated firstly as possible precursors of transition-
metal oxides in the vapour phase and secondly to obtain the 4s:3d photoionization cross
sections in these elements to provide reliable data to be used in the interpretation of intensities
of bands recorded in the photoelectron spectra of transition-metal compounds, notably metal
oxides. It has been found that the 4s:3d cross-section ratio at the Her photon energy is very
low at scandium and titanium, but it increases fairly regularly to copper and zinc. As an
example of a typical spectrum, figure 5 shows the Her photoelectron spectrum of vanadium
(Dyke et al. 19854).

In this diagram, bands B and C are (4s) ™! ionizations of the ground state of atomic vanadium
whereas band E is a (3d)™! ionization of the ground state. Measurement of the relative band
intensities allows the 4s:3d photoionization cross-section ratio of vanadium to be determined

[ 129 ] 18-2


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

204 V.BUTCHER AND OTHERS

10

counts

2]

—

S

OF 0 :

= 12 i 10 9 8 7
= O ionization energy/eV

T @) Ficure 5. The Her photoelectron spectrum of atomic vanadium.
=w

at the Her photon energy as 1:(29.8 +2.5), indicating that the 3d cross section is much greater
than the 4s cross section. Bands A and D in figure 5 cannot be assigned to ground-state
ionizations and are (3d) ! ionizations of an excited state of vanadium, approximately 2200 cm™
above the ground state. The relative A :B band-intensity ratio can be used with the previously
calculated 4s:3d cross-section ratio to give an effective beam temperature at the point
of photoionization of 1940 K, which is slightly less than the furnace temperature used for
evaporation of the metal of (20304 30) K. This is typical of all the transition metals studied
where the beam temperature at the point of photoionization, as evaluated from atomic band
intensities, is several hundred degrees below the furnace temperature.

Metal oxides can also be generated in the vapour phase by direct evaporation and knowledge
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Ficure 6. The 7.0-9.0 eV ionization energy region of the He1 photoelectron spectrum of VO.
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of the photoelectron spectrum of the appropriate transition metal is very important in assigning
the experimental spectrum. For example, vanadium monoxide can be obtained in the vapour
phase by vaporizing stoichiometric vanadium monoxide (VO(s)) from a tungsten furnace
at 2000 K (Dyke et al. 198556). The spectrum obtained in the 7.5-8.5 eV ionization energy
region is shown in figure 6. The first band of VO, shown in this figure, is essentially a metal
(4s)7! ionization whereas the second band is essentially a metal (3d)™! ionization, and this
explains qualitatively why the first band is much weaker than the second. This assignment has
been derived from the results of Hartree-Fock-Slater calculations and ab initio molecular-
orbital calculations performed on the ground state of VO, the X*X~ state, and the two lowest-
lying ionic states obtained by one-electron ionization from the neutral molecule. As can be seen
from figure 6, the first band shows clear vibrational structure whereas the second band shows
only one vibrational component. Measurement of the vibrational separations in the first band
of VO allows the vibrational constant, @,, to be determined as (1060440) cm™ in the ground
state of VO, the X3X" state, and use of the vibrational component intensities, via a series of
Franck—Condon calculations, allows the equilibrium bond length in the ion to be determined

as (1.54+0.01) A.

As an example of our recent interest in metal hydroxides, the photoelectron spectra of
sodium hydroxide will be briefly discussed (Dyke et al. 1986). For this hydroxide, mass-
spectrometric studies have shown that in the temperature range 600-700 K, dimers are a major
vapour-phase constituent and, in view of this, superheating beams of this hydroxide at tem-
peratures up to 300 K higher than the furnace temperature has been used with the aim of
simplifying the spectra obtained and obtaining the photoelectron spectrum of the monomer.

The Her photoelectron spectrum obtained for sodium hydroxide heated in a silver-lined
carbon furnace at (7204 50) K is shown in figure 74 and the spectrum obtained with super-

i
100 f (a) r () HO
HO
T
<
g
3 D
<] !
Q
P
M
l/’ l
0 1 L 1 1 1 1 1 I 1 ) 1 1 1 1 1 1 1
14 12 10 8 14 12 10 8

ionization energy/eV

Ficure 7. The Her photoelectron spectrum of NaOH recorded (e) without superheating
and (b) with superheating.
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206 V.BUTCHER AND OTHERS

heating is shown in figure 75. On the basis of these spectra, bands marked M are assigned
to ionizations of the monomer whereas the bands marked D are assigned to ionization of the
dimer, as superheating is expected to increase the relative partial pressure of the monomer
relative to the dimer. Also, from the results of ab initio molecular-orbital calculations the two
observed monomer bands are assigned to ionization from the outermost ©* and 6 monomer
molecular orbitals.

100 | (a) D

-(b) I

counts/s™!

0 I '} .. A I Il 5 1
10 9 8 7 10 9 8 7

ionization energy/eV

Ficure 8. The 7.0-11.0 eV ionization-energy region of the Her photoelectron spectrum of NaOH recorded
(a) without superheating and (5) with superheating.

An expanded view of the 7.0-10.0 eV spectral region recorded for sodium hydroxide with
and without superheating is shown in figure 8. As can be seen, the monomer first band increases
relative to that of the dimer on superheating. Also, a band marked T was observed that was
found to be independent of the bands marked D and M on varying the experimental conditions,
and this band was tentatively assigned to ionization of the trimer. Very similar spectra have
been obtained for lithium and potassium hydroxide (Dyke ¢t al. 1986).

From these spectra, perhaps one of the most important pieces of information to be obtained
is the first adiabatic ionization energy of the monomer and this leads via the heat of formation
of the neutral molecule, to the heat of formation of the metal-hydroxide cation. This in turn
can be used to calculate the proton affinity of the corresponding alkali-metal oxide. It is also
notable that the first ionization energy of the alkali-metal hydroxides appears to increase as the
cluster size increases. Although this effect has been observed previously for alkali halides, the
more common trend is a decrease in ionization energy with increasing cluster size.

We gratefully acknowledge financial support for this work from SERC and the CEGB.
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