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The Changes in UV Absorbance of the Vibrationally
Excited UFs Molecules

Hou Hui-Qi Cal Zhong-Hou Qin Qi-Zong®
{Laser Chemistry Laboratory, Fudar Unvorsily, Shanghas)

Abstract

The iransiont chmges in UV sheorbance of the vibrationally excited UF, molecules
in tho UV reguon of 220—880 nm bave bosn invesiigated. The UFy molecales are excited
from pulsed 00, laser pumped SFy by a V-V cnorgy trapsfor process. Undor stabic
condition, the influences of 00, laser fluence, SFsand UF, partial pressure upon the UV
absorpiion changes have beon measnred. Ior a 2.0 Torr SI; und 2.0 Torr UIfy mixture
and a4 laser pulsed snergy of 160410 mJ, the UV absorption spectram of vibzationally
excited UFs molecules shows existence of four absorption peaks as 240, 248, 290 and 313
nm, respectivoly. It may be related to the UV absorption of soveral higher vibr:monally

excited Uy moleculss,
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Observation of competing arsenic removal channels in the Cl, - GaAs
reaction

Hui-gi Hou,” Zhuangjian Zhang,” Shanhua Chen, Chaochin Su, Weiring Yan, and

Matt Vernon®

Department of Chemistry, Columbia University, New York, New York 10027

(Received 6 April 1989; accepted for publication 8 June 1989)

A molecular beam study of the Cl, + GaAs(s) reaction has been performed for surface

temperatures in the range of 300~550 K. The gas phase neutral reaction products are identified

by mass spectroscopy using electron bombardment ionization. Detailed analysis of the surface
of the mass sp of the observed reaction products indicates that

only three neutml reaction products are formed in this tempcntum range: GaCl,, AsCl,, and

As,. At low (high) surface temperatures, only AsCl, (As,) is observed. The ratio of the
etching rates of Ga and As is independent of the surface temperature and within the range
eapected for stoichiometric etching. The change in the mode of As removal with surface
temperature for the incident Cl, flux implies that surface diffusion is important at surface

temperatures above 400 K.

The etching reaction of Cl, and/or Cl vmh GaAs(s) is

" "

solution i prior toin-
in the vacuurn chamber to minimize the thicknezs

withab

an process in semi p In order
1the nhvaical and chemical
profile resulting from the chlorine etching rumion, knowl-
edge of the reaction mechanism is required. In the studies of
the etching reaction to date, the sepasate and combined ef-
fects of optical radistion,’ doping,? charged particles,” and
other chemically reactive species have been investigated.”
A]tbou;‘ll much is known empirically -bout the etch rates
their dep on process i tem-
perature, plasma powzr, flow mes. elc ) wmpanﬂvely Tit-
tleis known about the undert
responsible for etching. In this letter we report m:m results
of a molecular beam scattering experiment of the reaction
Cl, + GaAs where all major Ga and As etching products
have been i for surface (7,) from 300
t0 550 K.

‘The reactive scattering experiments were performedina
crossed which has been previous-
Iy 3 The ic Cl, molecular beam is formed
by expanding a mixture of 5% C1,/95% He though a 0.005-
in.-diam graphite nozzle. The graphite nozzle can be resist-
ively heated to ~ 1500 K to thermally dissociate C1, to make
Clatoms.® A graphite skimmer allows the 3* on-axis portion
of the molecular beam to pass into a second vacuum
charfiber where the GaAs surface is Iocated. The GaAs sam-
ple s attached to a copper block by a high-f tempenture ce-

of the surface oxide.

The neutral reaction products of the Cl,/GaAs reaction
are detected by a rotating mass spectrometer utilizing an
electron bembardment jonizer (located ~21 cm from the
surface) hotsed in a triply differentially pumped, liquid-ni-
trogen-coolad vacuumn chamber, a rf quadrupole mass filter,
and a Daly ion deteotor. The GaAs surface assembly can be
translated to i the beam or d so
that the yelocity distribution and intensity of the molecular
beam cah be measured by time-of-flight techniques. For the
experiments reported here, the Cl, molecules are incident at
4 65" angle to the surface normal with ~0.15 eV transla-
tional energy normal to the surface. The mass spectrometer
samples the products desorbed at the surface normal. The
angular and velocity distributions of the Ga- and As-con-
taining products measured at other scaticring angles show
that the product mass distribution measured at the surface
normal is representative of the integrated product mass dis-
tribution.

The procedure for determining the reaction products
was as follows. At the start of an experiment, the graphite
nozzle was heated to make C} etoms to clean the surface of

ides which have on the sur-
face. We estimate that ~1000 monolayers of GaAs arc
etched during the surface cleaning procedure. After the noz-
zle returned to room temperature, the mass

meat. (T}) is byach ]-alh

bonded to the surface by the high-temperature cement. The
actual surface temperature in the etched region may deviate
from the thermocouple reading as a result of a different sur-
face emissivity for the chlorinated surface and the exother-
micity of the etching reaction. The GaAs sample was etched

*! Permanent address: Departmens of Nuclear Science, Fudan University,
Shanghai, People's Republic of China.
# Permanent address: Department of Physics, Fudan University, Shanghai,

Puople’s Republic of China.
* Departmen xanhmneSeuondlnmmun{uw.M of Shanghai,
‘Péople’s Republic of Chins.
“ Person to whom correspondence should be addressed,
801 Appl. Phys. Lett 85 (8), 21 August 1989
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0003-6051/89/340801-03801.00

spectrometer was then scanned by a computer, accumulat-
ing data for 50 ms every 0.2 amu. T, was then changed and
the mass range scanned again. So long ag the surface is first
cleaned with the Cl atom belm the absolute count rates are
ducible at all T, and i of the previous value

of T,. Atthe Illth T, of lhn study, the approximate etch
rate determined from the observad signal afler correcting for
tha jonization efficiency and solid angle sampled by the de-
tectoris 4 ML/s. Th in the vacuum chamber hous-
ing the sutface is ~ 1% 10~ Torr when the molecular beam
hopendn'. 'e defeot no significant mass signals that arise
and from the ibility of

© 1969 Amerioan Institute of Physics 801



the experiments that the vacuum is sufficient for the purpose
of determining the major etching reaction products.

Figure 1 shows two sypical mass spectra obtained at T,
of 349 and 548 K. The large number of mass peaks
is a result of the isotope distribution of ®Ga, ?'Ga, 35C}, and
¥C1. The mass resolution of the quadrupole filter is adjusted
ta give a ~75% dip between two masses of equal intensity
separated by two mass units. Using theknown isotopic :h\m-
dancss, it is possible to extract the separate

when thore than one etch product is detected at the same
mass. For example, As**Cl;* and "'Ga*’Cl;" contribute to
the detected signal at mass 145, The signals observed at
As*(m/e=175) and Ga*(m/e=69,71) are small com-
pared to the signals shown in Fig. | and are not shown be-
cauge of the large Cl,* (m/e =70,72,74) signal from scat-
tered Cl,.

Figures 2 and 3 show the T, dependence of thedominant
mass peaks after correcting for the isotopic distribution.
From the data shown in Figs. 2 and 3 it can be seen that the
ions can be divided into three groups according to their 7,
dependence: (GaCl*, GaCly, and GaClt), (AsCl,
AsCli", ASCl ), and (As;®, Asi®, and Asg"). Within »

far group, the T d d ofthe dlﬂatall ions is
identical within | exror, Thi there
are three major neutral reaction products which ionize to
give the distribution of pasent and daughter jons observed:
GaCly, AtCl,, and As,. We have checked for additional sig-
uals at all possible combinations of Ga, As; and CI to the
~ 350 upper mass limit of our quadrupole masé filter with-
out observing significant signals at any other masses.

The major difference between the current end prior in-

T, =349 K

o

7

1000

<)

Signal

FIG, 1. Mms spectrum for the Cl - GrAs reactionat surface temperatures
of 349 and 54§ K. The mass spectra consist of five regions, 4-E, spliced
iogether showing the major product masses. Regions A, B, and C corre-
spond to GaCl*/AsCl*, GaCly" /AsCly /Ass*, and GaCly* /AsCI , re-
spectively. Regions Dand £ are As;* and As.’ . The simplification of the
spectsn in regions B and C at higher surface temperature is s result of the
drminished AsCl, production.

802 Appl. Phys. Lett., Vol. 56, No. 8,21 August 1889

4000 4503
AsCl;
2000 ascr’
—t
= 200 a0 601
ib =]
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4000
Ash
L
200 400 %00
Surface Temperature (K)
FIG. 2. Surface the A

vestigations” of the Cl, + GaAs reaction is the observation
that there ar¢ two distinct mechanisms for the removal of
As. Atlow T, As is removed as AsCl;, while at higher 7, it
is removed only as As,. To our knowledge, this is the first
time thet As, products have been observed in the
Cl, + GaAs ctching reaction. In the chloride vapor trans-
port growth of GaAs from Ga/HC) and arsine,” thaarsine is
thermally cracked to As, and As,. The temperatures used
typically exceed 700 K and therefore are significantly hotter
than the experimental conditions of this study.

Although we expect that in the steady state, Ga and As
are removed at equal rates, it is difficult to show positively
that, in fact, the rates are equal in 2 given experimental appa-
ratus. It could be possible for Ga or As to segregate on the
surface as observed in the evaporation of GaAs.” In our ex-
periment, if the mass dependence of the transmission of the

GaCT,,
N
100001 Gac, Gact”
—
| 3
200 400 600
2
o GaCl
'
«BASCI}; Asy
100004 “*4*
AsCl,
%200 400 600
Surface Temperature (K)
FIG.3. fthe G

(top} and the combined jon fragment signal {bottom) showing that the
sum of the As product ions is equal to the sum of the detected Ga ions
implying that the etching is commensurate.

Houotal 802



mass spectrometer is known, then to dmermme the relative
intensities of different neutral products requires only know!-

A second alternative explanation could be that at higt
T, thmumuﬂdentd,ﬂuxmfuﬂychloﬂmteaﬂoﬂhe

surface A

edgeof the relative total i tions of the three
reaction products, because we detect all of the ion fragments
of each reaction product. Unfortunately, experimental de-
termination of tbe total jonization cross sections is difficult
and they have not been measured for alf three reaction prod-
uets.

To show then that the data are indeed consistent with
equal As and Ga etching rates, we search for conatant, 7T,-
independent, multiplicative factors a and £ for the As, and
AsCl, signals such that

GaCl, = a*As, + 8 *AsCl,. I3
The empirical fit resulting from the best velues, @ = 1 and
B = 1.7, is shown in Fig. 3. Within experimental error, the
mass spectroscopy results are consistent with a 7, -indepen-
dent ratio of the etching rates for As and Ga.

We can independently estimate the values of @ and 8 to
show that they are within the range that we expect for the
stoichiometric reaction. To first order, the molecular ioniza-
tion cross sectlons are proportional to the square root of the

of As,. To llustrate th- differences in the two cxplmﬁonx
assume that Cl surface diffusion is poasible at all 7, of our
experiments. If at low 7, there is sufficient Cl, flux to satu.
rate both the Ga and As sites, then the desorption rate of the
slowest etch product must be less than some value which is
detemuned by the specific Cl, flux. As 7, increases, the rate
of th ion: step also i that tual
ly tha fixed Cl, fiux is insufficient to fully chlorinate all As
and Ga sites. At this point, if the Cl bound to As can diffuse
to and bond with & Cl-deficient Ga site, the etching reaction
rate can continue to increase because Gia can only be re-
moved as a chiloride from the surfisce while As can desorb as
As,. If tha rate of As, formation and vaporization is faster
than GaCl, desorption and the As bound Clis mobile, then a
high etching rate of GaAs can be maintained for the limited
Cl, flux.

In fusion, & mofecular beam
oftheCl,+GtAlrnmmhubeenperfomedwhlchhu
identified the major reaction products. At all 7, studied,
GaCl, is thé only Ga-containing product while AsCl, and
As, competé for the removal of As. AsCl, is the only As-

product formed at low T,, while at higher T,,

ilities.'” The
lppmxmumd by th; sum of the atomic polmubmms“'
Second, the i iency is inversely proportional to
the velocities of the neutral i3 i the only As, 1t foi

velocities are proportional to the inverse square root of the
product mass. The velocity dependence and ionization prob-
ability can be combined into a single correction factor to
convert the number of detected ions per second to desorbed
flux. These flux correction factors predict @ ~1 (beca\ue at

d. Weh for
the change in the mechanism of remuv!n. As. One postu-
Intes tha thedthally activated mobility of Cl initially bound to
As as the liniiting kinetic process, while the second ascribes
the change to the lirited Cl, flux. Future experiments which
measure the pmdwl velocity distributions when the inci-

low 7, only AsCl, is observed and the trichlorid i
lar messes and ionization cross sections) and f~4/2 = 2
{(because at high 7, only As, is present, removes 4 As atoms
and is jonized twice as efficiently as the trichloridea). The
experimentally optimized values of the relative ionization
cross sections (@ = 1, §=1.7) are close to the predicted
values besed on this simple model of the ionization cross
sections.

Thermodynamic calculations of the Ga/As/Cl system®
indicate that at the 7, of this study, GaCl, and As, should be
the major products. Observation of AsCl, indicates a kinetic
restriction. One kinetic limitation could be thet at low T,
theeffective C1” mobility is low. If there is no diffusion of any
species at low 7, and Cl, can react readily with both Cl-
deficient As and Gasites on the surface, then only tha GaCl,
and AsCl, products wonld be formed as obsesved, For the
thermodynamically favored products (GaCl; and As,) tobe
formed if Cl-deficient Ga and As are both reactive, any Cl
which hes reacted with As must be mobife and able ¢o en-
counter and exchange Cl with an unsaturated Ga site before
desorbing. From our we could Tude that
for T, > 350K, any AsCl, initially formed when C, collides
with a reactive As site begins to transfer its Cl atoms to Ga.
The excess As is removed as As, at these T, because it is a
volatile As species, reacts without dissociation with vacant
Gasites,* and is thermodynemically favored. [Note that we
are below the 7, for evaporation of As, (Ref. 12) or Asy
(Ref. 9) from the solid.]

203 Appl. Phys. Lett, Vol 55, No. 8, 21 August 1889

i

dent molecul mdmcl,ﬂuxdepen
dence of th ducts will provide
uldluontheki.nduoﬁhemhmgmonwdhﬂnmhh
between the two models.
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Institure for Inorg. and Analyt.Chem.
Dept.of Radrochemistry, FU Berlia (F.R.G.) and

Fudao University, Nuclesr Sc.Dept, (Shanghai/China)
RADIOCHEMICAL INVESTIGATIONS ON CORROSION OF YALVE METALS AND
STAINLESS STEEL UNDER THE INFLUENCE OF PLUTONTIUM

Ir presence of Plutenium under the practical conditions of

the PUREX process the corrosion behaviour of valve elements

{HE, Ti,Zr,Ta, Nb) Bnd .stainless steel was investigated by

use of impedance measurements in addition to padiechemical and
electrachemical methods, based upon a new technique of

combined applications of neutron activation analysis and normal
electrochemical procedures. This new radioisotopic method has the
advantage to be able to determine simulmneoysly the amount of materzal
dissolved due to corrosion and also that special quanmtiry being
used for forming the oxide layer of the valve metals. In addition
the impedance measuremeants also performed simultaneously give
informations about the oxide layer, itg physical structure and
characteristics being changed by the amount of plutonium, incorpo-
rated.

Last but not least the radiocisotope method applied to the
investigstions on stainless steel makes practical anodic and
carhodic currents be calculated from the corrosion rate of the
various components of the alloys, labelled by NAA, which for

the first time makes informations about partial corrosion be
obtained continuausly. The Influence of Fission prodycts and

of materisls dissolved by corrosion on the corresion potentials
of stainless steel, were investigated systematically at various
temperatures and at & variety of HNO3 concentrations. In addition
the corrosion behaviéur OF stainless steel in presence of plutonium
has been intensively studied, including investigations of the

surface by use of various methods.
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A crossed laser-molecular beam study of the one and two photon
dissociation dynamics of ferrocene at 193 and 248 nm

Urmi Ray,” Hui Qi Hou,” Zhvangjian Zhang,® and Wolfgang Schwarz,” and

Matt Vernon
Department of Chemistry, Columbia University, New York, New York 10027

{Received 3 October 1988; 15 December 1988)

A crossed laser-molecular beam study of the one and two photon dissociation mechanism of
bis (cyclopentadienyl) iron {ferrocene, FeCp,) has been performed at 193 and 248 nm. By
combining ¢lectron bcmbardmem mass spectroscopy with time-of-flight (TOF)

the ph. ism at 193 nm is shown tq have two distinct
mechanisms. (1)} FeCp, + hAv—FeCp* + Cp; (2) FeCp + 2hv-4FeCp# + Cp,
FeCp" — Fe + Cp. For the first mechanism, which accounts for less than 5% of the
photodissociation events, the FeCp* velocity distribution is quantitatively consistent with a
statistical dissociation producing FeCp in an excited, ligand field electronic state. The velocity
distributions of the Cp and Fe by the second ism (FeCp* is an
unstable intermed:ate) are alson cxcel[cnt agreement with microcanonical calculations for
both Cp elimination steps using the known metal-ligand bond energies of ferrocene. For the
second mechanism, dissociation occurs on the lowest potential energy surface for each Cp
elimination. Although one photon is energetically sufficient to remove one Cp ligend from
ferrocene, RRKM calculations of the lifetime indicate that Cp elimination is extremely slow
for dissociation along the ground electronic state potential energy surface. Hence, after internal
conversion 10 the ground electronic state, the large photon absorption cross section ( ~4 A2)
for the experimental irradiation conditions allows additional photons to be absorbed until the
dissociation rate exceeds the up pumping rate. The large photon energy causes the dissociation

rate to increase by many orders of magnitude for each additional photon absorbed.
Consequently, there is strong selectivity for the total number of photons absorbed. Both
mechanisms, occurring on two different electronic potential energy surfaces, suggest that
dissociation induced by excitation of the ligand- m mctal charge Lrnnsfer states accessed at 193

At 248 nm,

nm can be quantitatively desctibed as a

) i with the

the measured product velocity distrit are

deduced from the 193 nm results, but the energy avmlable for translation at this wavelength is

too small to extract itative product 1 1 energy di which are required
to ind: dently test the applicability of the 1 dissociation model.
INTRODUCTION dipole allowed, metal-to-ligand charge transfer bands

The electronic structure of metal-sandwich com-
pounds. wpecmlly ferrocene, has bcen the subjcct of many
and 1 ~10f p

interest is whether the * bonding exhibits unusual photo-
chemical behavior. The electronic absorption spectrum for
ferrocene is well known and the features in the spectrum can
be assigned to specific excited state electronic configura-
“jons.* The strongest band is centred at 50 000 cm ™! (molar
ibsorption coefficient e = 51000 M~ ' em ™) and is attrib-

uted to the dipole allowed, 'A,,—'4,, ligand-to-metal,

charge transfer (L-+MCT) transition.* The transition, po-
larized along the Cp-Fe—Cp axis, involves promoting an
clectron from the le,, to the 2¢,, orbital (see Fig, 2). It1s
proposed that the absorptions at 41 000 and 42 800 cm ' are

*' Present address, AT& T Belt Laboratorics, Murray Hill, NJ 07974

* Department of Nuclear Science, Fudan University, Shangha, The Peo-
ple’s Republic of China

' Department of Physics, Fudan University. Shangha, The People’s Re-
public of China.

*' Department of Physics, Columibia Unwversity, New York, New York
10027.
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{M—LCT) involving the le,, ~ le,, orbital excitation. The
lower energy {20000-30000 cm~!) bands are much
weaker and can be assigned to spin-allowed, electric dipole
forbidden, d-d (1e,, or 2a,, —2e,,}, ligand field (LF) tran-
sitions. There is also at least one experimentally identifiable
band at ~18 600 cm ™", which is assigned to a spin-forbid-
den, LF transition.

Although the relative ordering of the valence orbitals
appears correctly given by converged Hartree~Fock calcula-
tions, other properties are not as accurate. On the basis of
SCF-Xa calculations,® the assignments of the observed opti-
cal spectra are very different than those given by CI assign-
ments.” Theoretical calonlations of the metal-to-ring bond
distance, by ab initic MO-SCF calculations® of better than
triple-zeta quality, exceed the experimental value by 15%.
Inclusion of configuration interaction? shows that the Har-
tree-Fock wave function is too ionic. Inspection of the wave
functions involved in the CI expansion indicate that as the
Fe—Cp distance changes 1n the bonding region, the largest
electronic effect does not involve charge transfer between the
metal and ligands, but rather a rearrangerent of the relative
contributions of the metal atom e,,. e,, and a,, d-orbitals.
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Ray et al: Dissociation of ferrocene

A number of multiphoton dissociation (MPD)-multi-
photon ionization (MPI) studies of ferrocene have been re-
poried. Two early MPD/MPI studies,*® which measured
total ion cusrent, observed a broad, structureless continuum
with superimposed resonances of 50 times greater intensity
throughout the wavelength range 37504500 A. The contin-
uum was assigned to molecular ion fragments while the reso-
-1ant peaks could all be assigned to one or two photon reson-
ances of Fe atoms. This interpretation implied that two
competing processes were oceurring—ferrocene could ab-
sorb several photons exciting successively higher energy
clectronic states until ionization occurred, or the absorption
of photons could result it Cp ring eliminations eventually

4248

With 351 nm radiation, there was no change in cither the
intensity or state distribution of the Fe atoms probed by
MPI. Since the product of the laser intensity and the ferro-
cene absorption coefficient at 351 nm is i ly the
same as used in the single color ~440 nm experiments, the
authors conclude that ferrocene must be absorbing the 351
nm radiation. To explain the absence of any apparent effect
by the 351 nm radiation, the energy deposited by the 351 nm
photons is assumed to be rapidly converted to vibrational
motions of the ground electronic state in such a way as to be
ineffectual in either breaking a Fe~Cp bond or in producing
a different electronic state distribution of the Fe atoms
probed by the 440 am radiation. On the other hand, 248 nm

diation produces Fe atoms in numerous excited electronic

producing atomic iron which then ionizes by
MPI A third study," which mass resolved the positive ion
fragments, showed that only Fe* ions were produced in the
continuum background region from 37504200 A. Since two
nhoton ionization of ferrocene is not energetically possnbl: at
these lengths, it was luded that Cp ¢li

states unobserved with only 440 nm radiation. This contrast.
ing wavelength dependence was explained by the absence of
a repulsive excited electronic surface accessible at 351 nm
whlle at 248 nm, two photons provide enough energy for
ion to occur on an excited, repulsive surface.

producing FeCp, followed by nonresonant production of
Fe* via the FeCp intermediate, was occurring.

More recently, Nagano, Achiba, and Kimura®' have
measured the MPD/MPI spectrum of ferrocene in the
366.5-370 nm wavelength region by monitoring the positive
ion current and the photoelectron kinetic energy distribu-
tion. From their experimental results they propose a mecha-
nism in which electronic to vibrational energy conversion
oceurs on a faster time scale than the Fe~Cp bond dissocia-
tions. Since the authors do not observe any molecular ions in
the 370-366 nm wavelength range, they postulate a multi-
photon dissociation mechanism involving stepwise Cp elimi-
nation. although they cannot unequivocally rule out a con-
certed elimination of both Cp ligands from their
experimental results.

Liou, Engelking, Ono, and Moseley'? and Liou, Ono,
Engelking, and Moseley'? have performed several MPD ex-
periments on ferrocene to determine if there is a wavelength
dependence of the dissociation pathway which produces Fe
atoms. In one set of experiments, a single laser frequency of
447.65 nm was used to both dissociate ferrocene and probe
the velocity distribution of the Fe atoms. At this wavelength,
@ minimum of three photons are energetically required to
produce Fe atoms. If three photons are absorbed, the maxi-
mum energy available after breaking both Fe-Cp bonds is 46
keal/mol, The velocity of the Fe atoms was measured by the
Doppler line profile of a three photon MPI process. The
[xoppler profile indicates an averge iron atom translational
:nergy of ~ 16 keal/mol. Since the three fragments have

searly equal masses, the authors concluded that nearly all of
Jie uvailable energy appears as photofragment translation.
F'o channel such a large fraction of the available energy into
ranslation, it was further argued that the excited state po-
unfial energy surface was repulsive. In analogy with metal
dkyl photodlssocmtmn, the authors favored a two step
jection of the Cp ligands [Eq. (2)] rather than a concerted
Emination [Eq. (1)}

In a separate series of experiments, a second laser fre-
uency of 351 or 248 nm was used in addition to the ~440
m frequency required for MPI detection of the Fe atoms.

The consensus of the MPD/MPI studies is that both Cp
ligands are lost prior to ionization, however, the detailed
mechanism of photon absorption and subsequent ligand loss
has not been unequivocally established. In particular for
multiphoton dissociation, three qualitatively different pho-
todissociation pathways can be envisioned.

(i) Photon absorption followed by concerted, multiple
ligand loss

FeCp, + nhv—Fe + 2Cp. )
(ii) Photon absorption followed by sequential ligand
loss via an unstable intermediate

FeCp, -+ nhv—~FeCp + Cp—Fe + 2Cp. 2)
{iii) A sequence of photon absorption, ligand elimina-
tion steps

FeCp, + nhv—~FeCp + Cp, 3
FeCp + mhv—Fe + Cp. (4)

The number of photons required and the pathway will de-
pend on the photon energy, intensity, and the molecule spe-
cific details of the photodissociation process.

Analysis of thermochemical data'® was used to derive
that 142 keal/mol is required to break both metal-ligand
bonds. Low pressure pyrolysis experiments performed by
Lewis and Smith'* have directly determined the first FeCp—
Cp bond energy to be 91 + 3 keal/mol, which sets the sec-
ond Fe~Cp bond energy value at 51 kcal/mol using the ther-
mochemical value from Ref. 15. J. P, Puttemans, G. Smith,
and D. Golden™ have noted that the metal-sandwich bond
energies given in Ref. 15 used a value for the Cp heat of
formation which is probably too low by 8 kcal/mol. Ifa more
reasonable value of 58 kcal/mol for the Cp heat of formation
is used, then the second bond dissociation energy of ferro-
cene would be 67 kcal/mol. With an accurate knowledge of
both metal-ligand bond energies, the minimum number of
photons required in the experiments of Liou er al. can be
determined. For 448 and 351 nm radiation, 2 minimum of
two photons of either color is required to break the first Few
Cp bond. For 448 nm radiation alone, at least three photons
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are required 1o break both Fe~Cp bonds, while a combina-
tion of two 448 nm and one 351 am photon or two 351 nm
photons meets the energy requirements for breaking both
Fe—Cp bonds. A single 248 nm photon can break the first
Fe-Cpbond, while a combination of one 448 nm and one 248
nm photon or two 248 nm photons are necessary to break
both Fe-Cp bonds. Of course, 1n the sequential bond break-
ing models, if a significant amount of energy is carried away
in translational motion or as vibrational excitation of the
first Cp fragment, additional photons might be required to
produce atomic Fe. Figure I shows the relationship between
the metal-ligand bond dissociation enegies and the photon
wavelengths for the present and previous experimental stud-
18

From the above discussion it 1s clear that further work is
necessary to d the primary photodi iation dy.
namics of ferrocene. Figures 2 and 3 show simple, molecular
orbital correlation diagrams for breaking the first and sec-
ond Fe-Cp bonds.’” The allowed electronic transition acces-
sible at 193 nm: in ferrocene correlates with the ground, °E,
state of FeCp. Absorption of a second 193 nm photon by
FeCp would, by analogy, correspond to exciting an electron
from the le, to the 2e, orbital in the C, point group (the
transition *£, 24 is allowed), which, after the loss of a Cp
tigand, correlates to the ground state of Fe
[(1e,)*(2a,)*(2¢,)?]. Hence, the sequential dissociation of
each Cp ligand can occur from an electric dipole accessible
excited electronic state which correlates to the ground elec-
tronic state of the photofragments.

‘We here report the results of a collision-free molecular
beam study of both the one and two photon photofragmenta-
tion of ferrocene. In these experiments, by measuring the
velocity distributions of all the photofragments using a
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FIG { Energetics for the excitations of ferrocene for the present work and
that of Liou et/ 1n comparison wth the bond dissociation encrgies
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-rossed laser beam ti f-flight we
can elucidate many details of the dissociation dynamics for

removing both ligands for 193 nm excitation.

EXPERIMENTAL

All of the results were using a
crossed laser-molecular beam apparatus which detects the
neutral photofragments by an electron bombardment ion-
izer, rf quadrupole mass filter, mass spectrometer. The ion-
izer is located approximately 21 cm from the intersection
point of the collimated laser and molecular beams and the
complete mass spectrometer detector assembly can be rotat-
ed about the intersection point of the laser and molecular
beams. Additional details of the experimental apparatus
have been reported in our previous photodissociation study
ofiron pentacarbonyl.'* Ferrocene solid (Strem Chemicals)
was used without further purification, as the mass spectrum
of the molecular beam, shown in Fig. 4, did not show any
i impurity. The molecular beam was formed by
fowing argon through the ferrocene container heated to
110°C (ferrocene vapor pressure 14 Torr'®) and then ex-
panding the gas mixture through a 0.003 in. diameter stain-
less steel nozzle maintained at 160 °C using 2 homebuilt tem-
perature controller. The mass spectrum obtained under
these conditions agrees well with the published mass spectrat
data.® In particular, no ion masses heavier than FeCp;',
which would unambiguously originate from clusters formed
in the molecular beam expansion, are detected in the mass
spectrum of the molecular beam. The ferrocene velocity dis-
(ribution was recorded by placing a rotating slotted disk ata
known distance from the iohization region as described pre-
viously." All photofragment and molecular beam velocity
Jistributions were measured with identical Brink ionizer
conditions and 4 mamp emission current. An unfocused ex-
cimer Jaser (Lambda Physik model EMG 103MSC) operat-
ng at ArF (193 nm) and KrF (248 nm) with a fluence of
10-30 mi/em® was used for the photodissociation experi-
nents.

e
£
—
g
‘ +
hoF, g
= fi4 k4
n
IO
40 120 - 200 280

Mass

4G, 4. Mass spectra of the molecular beam. Expansion condutions—3%
«Cp,/97% Ar, total pressure 400 Torr, nozzle diameter of 0.003 in, nozzle
“mperature 160°C.

TABLE I Relative ion signals for 10000 shots at 193 and 248 nm a1 a
detector angle of 10",

ArF KeF
Mass lon Swgnal  Ermor (20)  Signal  Error (20)
56 Fe* 8582 602 587 585
65 Cp* 707 190 359 206
82 Fe(CH,)® 895 291 -
95 Fe(CHy™ 61 78
12t FeCp* 5304 514 101 554

The dominant photoproducts are observed at the ions
Fe™, FeCp™, Fe(C.H,) ", Fe(C,H,)*, and Cp*. The rela-
tive intensities for these ions at a detector angle of 10°, re-
corded by accumulating 10 000 laser shots for identical laser
pulse energies, is given in Table 1. Figures 5, 6, and 7 show
the measured time-of-flight distributions at the ions Fe*
{200 000 laser shots), FeCp™ (400000 laser shots), and
Cp* (600000 aser shots) respectively, for the indicated
detector angles when ArF laser radiation is used. Figure 6

P the parent molecular beam velocity i
measured at FeCp™* with the photofragment velocity distri-
bution of the same ion. Despite the small angular deflection
experienced by the photofragments, the comparatively nar-
row spread of initial ferrocene velocities (speed ratio ~7)
allows meaningful extraction of the photofragment velocity
distributions, as discussed below. We note from Table I that
thept signals are signifi v weaker when 248
nm laser radiation is used compared to the signals obtained
when 193 nm laser light was used.

For the scattering kinematics of our experiment, the
center-of-mass frame velocity distributions can be obtained
with semiquantitative accuracy using the method-of-mo-
ments™ procedure. The center-of-mass velocity distribu-
tions extracted from the experimental data for Fe™, FeCp™,
and Cp* at 193 nm are shown in Figs. 8, 9, and 10, respec-

Signal

0 200 400 600 800
Time (usecs)
FIG. 5. The measured time-of-flight dsstribution monitored at Fe ™ for ArF

laser radiation at 10 and 13" detector angles. The solid line 15 the fit 10 the
data using twa Gaussians
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FeCﬁ" Signal

Time (usecs)

FIG 6. The measured time-of-fight distribution at FeCp™ for ArF laser
radiation at 107 with the ferrocene beam velocity distnbution measured at
FeCp~ with the deector at 0" shown for compansan

Signal

Time (usecs)

FIG 7. The measured time-of-flight distribution of Cp™ for ArF laser radi-
ation at 107 The fit to the data is for three Gausstans, where the exporients
‘were fixed to conserve hinear momentur for the Gaussians fit at FeCp * and
Fe™ and 0 account for FeCp daughter wons

Fe+

2-photon

FIG 8 Extracted center-of-mass vefocy distributions using the method of
moments for the TOF data taken at Fe * for ArF laser radiation, with velog-
1taes grem sn units of 10* em/s
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FIG.9 Extracted f-mass veloctty ions ustng th
moments for the TOF data taken at FeCp™ for ArF laser radiation w1t

velocities given in wnits of 10" cm/s

tively. The vertical error bars are 90% confidence interva

computed using the finite number of ion counts assumin
Poisson statistics. For small scattertng velocities, the averar

ing caused by the experimental velocity distribution car
have an important impact on the significance of the TO™
measurements. To account for this, the rms scattering ene.
gy was computed for each data point. If the difference of t1 .
average energy between two TOF channels was smaller tha |
1/4 of the rms energy, then the data from those two chafine's
were combined, and 4 new average and rms energy calcula:-
ed for the combined data. So long as the difference of averac.
scattering energy between the next point and the combine !
data point are less than 1/4 of the rms energy, then the ne
point is merged into the combined data. In this fashion, 1l
many TOF points for slow laboratory velocities which prot.
nearly the same scattering velocity can be combined to pr: -

FIG. 10. Extracted center-of-mass velocity distributions using the meth:
of moments for the TOF data taken at Cp* for ArF laser radiation wi,
velocities given in unitsof 10' cm/s The least squares Gaussian fits are ale +
shown
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