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Gas-phase photoreactions and photoproducts of the mixed-ligand compound (7*-cycloocta-1,5-diene)(r°-
cyclopentadienyl)cobalt are reported. Significant amounts of the monoligated complexes CoCOD and CoCp are
produced, and the relative amounts are wavelength dependent. The COD ligand (with the weakest metal—ligand
bonds) is always preferentially labilized as expected, but the relative amounts of the CoCOD and CoCp fragments
change by 1 order of magnitude as the excitation wavelength is changed. The gas-phase photoreactions exhibit
other surprising features that are uncommon in the photoreactions of organometallic compounds in the gas phase.
Significant amounts of the intact cation are formed, in contrast to most reported reactions where fragmentation of
the weak metal—ligand bonds precedes ionization. Most surprisingly, fragmentation of the ligands occurs while the
ligands are still coordinated. The resulting metal complexes contain ligand fragments that remain coordinated to
the metal. Breaking several carbon—carbon bonds with retention of weaker metal—ligand bonds is unexpected. For
example, CsHs undergoes fragmentation while still coordinated to the cobalt, yielding smaller compounds such as
Co(CH)*, Co(C;H2)*, Co(CsH3)*, and Co(C4Hs)*. Correspondingly, coordinated COD yields Co(CgHg)*, Co(CsHs)*,
Co(C4He)*, Co(C3Ha)*, Co(C,H,)*, and Co(CH)*. The wavelength dependence of the ligand labilization is examined
by utilizing mass-selected resonance enhanced multiphoton ionization spectroscopy. Both broad bands and sharp
lines are observed in the mass-selected excitation spectra. The action spectra obtained in the gas phase while
monitoring the cobalt ion follow the absorption onset found in solution. The changes in fragmentation pathways are
interpreted in terms of the initially accessed excited state.
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Photoionization of Gaseous CpCoCOD

containing compounds resulting in breaking of the relatively position of metal-containing fragments in mixed-ligand
weak metat-ligand bonds, the complete loss of the ligands, compounds. To search for such effects, we examined the
and formation of the bare metal ion. Photoionization of the gas phase photochemistry of a cobalt compound with two
parent compound is usually a minor process, if it is observed different hydrocarbon ligandg/-cycloocta-1,5-diene, COD,
at all, because fragmentation usually occurs before ionization.and #°-cyclopentadienyl, Cp, in the compound CpCoCOD.
Fragmentation of the coordinated ligand to produce smaller Molecules of this general type that contain both cyclopen-
coordinated fragments is not observed. tadiene and alkene ligands have been used as precursors for
Recent studies in our laboratory on volatile metal- conventional (thermally driven) chemical vapor depositiof?
containing CVD precursors showed that relatively stable CpM(CH,), (M = Rh and Ir) were used as precursors for
metal-containing photofragments can be produced by frag- the deposition of pure rhodium and iridium films using laser-
mentation of coordinated ligand$.3® When the desired assisted chemical vapor deposition (LCVD) methtidehe
deposit is a pure metal, ligand dissociation reactions leadingbidentate alkene ligand cycloocta-1,5-diene provides greater
to complete loss of the organic functionalities are desirable thermal stability thanj>-alkene molecules and was chosen
and metal species containing heteroatoms are undesirablefor this study of a mixed-ligand organometallic compound.
For example, photolysis of metal hexafluoroacetylacetonato In this paper we report three surprising features in the
compounds produces MF and MC diatomic fragm#&ris*° photofragmentation reactions of CpCoCOD that are uncom-
and photolysis of methyl vinyl ketone complexes produces mon in the photoreactions of organometallic compounds in
MO diatomic fragment8’ The heteroatom is undesirable the gas phase. First, significant amounts of the intact cation
because it can contaminate the metal deposit. On the othemare formed. Second, significant amounts of the monoligated
hand, diatomic fragment production may be desirable when complexes CoCOD and CoCp are produced and the relative
binary deposits are targeted. For example, metal amideamounts are wavelength dependent. The COD ligand (with
compounds produce MN diatomic fragments upon photolysis, the weakest metalligand bond) is always preferentially
a desirable path when the target is a MN film such as*iN. labilized as expected, but the relative amounts of the CoCOD
Our studies also show that the initially accessed excited stateand CoCp fragments change by 1 order of magnitude as the
plays a significant role in influencing the relative concentra- excitation wavelength is changed. Third, fragmentation of

tions of photoproducts. Studies on Pd(hfaz)d chromocene
show that the photoproduction of certain photofragments is

the ligands occurs while the ligands are still coordinated
giving rise to photoproducts containing fragments of the

correlated with the originally accessed excited state and is aoriginal ligand that remain coordinated to the metal.

function of both excitation wavelength and laser flueffce.
It is of interest to determine if there is a wavelength
dependence on relative ligand labilization and on the com-
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Experimental Section

1. Materials. CpCoCOD was prepared by literature metHdds
and purified by chromatography on neutral activated alumina with
hexane as the eluent.

2. Spectroscopy.The time-of-flight mass spectrometer was
constructed at UCLA on the basis of a design in the literatute.
The photoionization for mass spectroscopy is carried out in a
stainless steel cube (30 cm edge length) with quartz windows
evacuated to less than 10T orr with a 6 in. diffusion pump fitted
with a water-cooled baffle. The sample is sublimed at@%efore
it is seeded in He with a backing pressure of aboudtTdr. The
precursor is admitted to the high-vacuum chamber via a supersonic
jet. A General Valve series 9 high-speed solenoid valve (0.5 mm
orifice) sends a 0.2 ms pulse of the sample into the chamber to
intersect the incoming photons at °90An optical parametric
oscillator (OPOTEK) pumped by the third harmonic of a Nd:YAG
laser produces the photons within the 4BD0 nm range 20
mJ/pulse, 0.51 nm line width,~10 ns pulse width) used for
excitation. The beam diameter at the sample is about 1 mm. The
energy range is scanned with a stepping motor driven micrometer
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that tunes the crystal of the OPO. The wavelength of the OPO out- T
put is calibrated with a monochromator and a CCD detector. The
total experimental uncertainty in the reported photon energies is
+10 cmt.

The fragment ions are accelerated doav1l mflight tube by a
series of three stainless steel plates that have stainless steel mesh
across an open center. Acceleration plate voltages are 3000 V, 2100
V, and ground, respectively, in order from furthest to nearest the
detector. The flight tube is kept at 10Torr using a Varian V300HT
6 in. air-cooled turbomolecular pump, and ions are detected using
an 18 mm microchannel plate detector assembly. The detector
assembly is fitted with two Galileo MCP 18B plates with a;ari
channel diameter and a channel spacing of A5 The ion current
is processed using a computer-controlled RTD710 Tektronix 200
MHz dual-channel digitizer. A variable delay Stanford Research
Systems model SR250 gated integrator and boxcar averager module

is used for the wavelength dependence studies.

Photon emission spectra were obtained during photolysis of the Co”

title compound in an evacuated stainless steel six-way cross 5 100 150
spectroscopy cell fitted with quartz windows. The output of the m/z
Nd:YAG_ pumped OP_O is fOCUS_Ed into the center of the chamber. Figyre 1. Mass spectra resulting from photolysis of CpCoCOD in (a) the
The solid precursor is placed in the sample chamber and leakeduUV region at 266 nm and (b) the visible region at 421.5 nm. The heavy
into the deposition chamber with He as the carrier gas via a Teflon mass region is magnified to emphasize the formation of the oxidized intact
valve. The entire system is heated to the sublimation temperatureCPCOCOD moleculertiz = 232) and the monoligated fragments CdCp

f . h d heati h itted liah (m/z = 125) and CoCOD (n/z = 164). The most intense peakmatz =
_0 CpCoCOD using t_ ermos.tate eating tape. The _emltte '9_1 t59 corresponds to Co A list of the observed peaks and their relative
is collected by f/4 optics at right angles and directed into a Jobin- intensities is given in Table 1.
Yvon HR320 0.32 m single monochromator where it is dispersed
by a 600 gr/mm holographic grating and detected by a EG&G Table 1. Significant Mass Peaks Observed during Photoexcitation

. g : '

Princeton Applied Research OMA3 UV-intensified diode array of (y°-Cycloocta-1,5-diene)f-cyclopentadienyl)cobalt at 266 and

Ion Intensity (a.u.)

x3

a) 266 nm

\ \

Co(C;Hy)" |Co(CeHy) Co(CgHy)"

Co(C,H,)"
Co(Cp),”

CpCo”  Co(COD) CpCoCOD"

Ion Intensity (a.u.)

b) 421.5nm
T 1
200

250

421.5 nm
detector.
relative intensity
Results +ion 266 nm 421.5 nm
c 540 5
1. Mass Spectroscopy of CpCoCODMass spectra CHs 160 13
resulting from photofragmentation and ionization of CpCo- 82:3 gég ;218
COD under excitation in the ultraviolet region and in the oty 650 82
visible region from 410 to 500 nm are obtained. In general, Co saturated saturated
the mass signal arising from the cobalt iomalz 59 is the Cp 190 18
. . . Co(CH) trace trace
dominant peak in the mass spectra obtained at all wave- CeHs 69 5
lengths studied. The parent ion, CpCoCO@z 232), the Co(CHy) 26 47
two monoligated species Cofds)™ and CoCp, and other Gty 390 3
.. CO(C3H3) 40 58
metal-containing fragments such as CODGH{§)", (CsHs)- coD trace trace
Co(GHs)™, Co(GHe)*, Co(GH3)™, and Co(GHy)* are Co(CyHe) 29 2.6
observed in some spectra. The CgHig)* fragment will be gg&ﬁ’_'a 0 20
referred to as CoCODin this paper although three hydrogen CoCOD 14 26
atoms are lost and the exact structure is not known. The ggs:sggogéne; tlrice ltga(l)ce
P 5H5)C0 5,
molecular fragments can ur]d.ergo further fragmentatlon to (CeHoCo(GHY) 20 79
yield the groups of peaks arising from the ligand fragments (CsH3)CoCOD trace trace
CrHn (n = 1—8). Optimization of the signals from the less CpCoCOD 40 13

intense molecular fragments upon excitation in the UV region fragmentation of the Cp and COD ligands. A representative
leads to saturation of the signal from the dominant cobalt spectrum is shown in Figure 1a. Attempts to increase the
1oNS. _ - relative intensity of the heavier fragments result in saturation
Mass spectra obtained after excitation in the UV and of the Cd" signal. The most surprising observation is the
visible regions are shown in Figure 1. A list of the dominant formation of the mono"gated fragments Cotpnd Co-
peaks observed at each wavelength is presented in Table 1cOD* in addition to the molecular ion. The ratio of CoCp
Details about the mass spectra obtained at each of theyo the molecular ion is 2.5:1 while the ratio of CoCo
wavelengths studied are presented in the following sections.coCOD" is 7:1. Other metal-containing fragments such as
a. 266 nm Excitation. The mass spectra obtained at 266 CpCo(GHe)*, Co(GHs)™, CpCo(GHe)*, Co(GHe)™, Co-
nm are dominated by the signals arising from*Quovz 59) (CsH3)*, and Co(GH,)™ are observed. A magnification of
and the ligand fragments,B, (n = 1—8) resulting from the heavy mass region is shown in Figure 2.
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Figure 2. Mass spectrum illustrating the formation of coordinated ligand i
fragments resulting from fragmentation of a coordinated ligand with = V.
retention of coordinated fragments. CpCoCOD was photolyzed at 266 nm. =, 1.0 -
ED +
b. 308 and 355 nm Excitation.The mass spectra obtained A
at 308 and 355 nm are also dominated by signals arising 0.5 .
from Co' and the ligand fragments, but the number of heavy !/
ligand fragments and metal-containing fragments decreases 1|5 1'6 L S B LI S E B
dramatically and the number of smaller ligand fragments 516 LT 1819 20 15 16 17 18 19 20
increases compared to those observed under 266 excitation. log P log P
The only observed metal-containing fragment is CoGmd Figure 3. Power dependences for the production offGa (a) 266 nm,

no heavier fragments are observed. The CoGjgnal is 355 nM. (¢) 420 nm, and (d) 483.6 nm.

weak and can barely be observed above the level of the nois
n the mass spectrum observed at 355 nm when the Co signal and the signals due to the free ligands and their
signal has saturated the detector as a result of efforts tofragments.
maximize the mtens!ty of the fragments in the heavier mass 5 k| ence Dependence of Metal lon ProductionThe
region. The peaks arising from thetl, (n=1—-9) fragments  gtfacts of varying laser fluence on the overall yields of
are the most intense ligand fragment signals and are moresp,otofragmentation of CpCoCOD were studied at 266 nm,
intense relative to the me?al-cont_almng fragments tha_n they 355 nm, and several wavelengths in the visible region-log
are under 266 nm excitation. This type of fragmentation 0 |54 plots showing the power dependence of the cobalt ions
yield the bare metal ion and fragments of the ligand is typical at the wavelength regions studied are presented in Figure 3.
for metal-containing compounds. As the energy of the exciting photons is increased, the overall
c. Visible Excitation. The mass spectra obtained from photon dependence decreases. At 266 nm, there is an
excitation in the visible region between 410 and 500 nm are observed 0.6 photon dependence for the production of the
similar to those obtained at 266 nm. The mass spectrumcobalt ion. A three photon dependence is observed for
obtained at 421.5 nm is shown in Figure 1b. The metal ion formation of the cobalt ion in the visible region at 414.2,
dominates the spectra, and metal-containing fragments are420.4, and 432.2 nm. The photon dependence increases to
also observed. However, the relative intensities have changedB.4 at 447.2 nm and 4.3 at 483.6 nm. Due to saturation
significantly; the CoCp to molecular ion ratio increases to  effects, the actual number of photons involved may be
7.6:1 while the CoCpto CoCOD  ratio increases to 37:1  larger®
upon changing the excitation wavelength. This relative 3. Wavelength Dependence of Fragmentation of Cp-
increase in the amount of Co€po CoCOD' is observed CoCOD. a. Cobalt lon. The wavelength dependence of the
throughout the visible region. At wavelengths longer than production of the CoCpand Co fragments was further
460 nm, the mass spectrum is dominated by the Co investigated by monitoring the formation of these fragments
peak. as a function of the excitation wavelength. The variation of
The mass spectrum in the heavy mass region obtained aftef€ intensities of the molecular ion and CoCOagment
UV excitation at 266 nm is compared to that obtained after CUld not be observed above the level of the noise. The
visible excitation at 421.5 nm in Figure 1. Both spectra show (47) Gedanken, A.. Robin, M. B.; Kuebler, N. 4. Phys. Chem1982
the major metal-containing fragments and ligand fragments. 86, 4096-4107.

®rhe spectrum obtained in the UV is dominated by the Co
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in intensity of the CoCp excitation closely follows that of

the Co ion spectra but continues to increase to shorter
wavelengths (higher energies). However, the presence of
peaks on the underlying broad bands is now replaced with
sharp losses of intensity at energies corresponding to Co atom
resonances. It is difficult to observe these “dips” in the
CoCp' spectrum, but the double-headed arrows at 424 and
432 nm in Figure 4 label the most obvious occurrences.

4. Photoemission from Cobalt Atoms.The gas-phase
emission spectrum obtained by exciting CpCoCOD in the
UV in the presence of He carrier gas is dominated by a broad
band from 350 to 525 nm. Four sharp peaks are observed at
347.8, 353.8, 391.7, and 402.0 nm. No other sharp features
are observed in the region studied. The sharp peaks arise
from known atomic cobalt transitiot8 There are a plethora
of cobalt atom resonances at wavelengths greater than 400
nm, but they do not have reported intensities comparable to
the transitions observed and only appear as a broad unre-
solved feature in our spectra. No molecular emission or
emission due to free ligands is observed.

Discussion

The gas-phase photofragmentation reactions of CpCoCOD
exhibit three surprising features that are uncommon in the
reactions of organometallic compounds in the gas phase.

Figure 4d CF(;E'\SPI Spectrﬁ O(tjﬁained Ey monitoring the Cddpagrr(ljent " First, significant amounts of the intact cation are formed.
bonks n the Iower spestrim and arse fiom cebaltatornc absorption ines, USUlly fragmentation of organometallics occurs before
The arrows point to two representative pairs of peaks and dips. ionization; this rule of thumb is explained by the relatively
weak metat-ligand bond strengths (in comparison to those
of organic molecules where ionization frequently occurs
before fragmentatiorfy. Second, in the mixed-ligand Cp-
CoCOD compound, the relative amounts of Cp and COD
photodissociation are wavelength dependent. Third, frag-
mentation of the ligands occurs while the ligands are still
coordinated giving rise to photoproducts containing coordi-
nated fragments of the original ligand. Again, breaking
several carboncarbon bonds with retention of weaker

excitation spectra obtained while monitoring Co ion produc-
tion in the 416-500 range are shown in Figure 4. The mass
spectra obtained in this range show that @Gothe dominant
photoproduct. The baseline in the Cmtensity begins to
slowly increase starting at about 490 nm. There is a
noticeable increase in the Contensity at about 460 nm
before peaking at about 430 nm. The intensity of the Co
intensity reaches a minimum at 420 nm. The broad band
contains many sharp peaks corresponding to Co atommetal—ligand bonds is unexpected. These features are
resonances. The assignment of the sharp peaks as Co atofiscussed below.

resonances was C(_)nfirmed by gomparing the spectrum 1. Photoionization of the CpCoCOD Molecule.The
obtained by monlt(_)rmg Cbprod_uctl_on from CpC_oCOD 0 mass spectra obtained by exciting with 266 nm light and
the spectrum obtained by monitoring Cprodu_cuon from with light in the visible region from 410 to 500 nm are not
(PhG=CPh)Ce(CQ). The two spectra contain the same characteristic of those previously reported for related met-

sharp peaks. The most intense Co a_lto_m resonances occur aa{llocenes or other metal-containing compounds. Photoion-

424.0 gnd 432.0 nm and are within the experimental ization of CpCoCOD to form the intact molecular ionnafz

;’ ncerta_|[1t4y of rezgrted E’Ea't atom 'rgsoszlsmces due to the)3 js observed with both ultraviolet and visible excitation

Finz fg’z and*F72” =~ "Dy, transitions. . . in contrast to the extensive fragmentation that is usually
b' CoCp*. The exc_ltatl_on spectrum obtained w_h|le moni= ypserved from organometallic compounds. The intensity of

toring CoCpf prpductlon in the 418500 M range 1S sh_own the molecular ion peak relative to that of the most intense

at the top of Figure 4. The spectrum is much less 'mensefragment peak (from CoCy varies from 0.4:1 to 0.13:1

Ithan_thar: for C.:é’ e_lrnhd_ many obf tgle idnterestirrllg f]:aaturﬁs aLe when the excitation wavelength is changed from 266 to 421.5
ost in the noise. This Is probably due to the fact that the , ., ‘\yithin the visible region, this ratio varies from 0.4:1 to

signal arising from CoCpis much less intense than that 0.11:1. In the spectra with the best signal-to-noise ratio, a

arising from Cd. The most noticeable feature of the broadening of the molecular ion peak toward smaftéz

§pectrum_ is.the ggnerally broad band that begins to ,ShOW aNalues is observed. This broadening is caused by the added
increase in intensity starting at around 490 nm. The increase . ibution to the molecular ion signal from the species

4 . .
(48) Meggers, W. F.; Corliss, C. H.; Scribner, B. Fables of Spectral- CpCO(QHw) .In which the COD Ilgand_ has lost two Pmto”s-
Line IntensitiesNational Bureau of Standards: Washington, DC, 1975. No contribution from CpCo(gH11)™ is observed in the
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spectrum. Although the molecular ion is observed at shorter IP @ — CpCoCOD*
wavelengths in the visible region, it is not observed at the o )
. Extinction Coefficient -~ 0
longer wavelengths, possibly to decreased laser fluenceand """ " "¢ T Cp loss /C \
« X i

absorption cross section of the molecule at the longer
wavelengths. .
The vertical ionization energy of CpCoCOD is 6.96 #V, 0 hy C%ng_& =lz
corresponding to about 1.5 photons at 266 nm (4.67 eV/
photon) and almost 2.5 photons in the visible region between
410 and 500 nm (3:062.5 eV/photon). The average bond
disruption enthalpy for cobaltocene is only 1.58 ¥\ his

T T
350 300

T
400

Wavelength (nm)
o
&

w3 =
COD loss
L=

value was calculated for the homolytic loss of a Cp ligand ’ EL CoCp® 37
Cp2M(g) — 2Cp(g) + M(g). Assuming that the relative L g Cﬁg‘of T
M—Cp strengths are comparable in cobaltocene and CpCo- / nhv

COD, it is surprising that the absorption of multiple photons 20 -8

results in the photoionization of the intact molecule prior to =
ligand loss rather than metaligand bond cleavage. -8 do

As mentioned previously, photoionization studies of metal- /@\4‘
containing compounds have mainly resulted in the observa-
tion of the metal ion and only trace amounts of the molecular Figure 5. Schematic energy level diagram illustrating the states initially
. - O populated and the resulting fragmentation reactions. The electronic absorp-
ion. Recently, however, it was reported ,that phot0|on|zat|en tion spectrum is shown on the left, and thedland charge-transfer excited
of the intact chromocene molecule dominates fragmentationstates that correspond to the transitions are shown to its right. The change
to the bare metal ion at some wavelengthi the case of in the ratios of intensities of the CoCfCODCo" fragments are given

cobalt, the intensity of the CpCoCODnolecular ion never ~ mMediately under the sketches of the fragments.

approaches that of the cobalt ion, but the observation of the  Thase results suggest that although either the Cp or the
photoionized intact molecule shows that ionization prior to ~op ligand can be lost independently leading to formation
fragmentation does occur in these types of metal-containing 4t the corresponding molecular fragment, tbtative amount
compounds. o of loss has a significant wavelength dependence. For
2. Wavelength Dependence of the Phetodlssouatlon of example, the COD ligand is always lost to a greater extent
the Cp and COD Ligands. The monoligated fragments  han the Cp ligand at all wavelengths studied, but the relative
CoCp" and CoCOD result from the loss of the COD orthe  amount of loss is greatest under visible excitation. A possible
Cp ligand, respectively. (The fragment referred to as Co- explanation for the favored loss of COD at all excitation
COD" (m/z 164) corresponds to the Cafly) " fragmentand  yavelengths is based on the relative bond strengths: the Co
does not contain the intacg@:, COD ligand.) Itis possible,  gikene bond is weaker than the €06p bond and is most
but very unlikely, that this peak could contain contributions easily broken.
from the (GHs)Co(CGHa)™ fragment; the internal rearrange-  The change in theatio of Cp vs COD ligand loss can be
ments that occur in the COD ligand while still associated explained in terms of the molecular orbitals initially popu-
with the metal center will be discussed later. The COCp |ated as shown in Figure 5. The absorption spectrum of
(m/z 125) signal does not contain observable contributions CpCoCOD! consists of two é-d bands at 426 and 361 nm
from deprotonated fragments such asHgCo". and two charge-transfer bands at 303 and 276%Fhe mass
The loss of the individual COD and Cp ligands has a spectra result from excitation of the lowest and highest
dependence on the wavelength of excitation. Mass spectragnergy absorption bands at 426 and 270 nm. Absorption in
obtained in the visible region between 410 and 460 nm differ he visible corresponds to g,do d,, transitiorf* that causes
from those obtained in the UV with respect to the relative 3 decreased bonding interaction between the CoCp fragment
ratios of the photofragments. Generally, the metal-containing gnd the COD ligand (Figure 5§The d, and g, orbitals are
molecular fragments in which the cyclooctadiene ligand is |gpeled according to the coordinate system with steeis
still attached, such as CpCoCOD(CsH;)CoCOD', and  defined as the axis parallel to both the cyclopentadienyl ring
CoCOD', are more intense under UV excitation while those gnd the carborcarbon double bonds of the cyclooctadienyl
without the cyclooctadiene ligand such as Co@pe more  ing while they-axis is defined as the axis parallel to the Cp
intense under visible excitation. Both the total amounts and ring and perpendicular to the COD double bonds.) Excitation
the relative amounts of the molecular fragments change. Thegt 266 nm involves the highest energy CT band and the
CoCp' to molecular ion ratio increases from 2.5:1 t0 7.6:1 removal of an electron from a metdigand bonding orbital
while the CoCp:CoCOD" ratio increases from 7:1to 37:1 1o 3 Jigand-centered orbital that is not involved in bonding
in going from 266 nm excitation to visible wavelength o the metal. The greater amount of COD ligand loss using
excitation. visible excitation may thus be a result of the greater metal
COD bond weakening that occurs in the initially populated
d—d excited state.

oo ITT 2"
£
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An alternative explanation for the wavelength dependence, monitoring the CoCpion. The spectrum obtained monitor-
suggested by a reviewer, is based on energy deposition ining the CoCp fragment contains shafpssesof intensity
the molecule. Longer wavelengths may be more likely to at wavelengths corresponding to the sharp peaks in the Co
create photoexcited species near the threshold for ligand losspectrum that result from the Co atom resonances. This
and would favor the lower energy channel. The mass spectraprocess has been observed previously in our laboratory with
shown in Figure 1 are consistent with this explanation; the other metal®264052and can possibly be explained by (a)
multiphoton fragmentation is less complete at visible wave- inner filter effects that decrease the amount of photons
lengths. Because the lower energy excitation populatesavailable for CoCp ionization after the strong absorbance
metak-ligand antibonding orbitals which also favor the lower due to Co resonances or (b) neutralization of the CoCp
energy ligand loss channel as discussed above, the data déragments by electrons released from cobalt atoms upon
not differentiate between the possible explanations for this ionization3®
molecule. 4. Fragmentation of Coordinated Ligands. The intact

3. REMPI Spectra and the Wavelength Dependence  molecule CpCoCOD and the monoligated molecules CoCp
of the Formation of CoCp" and Co". To further character- and CoCOD undergo fragmentation of the remaining
ize the wavelength dependence of ligand photolabilization, coordinated ligand resulting in smaller metal-containing
the mass selected REMPI spectra were obtained by monitor-fragments. The precursor molecular ion can lose either the
ing the two most intense fragments, CdCand Ca. (In intact Cp ligand or the intact COD ligand to form a
the REMPI experiment, the intensity of the fragment is monoligated compound as discussed previously. Each of the
measured as a function of wavelength.) The spectra aremonoligated molecules undergoes fragmentation of the
shown in Figure 4. coordinated ligand to produce new coordinated ligands not

a. REMPI Spectrum of CoCp™. The excitation spectrum  present in the parent molecule such as GbigE", Co-
obtained by monitoring the variation in intensity of the (CsHg)", Co(GHs)*t, Co(GH2)", and Co(CH]J. In addition,
CoCp' fragment as a function of the excitation wavelength the COD ligand on the precursor molecule can undergo
is shown in Figure 4 (top). The spectrum shows an onset atfragmentation while the Cp ligand is still attached to produce
about 470 nm. The intensity constantly increases and reache$CsHs)Co(GHe) ™, (CsHs)Co(GHs) ™, and (GHs)Co(CGiHe) ™.
its maximum at the end of the scanning range of the The identities of the fragments and their intensities relative
instrument. The band contains a large number of sharpto that of CoCp (the most intense metal-containing molec-
features that are losses (rather than gains) in intensity. ular ion) are listed in Table 1. The fragments’ peaks are in

b. REMPI Spectrum of Co*. The excitation spectra some cases broadened due to contributions from ligands with
obtained by monitoring the Cointensity as a function of  various degrees of protonation; the listed fragments constitute
the excitation wavelength is shown in Figure 4 (bottom). the major component of each peak. A sequential pattern of
Weak features are observed between 500 and 530 nm. Thdragments is not a common photodecomposition pathway for
onset of the broad band at 470 nm is similar to that observedthese types of compounds. These processes are discussed
in the spectrum obtained by monitoring CoCghe broad further in the following sections.
band contains many superimposed sharp features corre- a. Fragmentation after COD Loss.Upon photoexcitation,
sponding to gains in intensity. the most important ligand loss process produces Cdif@m

The onset of the excitation spectra occurs at about the samdoss of the COD ligand. Surprisingly, the coordinategHC
energy as the onset of the solution phase absorption of thecan undergo fragmentation while still coordinated to the
molecule. This similarity suggests that the absorption of the cobalt, yielding smaller compounds such as Co(CH)o-
first photon involves the same excited state as that involved (CzHz)*, Co(GHs)*, and Co(GHe)™* (Figure 6). The path to
in the lowest energy solution absorption band. As discussedformation of these small fragments from the breakup of CoCp
in the previous section, the lowest energy state arises frommay occur via reduced hapticity of the Cp ligand. For
a d—d transition that weakens the €E€OD bond. example, excitation could produce ahtype coordination

c. Cobalt Atom ResonancesThe most significant features ~ between the Cp ligand and the metal center in which the
of the action spectra monitoring Care the sharp lines that  ring has slipped from the initiaj® type coordinatior¥* The
dominate the broad underlying structure. These sharp linescyclopentadienyl ligand with allyl type coordination could
are assigned to cobalt atomic absorption lines. To verify lose an ethylene leaving behind ahallyl group bound to
experimentally that these lines are caused by electronicthe metal. The three-carbon allyl-type ligand is the most
transitions in cobalt atoms, the REMPI spectrum of a abundant of these small fragments; the two-carbon ethylene-
different organometallic cobalt compound, (FaRCPh)Co- or acetylene-type ligand is the next most intense, and the
(CO), was measured. The sharp lines that were observedone-carbon carbyne type ligand and the four-carbon coor-
from this compound coincide with the sharp features dinated fragment are produced in only trace amounts
observed in the spectrum from CpCoCOD. The gas-phase(Table 1).
luminescence spectrum obtained form CpCoCOD contains b. Fragmentation after Cp Loss. After the Cp ligand is
luminescence bands from neutral cobalt atoms and providesphotodissociated, the coordinated COD ligand can undergo
independent verification that cobalt atoms are present. .

(52) Muraoka, P.; Byun, D.; Zink, J. . Am. Chem. So200Q 122 5670.

An interesting reSUl_t Cf"m be seen when C‘?mpa“”.g the (53) Wakatsuki, Y.; Yamazaki, H.; Kobayashi, T.; SugawaraQ¥ygano-
REMPI spectrum monitoring the Cdo that obtained while metallics1987, 6, 1191-1196.
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less could originate from fragmentation of CoCOD as
discussed above. The most intense of these peaks, the one
at m/z 189 indicating the formation of cobaltocene sKGz)-
Co(GHs)™, could be a result of a chemical reaction in the
sample chamber as CpCoCOD is heated prior to being
expelled through the pulsed nozzle assembly, but the
presence of the intact molecular ion CpCoCOD the
spectrum suggests that this process is minimal. The most
likely possibility is that it is a photoproduct resulting from
the fragmentation of the coordinated cyclooctadienyl ligand

of the intact molecule by expulsion of g @agment.
Figure 6. Fragmentation pathways of the Cp and COD ligands while
they are coordinated to cobalt. (A) Loss of the COD ligand leads to Summary
formation of the CpCo fragment; further fragmentation of the coordinated
Cp ligand leads to the species shown. (B) Loss of the Cp ligand leads to  The photofragmentation of CpCoCOD in the gas phase is

format_ion of the CoCOD fragm_ent; further fragmentation o_f the coordinated wavelength dependent. The peak due to @othe largest
COD ligand leads to the species shown. (C) Fragmentation of coordinated . o . .
COD bonded to the intact compound leads to the species shown. Cobal-Observed mass signal at all wavelengths of excitation studied,
tocene (Co(Cp)= CpCoGHs) is the dominant product in this fragmentation  but peaks arising from the parent ion as well as other metal-
pathway. containing molecular fragments are observed. Photoexcitation
fragmentation to yield smaller metal-containing molecular at 266 nm and in the visible region results in the surprising
ions. (In fact, the intact §,, is not observed after Cp  formation of CoCp and CoCOD in addition to the
dissociation; the major fragment containing the coordinated molecular ion. Metal-containing fragments such as CpCo-
COD ligand is Co(GHo)*.) The most surprising small  (CgHe)™, Co(GHs)™, CpCo(GHe)™, Co(GHe)*, Co(GHa)™,
fragment that is formed from CoCOD is Caf)*. The and Co(GHy)* are also observed. Intramolecular fragmenta-
six-carbon Co(@He)* can only result from fragmentation  tion of the monoligated fragments CoCpnd CoCOD as
of the eight-carbon CoCODand probably involves loss of  well as COD fragmentation without loss of the Cp ligand
ethylene. Itis likely that some of the five-carbon Celffg) " results in the formation of new coordinated ligands.
results from loss of allene, but the majority of this fragment ~ The appearance ratios of these larger fragments are highly
probably originates from COD dissociation. The heaviest dependent on the wavelength of excitation and initially
fragment, Co(@H-)", is not observed in our studies. All of accessed excited state. The relative ratios of non-COD-
the possible smaller fragments are produced including Co- containing fragments to COD-containing fragments increases
(C4He)*, Co(GH3)*, Co(GHy)", and Co(CHJ. However, as the wavelength is changed from excitation of the charge-
these fragments could also originate from fragmentation of transfer band in the UV to excitation of the lowest energy
coordinated Cp as discussed above. d—d band in the visible. The CoCpo molecular ion ratio
The formation of metal-containing fragments with ligands increases from 2.5:1 to 7.6:1 as the excitation is changed
containing less than four carbons is probably a result of from 266 to 421.5 nm while the CoCgo CoCOD' ratio
fragmentation after COD ligand loss. The metlijand bond increases from 7:1 to 37:1. Within the visible region, the
strength is smallest for the cobal£OD ligand, and thus, = CoCp'" to molecular ion ratio varies from 2.5:1 to 9.1:1. This
COD dissociation occurs readily. As discussed in section 2, wavelength dependence can be explained in terms of bonding
the CoCp ion is the dominant metal-containing fragment changes in the initially populated excited state and is
at all wavelengths. There is precedent for formation of attributed to an overall decrease in the bonding interaction
coordinated gand G fragments from coordinated Cp. The between the CoCp fragment and the COD ligand. The
photofragmentation of chromocence, Cr(&pproduced REMPI spectrum of Coshows sharp peaks at wavelengths
Cr(C,) Cr(Gg), and CpCr(G) fragments® at which sharp losses of intensity are observed in the REMPI
c. Fragmentation of COD without Loss of the Cp spectrum obtained monitoring Co€prhe sharp peaks are
Ligand. When both the Cp and COD ligands remain assigned as Co atom transitions while the sharp losses in
coordinated to the metal center, only the COD ligand intensity can be attributed to inner filter effects or electron
undergoes fragmentation. The CpCgifig)*t, CpCo(GHs)™, capture mechanisms.
and CpCo(GHg)™ fragments are observed (Figure 6). The
formation of CpCo(GHe)* is the strongest proof that the
COD ligand coordinated to the intact parent molecule . . .
undergoes fragmentation while coordinated and leaves behind’’® thank DT- Alf Bacher and Andy Cerin for assistance with
coordinated fragments. (No CpCgCspecies is observed.) the synthesis of CpCoCOD.
The fragments with a total carbon atom count of eight or 1C0300518
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