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Energy Disposal in the Photodissociation of Co(CGNO near 225 nm

Jeffrey A. Bartz,” Tyson O. Friday, Brian R. Goodman, Steven E. Kooi, Richard G. Blair, and
William F. Polik*

Department of Chemistry, Hope College, Holland, Michigan 49423
Receied: July 16, 1998; In Final Form: October 20, 1998

The photodissociation of Co(CEJO was studied near 225 nm. Apparent two-photon dissociation of the
parent compound produces Co* in a number of excited states that emit in the range-&6840m. Both

quartet and doublet states of Co* are observed, implying the existence of spin-conserving and nonspin-
conserving dissociation channels. Assignment of the Co* emission is used to calculate an upper limit for the

average metatligand bond dissociation energy of 36.28.6 kcal/mol with no spin-conservation restrictions
and 41.2-43.9 kcal/mol with spin-conservation restrictions. The Co* emission intensities are used to determine
the relative populations of particuldrand spin states and to demonstrate thsifates within a particular LS
configuration are statistically populated. The NO photoproduct was detected by fluorescence excitation
spectroscopy. The NO appears to follow dual Boltzmann statistics with rotational temperaturestof7830
K for Ert < 500 cntt and 2800+ 300 K for E;ot > 500 cnmt,

I. Introduction This contribution uses dispersed fluorescence (DF) and

The photodissociation dynamics of organometallic compounds fluorescence excitation (FE) spectroscopies to study an apparent
provide information about coordinatively unsaturated intermedi- WWO-photon photodissociation of Co(CNO near 225 nm. DF
ates. These unsaturated intermediates are important in catalysi¥/as Used to determine the nascent Co* product distribution
and are also becoming increasingly important in material following the multiphoton dissociation of Co(CEO. FE
deposition processes. Herein we describe an investigation ofPermitted the determination of the NO photoproduct rotational

the emission spectroscopy, both by fluorescence excitation andeNergies.
dispersed fluorescence detection, of the products from the gas- Several authors have used DF to detect metals or FE to detect

phase photodissociation of tricarbonylnitrosylcobalt, Co- igand photofragment.t” For example, one of the earliest
(COXNO. reports of gas-phase organometallic chemlstry was that of Karny
Co(COYNO has been studied previously. Zink and co- etal. in WhICh they observed metal emission from several metal-
workers performed gas-phase photochemical experiments tha€ontaining compounds by DFLater reports used the DF
revealed that the GeNO bond bends after Co(CEJO is technlque to undgrstand the bonding mteraptmns and photodis-
excited near 400 ntRayner et al. found that 248-nm photolysis S0ciation dynamics of many organometallic compoutds.
of Co(COYNO generates CoCO as a one-photon dissociation FE has bee_n use_d to investigate Ilgand_s, such as CO, following
product using transient infrared spectroscapyang et al. have  the photodissociation of organometallic comple¥es: For
more recently studied the photodissociation of Co(b@) at e_xam_ple, Schlenker et a!. used FE tp determine the rptatlonal,
355 and 266 nm by transient infrared spectroscopy their V|brat|9nal, 'ar}d transllat|onal energies of CO following the
analysis, one-photon photodissociation of Co(\®) at 266 phot_odlssoma_tlon of Ni(CQy* Other metal carbonyls have been
nm produces Co(C@pnd other products. Wight and co-workers  Studied by this methotf: 20
have studied the photofragments from the photodissociation of . .
Co(COYNO by resonance-enhanced multiphoton ionization !l EXPerimental Section
(REMPI):*"¢ Near 225 nm, they found two temperatures inthe  Co(CO}NO (Strem Chemicals) was stored in a freezer or in
NO photofragment rotation, 450 and 1400*ka the 450-nm liquid nitrogen between experiments. The compound was
spectral region, Wight observed that the NO rotational distribu- purified by three freezepump—thaw cycles before use. A neat
tion from the photodissociation of Co(C§NO displays anon-  Co(COjNO sample was introduced into the experimental
Boltzmann character, which was interpreted as NO dissociating apparatus by room-temperature vacuum transfer. NO (Matheson)
via an impulsive mechanisfnFurther REMPI experiments  was used without further purification.

investigating the bare Co atom following photodissocidtion Figure 1 schematically represents the experimental setup. The
found that the Co product distribution depended on the size of neat Co(CONO sample flowed into a pulsed nozzle (General
a substituted ligand and the laser power near 450 hieliner Valve Series 9) with a 0.030-in. orifice. The pulsed nozzle was

et al. have studied the vacuum UV photodissociation of Fe- driven by a 20Q:s, 180-V pulse that admitted a 6@8-pulse
(CO), Ni(CO)s, and Co(COINO by observing the emission  of gas into the vacuum chamber. The chamber was pumped by
of excited metal atom%They used these data to estimate the a 6-in. diffusion pump (Edwards Diffstak 160) backed by a 10
total bond dissociation energies in each of the compounds. /s roughing pump.

*To whom correspondence should be addressed. E-mail: polik@hope.edu. The laser light was prpduced by an exumer-pumped dye Ia§er
tPresent address: Department of Chemistry, Kalamazoo College, System (Lambda Physik EMG 10]_-“:'-2001) using Coumarin
Kalamazoo, Ml 49006-3295. E-mail: jbartz@kzoo.edu. 440. The dye output was doubled in a BBO crystal (Quantum
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Figure 1. Experimental layout for dispersed fluorescence and fluo- RV, 'wJ a'f, = 2'D,,
rescence excitation studies of Co(GRp. 4 52 7,22 o 7 wnsp 7
bF e z°F,
Technology), and 4670 uJ of doubled light was separated from
the fundamental by two 8Qyuartz prisms. The 10-ns pulses of
laser light were approximately 2-mm square and remained
unfocused in these experiments. The energy density was
approximately 0.40.8 mJ/cri. The laser power was monitored SVl Wi Sund 1Y VTV

29000 29500

with a pyroelectric detector (Molectron J4-09) connected to an 27500'

energy meter (Molectron J1000).

Dispersed fluorescence spectra were recorded by fixing the
laser wavelength, collecting the fluorescence with a 12-in. focal Figure 2. Nascent Co_* disper_sed fluorescence emission spectrum from
length (fl) quartz lens, directing the fluorescence through light the 221.5-nm photodissociation of Co(GRJ.
baffles with a pair of mirrors, and imaging the fluorescence with
a 8-in. fl quartz lens into a 1.25-m monochromator (Spex
1250M) with a 2400 grooves/mm grating. The heights of the 9
entrance and exit slits were 1 cm, and the widths wereita5

28000 28500

Emission Wavenumber (cm'1)

slope = 2.08 + 0.26

The dispersed fluorescence was detected with a photomultiplier ? sl
tube (PMT) (Thorn EMI 99540QB) mounted behind the exit slit 2
of the monochromator. The fluorescence signal from the PMT &
was averaged by a gated integrator with a 30-ns delay anda - 7|
150-ns width. The total fluorescence and laser power were Q
simultaneously measured. £

6

Fluorescence excitation was monitored with a PMT (Thorn
EMI 99540B) situated at right angles to both the laser and
molecular beam axes. A 30-nm band-pass filter (Janos XB02)
was used to remove spontaneous fluorescence from Co atoms
(section Ill.B). The induced NO fluorescence signal was In(laser power)
averaged with a gated integrator (Stanford Research SysteMsrigyre 3. Power dependence of Co* product fluorescence from the
SR250), digitized (Keithley Metrabyte DAS8-PGA), and stored 221.5-nm photodissociation of Co(CMO. The line is a linear least-
on a 486 computer. The gate widths were typically 150 ns and squares fit to the data with a slope of 2.880.26, implying that two
delayed 100 ns after the laser pulse. Additional gated integrators,photons are required to fully dissociate Co(QXIp.
with 15—-50-ns delays and XR0-ns gate widths, were used to
identify induced fluorescence from Co atomic lines (section
I11.B). Another gated integrator averaged the output of the laser
energy monitor, which was digitized and stored along with the
signals.

Lifetime measurements of several spectral features (section

111.B) were determined by recording the fluorescence with a A P
digital oscilloscope (Tektronix TDS540) interfaced to the 486 intense feature in Figure &/Fo;— Z'Gyy2at 346.580 nm. The
slope of the log-log plot indicates a power dependence of 2.08

computer. The fluorescence signal was averaged for 100 shots, : : . .
digitized, and stored. The lifetimes were determined by fitting + 0.26, implying that this feature arises from a two-photon

the decays to a single exponential on a Macintosh computer P"¢€SS: o
using IG(%R (Wavel\%etricss) P B. Fluorescence Excitation Spectrum of NOBecause the

most intense feature in the emission spectrum following the
photodissociation of Co(C@YO arises from the spontaneous
emission from nascent Co* atoms around 3860 nm, a 30-

A. Dispersed Fluorescence Spectrum of Nascent Cdhe nm band-pass filter centered at 250 nm was used to block
dominant fluorescence feature following the photodissociation spontaneous Co* emission and transmit the induced NO

6.5 7.0 7.5

of Co(CO}NO is emission from the nascent Co* states produced
by multiphoton dissociation of the parent compound. A DF
spectrum of Co* emission following 221.5-nm photodissociation
appears in Figure 2. The assignments for the observed transitions
also appear in Figure 2 and are discussed in section IV.A. Figure
3 contains a power-dependence determination for the most

I1l. Results
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Figure 4. Dispersed fluorescence of room-temperature NO (solid line). Figure 6. (a) Fluorescence excitation spectrum of pure NO at room
The transmission curve of the band-pass filter used to record fluores- temperature and (b) calculated fluorescence excitation spectrum NO
cence excitation spectra of NO while discriminating against emission at 295 K.
from nascent Co* atoms around 34860 nm in these experiments is

overlaid (dashed line).
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Figure 5. Comparison of intensity of features in the fluorescence dissociation of Co(CQNO. The photolysis and excitation occur in the
excitation spectrum following the photodissocation of Co(§NQ) as same laser pulse; thus, the wavelength for each process is the same.

a function of gated integrator delay and gate w_idth. The upper data (a)
have a 15-ns gate delay and a 20-ns gate width. The lower data (b)emjssion features, highlighted by asterisks, were determined.

have a 100-ns gate delay and a 150-ns gate width. Lifetime measure-rnaq Jifetime average for the Co feat in th
t ded of peak red with asterisks. _ ge for the Co features in the upper spectrum
Ments were recorced of peaks marked with asiensks is 12.3+ 4.8 ns. In comparison, the lifetime average for the
fluorescence. Figure 4 shows the transmission curve of the 30-N§Je§;j6:eséﬂgcvztljovtvﬁg spé?gg:ﬂl; 13& ?}.\?a?if).nAolfot?l-gsN o
nm band-pass filter superimposed on the- dispersed fluorescenc eatures inythe FEs ectrulrjn relatively unobscured by the short-
spectrum of room-temperature NO excited at 226.17 nm via lived Co features P ’ y Y
the Rx(4.5) transition. : )
Induced fluorescence from the direct laser excitation of Co F_The room{:?mperature FE spectrum of ;I)_ure NOhappez_ars_ n
atoms, following the complete dissociation of all of the ligands | \gure _6a. cljs sper::trukm r:/vas ‘f.ffd tof calbrlat? t 3 emission
from Co(COYNO, overlaps with the induced fluorescence of Intggts;ﬁlr?;Z;nThtoN%?:CE the \t’a' ity o alcal ctu gtf mONFg
NO in the FE spectrum. These induced Co emissions have much®P e ,,i spectrum was cajcuiated for fne
shorter lifetimes than the induced NO fluorescence. Figure 5 A(¥"=0) = X(v"=0) transition at 295 K and appears in Figure

shows a comparison of the fluorescence detected by different™"" ) _
gating schemes. In the upper spectrum, Figure 5a, the gate delay Figure 7 contains the FE spectrum of NO following the

was 15 ns and the gate width was 20 ns. In the lower spectrum,photodissociation of Co(C@NO. Because this is a one-laser
Figure 5b, the gate delay was 100 ns and the gate width wasexperiment, the wavelengths used for photodissociation and FE
150 ns. Comparison of the two spectra gives an indication of of NO are the same. This spectrum is normalized to the apparent
the lifetimes of the dominant features within each spectrum. laser power dependence. Figure 8 shows a laser-power-
Large features in the top spectrum arise from species with dependence determination for NO FE, which indicates a power
shorter emission lifetimes, relative to the lifetimes of features dependence of 1.8& 0.05. Power dependences of the NO
in the bottom spectrum. DF experiments confirmed that the signal varied from 1.6 to 1.9, suggesting a partial saturation of
short-lived induced fluorescence came from laser-excited Co one or both of the excitation steps. At 225 nm, the absorption
atoms and the long-lived fluorescence came from NO FE. The cross section of Co(C@)O (o ~ 10716 cn?)?! is 3 orders of
induced fluorescence of Co atoms appeared between 220 andnagnitude larger than NQy(~ 1071° cn?).?* Because of the
300 nm, at a higher photon energy than the spontaneousdifferences in absorption cross sections, the photodissociation
fluorescence of the nascent Co* photoproducts, which appearedstep will be more likely to saturate as compared to the
between 340 and 360 nm. The emission lifetimes of certain fluorescence excitation of NO.
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photodissociation/REMPI experiments with Co(GQIPRs)xNO
(x =0 or 1, R= CHjs, n-C3H7, or n-C4Hg) near 450 nm have
revealed that at low laser powers or with large R groups, doublet
states of Co are producéd?Because the parent molecules are
all singlets, the CO ligands are singlets, and the NO is a doublet,
spin is conserved in the dissociation when the Co product is in
a doublet state. However, Armentrout and Wight found that spin
is not conserved at higher photon flux, as the excited molecule
is able to access higher energy, nonspin-conserving dissociation
channels to produce Co products in quartet states. They
suggested that the higher photon flux increases the photon
= | 1 \ | | absorption rate, relative to the photodissociation rate, and results
6.0 6.5 7.0 75 8.0 85 in more photons absorbed and a higher internal energy within
the molecule and its fragments. The 221.5-nm photolysis here
In(laser power) provides further evidence for the failure of spin conservation

Figure 8. Power dependence of NO fluorescence excitation following at higher internal energies. The 221.5-nm photons, with ap-
the photodissociation of Co(CE@JO. The line is a linear least-squares proximately twice the energy per photon than the 445-nm
fit with a slope of 1.88k 0.05, implying that Co(CQNO absorbs one - yhntons used by Armentrout and Wight, supply a total photon
photon to dissociate NO and then NO absorbs a second photon in the . >

oo energy that is at least 97.6 kcal higher than the threshold
fluorescence excitation step. ) . . . . . X

adiabatic BDE, as discussed in section 1V.B below. With this

high amount of excess internal energy, the dissociating frag-

slope = 1.88 + 0.05

In(NO FE signal)
~
|

E O z 4FJ. 4 ments are able to cross from a low-spin doublet to a high-spin

] A 2% quartet dissociation channel.

5 J é B. Bond Dissociation Energy from Emission Wavelengths.

n\; One of the pieces of information revealed by the analysis of

3 o the DF spectrum is an upper limit for the sum of the metal

5 ligand bond dissociation energies (BDEs). The sum of the BDEs

£ e in Co(COXNO is related to the energy difference between the

L5 8 photons absorbed by the complex and those emitted by the Co*

s atom. From power-dependence measurements, there is an

o A | | | | | i apparent two-photon power dependence for the complete
o ; > 3 4 5 photodissociation of Co(CGNO to produce the nascent Co*

product (Figure 3). Analysis of the emission frequencies from
J Co* allows the determination of the excited states and energy
Figure 9. Relative populations of nascent Co* atoms determined by €Vels of the nascent metal product. Two 221.5-nm photons

comparison of the fluorescence intensities normalized by the emission deliver 258.2 kcal/mol to Co(C@)O, and the highest excited
probability. The linear dependence arises from statistical population state assigned in Figure 2y&s, at 36 300 crm? (103.8 kcal/

of the 2’ + 1 degenerate LS states. mol). The difference between these two values, 154.4 kcal/mol,
_ _ represents the energy available for the dissociation of the three
IV. Discussion Co—CO bonds and one GeNO bond in Co(CONO and

A. Co* Product Assignments. The DF spectrum of the corresponds to an average adiabatic bond dissociation energy
nascent Co* population permits assignment of 47 atomic of 38.6 kcal/mol. It is significant that a higher energy state does

transitions®® These assignments, grouped into 16 different NOt @ppear in the spectrum. Specifically, thi# o, — x'Dz/>
progressions between the excited and ground states, appear iffansition, at 36 166 cnt (2764.19 A), is absent from the
Figure 2. Many of the features in the DF spectrum result from dispersed fluorescence spectrum of the nascent Co* product,
the overlap of more than one transition. A plot of In(emission glthough quartet-to-quartet tran_s.mons have thg highest |n'FenS|ty
intensity/degeneracy) versus upper state energy for the nasceni? the DF spectrum. This transition, however, is present in the
Co* product populations did not yield a distribution that could Photodissociation of Co(CG)O at higher total photon ener-
be fitted by a single line, which would correspond to a 9ies® There is not enough energy in two 221.5-nm photons to
Boltzmann temperature. However, an analysis of the relative dissociate Co(CQNO and produce Co* in th&'D-, state at
populations of the’G andzF excited states, in which multiple 39 649 cn1* (113.4 keal/mol), although there is sufficient energy
emission features were observed that were not overlapped witht0 produce the/?Fs; at 36 300 cm*. Thus, the average bond
other transitionS, reveals a linear dependence]_migure 9 dissociation energy cannot be any smaller than 36.2 kcal/mol.
shows that these relative populations are fully consistent with Such an estimate of the adiabatic BDE neglects the internal
the 2 + 1 degeneracy of a given state and implies a statistical €nergy of the photodissociated ligands and their translational
population of the nascent Co* photoprodudevels within a ~ energy, and it does not assume spin conservation during
particu|ar LS state. dissociation of CO(CQNO

It is readily apparent in Figure 2 that the relative populations ~ Spin conservation is an important consideration in defining
of excited quartet states are much higher than the doublet statesnetal-ligand bond dissociation energies. Fenske and Jensen
in the nascent Co* product distribution. Spin conservation during assign the ground state of Co(GRP as a singlet! When the
the dissociation or formation of organometallic compounds has ligands dissociate, the three CO ligands will exit in singlet states
been an important questiéii®28 Depending on the ligands and  and NO in a doublet state if spin is conserved. Thus, the bare
metal, spin changes provide alternate pathways for successiveCo atom from the dissociation of Co(CSNO should appear
additions or subtractions of ligands. Armentrout and Wight's in a doublet state. Since the lowest energy doublet sadfe/4)
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TABLE 1: Average Metal —Ligand Bond Dissociation
Energies (M—L BDEs) in kcal/mol =

compd products total BDE  av BDE ref

Co(CO}NO Co+ 3CO+ NO 144.8-154.4 36.2-38.6 this work
Co(COYNO Co+ 3CO+ NO 164.6-175.7 41.2-43.9 this work
Fe(COy  Fe+5CO 133+22  26.6+4.5 28
Ni(CO),  Ni+4CO 137.4£ 85 34.4+2.1 27
Co(CORNO Co+ 3CO+ NO 148-175 3744 &
Co(COYNO CoCO+ 2CO+NO 115 38 2
Co(COYNO Co(CO}+ CO+ NO 107 54 3

R
Ry,
Qpo+Ry
Q,1+P
Qq+Ry;
Q;1+Py;

X
f
<«>oxNIHE

a Adiabatic dissociation to Ca*Fg,. P Diabatic dissociation to Co
aFp,. © Adiabatic dissociation.

in Co is 7442.41 cm! above the ground state of Ca*Fgy),

the spin-conserving diabatic BDE is 21.3 kcal/mol greater than

the adiabatic BDE. Thus, the average diabatic BDE in Co-

(CORNO is 41.2-43.9 kcal/mol. Table 1 summarizes these w A 4,

calculations. This estimate is an upper limit for the BDEs w W V gy

because it neglects the internal and translational energies of the | ) 1 L ] 1 Y

photodissociated ligands. 0 1000 2000 3000
The average adiabatic BDE in Co(CGOD determined here ) 1

is larger than that average MCO BDE for two first-row Rotational Energy (cm')

transition-metal carbonyls, Fe(C£3nd Ni(CO), as determined Figure 10. Boltzmann plots of NO fluorescence excitation from the

by collisionally induced dissociatiotf:28In this case, it is likely photodissociation of Co(CGNO, separated by branch.

because the BDE of a linear metatitrosyl bond, as is found

in Co(COXNO, is larger than the BDE of a metatarbonyl + R Ria, Pot, Qo1 4 Poa Qoo + Rey, and Ry, from the 12

bond®? The estimate of the average adiabatic BDE found in allowed transitions. T_vv_o of the b_r_ancheslﬂand Py) were

these experiments (36-38.6 kcal/mol) is significantly narrower not fesolvable into individual transitions, so thosg do not appear

than the range of possible values for average BDEs determined" Figure 10. A two-temperature fit to the datall gives rotational

by Hellner et al. from the vacuum UV photolysis of Co(GOD temperatures of 58& 70 lK for Eror < 50.0 cm _and 2800+

(36.9-43.7 kcallmolg Rayner et af find that a one-photon 300 K for Eror > 500 cm™ for the two distributions.

photolysis of Co(CONO at 248 nm forms CoCO. This .A. second temperature detgrmlnatlon was performed to

indicates that the average adiabatic met@jand BDEs for the el!mmate any questions regarqhng saturation or .prOdUCt state

dissociation of two carbonyls and the nitrosyl is 38 kcal/mol. alignment effects in the_ an_al;_/5|s of the branches in the NO .FE

However, Wang et @argue that 248- and 266-nm photolyses spectrum. In an analysis similar to that described by Georgiou

of Co(CO}NO form Co(CO), citing the work of Hellner et and V\'/ight‘}’34 two spectra arising from the same laser and
al® and suggesting that 248-nm photolysis to form CoCO detection parameters are compared, the NO FE spectrum from

provides little excess energy for the photoproducts. Their revisedthe photodissociation of Co(C@JO and the room-temperature .
assignment of the primary one-photon product would raise the NO FE spectrum. The room-temperature NO FE. spectrum Is
sum of the adiabatic BDE of one €€0 bond and the Co a}ssumed to follow Boltzmann.stgtsncs. The rota}nonal popula-
NO bond to 107 kcal/mol and the average BDE for these two tion of NO in the photodissociation experiment is determined
bonds to 54 kcal/mol. More experimental work investigating °Y
the primary photodissociation products and their internal energy E | E
distributions is required to resolve the differences in these data. N(J,T) = (2J+ 1) exp(— —'0‘) = (—,)(23 +1) ex;(— ;"‘)
C. NO Rotational Energy Distribution. The NO FE KT ' kT
spectrum was analyzed by constructing Boltzmann plots of the (2)
peak intensities. The integrated intensity of a transition is

A‘A Aa

In(NO FE Intensity/Honl-London Factor)
['C

wherel is the NO FE intensity of a feature in the photodisso-
E.ot ciation experiment|’ is the intensity of the line in the room-
I = Sexp(— ﬁ) ) temperature NO FE spectrurd,is the rotational level in the
ground state]” is assumed to be 295 K for the room-temperature
wherel is the intensity of the transitiorgis the Homl—London sample, andN(J,T) is the adjusted population. Normalizing the
factor, Eiot is the ground-state rotational energy,is the photodissociation spectrum by the room-temperature NO FE
temperature, and is the Boltzmann constant. A linear fit to  spectrum removes modest saturation or product-state alignment
the plot of the natural logarithm divided by the iKe-London effects. A plot similar to Figure 10, for the adjusted population,
factor? for that transitionS, versus the ground-state rotational yields rotational temperatures of the NO photoproducts of 570
energy,E, Yields a slope that is inversely proportional to the 4= 40 K for E;o < 500 cnT! and 26004 800 K for Erot > 500
temperature multiplied by the Boltzmann constant. Analysis of cm™1, which agree with the separate Boltzmann determination
the experimental data in Figure 6a, a room-temperature NO above.

sample, results in a fitted temperature of 295 K and validates These data are not fit well by a single line. A possible
the methodology of using spectral intensities for determining explanation is that there are two separate NO rotational
rotational temperatures. distributions resulting from two separate photodissociation

Figure 10 contains Boltzmann plots of the ground-state mechanisms. The apparent two-photon power dependence in
energies of the NO photoproduct from the photodissociation of Figure 8 suggests that the photodissociation mechanism begins
Co(COXNO, separated by branch. Due to degeneracies, thewith the absorption of one photon. The excited molecule then
spectrum separates into 8 distinct branches, @1 + P12, Q12 dissociates by two different pathways, each producing NO that
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