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Abstract

We prove the hitherto hypothesized sequential dissociation of Fe(CO)s in the gas phase upon
photoexcitation at 266 nm via a singlet pathway with time-resolved valence and core-level
photoelectron spectroscopy at an x-ray free-electron laser. Valence photoelectron spectra

are used to identify free CO molecules and to determine the tim( stants of step-wise
dissociation to Fe(CO), within the temporal resolution of the éxpesimentsand further to
Fe(CO)s within 3 ps. Fe 3p core-level photoelectron spectra §V~Je\flect the singlet spin
state of the Fe center in Fe(CO)s, Fe(CO)s;, and Fe(CO)5 showing that the dissociation
exclusively occurs along a singlet pathway without tri e,t-\sg\w:o\nﬁibution. Our results are
important for assessing intra- and intermolecutlar ré)axation processes in the
photodissociation dynamics of the prototypical@o)aj:o plex in the gas phase and in

solution and they establish time-resolved c —IevﬂL hotoelectron spectroscopy as a

powerful tool for determining the mwty oft transition metals in photochemical
reactions of coordination complexes.
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Publlshlng The photochemistry of metal carbonyls has been the subject of numerous investigations

and Fe(CO)s has always occupied a prominent role as a prototypical benchmark case for
organometallic photoreactions®. To date, the photo-induced dissociation of metal carbonyls®
>, specifically Fe(CO)s*™°, has attracted great interest. In the quest for understanding what
determines reactivity in organometallic photoreactions, it appears essential to understand
how intra- and inter-molecular relaxation processes interplay as« both determine

311 Contrasting photodissociation of Fe(CO)s in the gas phase and

photochemical reactivity
in solution thus helps understanding how fundamental processes of bend dissociation and
formation, intersystem crossing and vibrational relaxatiofsin sglution influence the excited-

state dynamics of the reactive intermediates on fsfto ps time scales'” **

. Owing to its
reduced complexity and the missing solute-solvent.intéractions, gas-phase Fe(CO)s can be
regarded as a reference case and the question,oceurs-about how well we actually know this

reference.

As summarized by Poliakoff and Turner(in2001*, the loss of multiple CO molecules upon UV
photolysis of gas-phase Fe(CO)s (sifiglet ground state) has been established early on® * ¢
while the time scale of photodisgociatien remained unknown as well as whether dissociation
proceeded sequentially orgsynchrongusly. Similarly, the multiplicity of the transient
intermediates Fe(CO); and Fe(€Q); remained elusive. The ground states of Fe(CO), and

1617 The triplet ground state of gas-

Fe(CO)s in rare-gas matricesywere found to be triplets
phase Fe(CO), waé confirmed theoretically*®*?° hence suggesting a triplet pathway from
excited singlet-state«Fe(CQJs to triplet-state Fe(CO),4 via intersystem crossinglg. In a seminal
investigation of gas-phase photodissociation of Fe(CO)s upon excitation at 266 nm with
femtosecond-resolution optical ionization experiments®, Fuss and co-workers accurately
measdred gime“eonstants ranging from tens of fs to few ps albeit without the ability to
ugiquely assigh species. They further assumed that intersystem crossing could not occur on
such_short time scales and thus proposed a sequential singlet pathway. Dissociation was
propésed to proceed from excited singlet-state Fe(CO)s to excited singlet-state Fe(CO)4 (A1)
within less than 100 fs with subsequent dissociation of a second CO to Fe(CO); with a time
constant of 3.3 ps?’. Singlet-state Fe(CO), in the gas phase was indeed detected with time-

resolved electron diffraction by lhee, Zewail and co-workers®* but their temporal resolution

was limited to 10-20 ps and excitation was indirect with two-photon absorption at 620 nm.
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Publishing An experimental proof for sequential Fe(CO)s photodissociation in the gas phase is hence

still missing. This is essential as successive dissociation motivates designing strategies to
stabilize the reactive intermediate Fe(CO); for subsequent reactions. Furthermore,
experimental verification of singlet-state Fe(CO)4 at short time scales of 1 ps or less and thus
validation or disproval of the proposed singlet* or triplet pathway™ 45 still missing. This is
important because the triplet ground state of Fe(CO), was detected ‘in_solution” ® thus
indicating a corresponding reaction barrier®. The incompleté«knowledge of gas-phase
Fe(CO)s photodissociation is largely due to limitations of currently, established experimental
techniques. These limitations are overcome in the present'siudy with optical pump and x-ray
probe spectroscopy at the x-ray free-electron laser (FLASH?® and the open questions are
answered. The new insight is based on probing .the “reaction intermediates with time-

24-31
resolved valence and core-level photoelectron speetroscopy’*>".

Fe(CO)s was pumped at 266 nm and probed, with soft x-ray pulses from the x-ray free-
electron laser FLASH in Hamburg (Germany)> with time-resolved x-ray photoelectron
spectroscopy (repetition rate 10 Hz{ xzray photon energy 123 eV, photon-energy bandwidth
0.1 eV, x-ray pulse energies of 20-40 p/pulse before the monochromator, spot size 280 um
horizontal, 400 um vertical, Gaussian*"RWHM, x-ray pulse duration 100 fs). A comparison of
rare-gas photoelectron spectra‘meastred at these conditions with previously published and
with previously measlired™rare-gas spectra with the same set up at FLASH showed no
indication for an influence.of the comparably low probe-pulse energy on our measurements.
Fe(CO)s and C@ were prepared as effusive jets in an ultrahigh-vacuum chamber where
photodecompositien of Fe(CO)s prior to measurements was prevented by keeping it in the
dark and™using fresh sample for each measurement shift. Photoelectron kinetic energies
weredanalyzed With a magnetic-bottle-type time-of-flight electron spectrometer (electron-
energy bandwidth 0.4-1.2 eV for valence photoelectron kinetic energies 118-103 eV and 1.5
eVfor Fel3p core-level photoelectron kinetic energies 60 eV). Pump and probe pulses
propagated nearly collinearly through the interaction region. Pump pulses at 266 nm were
obtained by third-harmonic generation of a Ti:Sa laser (pulse duration 150 fs, pulse energy
25 w/pulse, pump fluence 7 mJ/cm?, pump peak intensity 1.2-10™* W/cm?, spot size 500 pm
horizontal, 700 um vertical, Gaussian FWHM). The pump-probe signals were found to
saturate at higher pump fluences and no indication of multiphoton or other non-linear

effects by the pump laser were detected. Our pump intensity is higher than the 10° W/cm?
4
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Publlshmg used in ©° but much lower than the 10 W/cm” used in ° or the 10~ W/cm® for 2-photon

excitation with 620 nm in %. In a post processing analysis, data were sorted to correct for
unintentional changes of pump-probe delay times (detected with a streak camera
correlating radiation of the optical laser and dipole radiation from FLASH). This average (in
contrast to shot-to-shot) correction ensured correction of Iong—term<drifts (minutes/hours)

of the pump-probe delay. A shot-to-shot correction, as require better temporal

resolution, could unfortunately not be realized at the time of data acquisition at FLASH for

the present study. More details of the experimental design and realizati

in a forthcoming publication. Q‘“‘
—

n will be presented

The kinetic rate-model fit was performed with the foll ‘)of equations:

-

(‘\

Fe(CO)s Ns(t) =1 — fs(w,t)

.

Fe(CO)a Ny(t) = fa(T4,w,t)

Fe(CO)s N3(t) =1 —Ns5(t) — NLN ) — fa(Ta,w, t)

co1 Neor () = 1— N4\= (w, £)

C02 Neoa2(t) = Nﬁ"%@é’: t) = fa(Te, w, t)

»
with o= L+ ert (2220)]
N

And )d(TzL:W; t)=e EPIuf(wt—28)  with g =

£
Nift).are“the i(tted populations of the respective species, fi(w, t) is the convolved step

U

7

WZ

74(161n2)

function 'yr a temporal resolution w (Gaussian FWHM), f4(ts, w, t) is the convolved

—
expopne

ial decay for a temporal resolution w and the lifetime (time constant) t; for the

ay, and Ns(t) encodes the depletion of Fe(CO)s. The parameter w (temporal resolution)

S\ﬁas. fitted to 1£0.3 ps (Gaussian FWHM). The time constant t, for exponential decay of

Fe(CO)4 and rise of CO2 was fitted to 2.8+1.9 ps.
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Publishing Valence-electron binding energies were computed in multiconfigurational self-consistent-

field (MCSCF) calculations similar to the approach of Grell et al.*? as energy differences
between the CASPT2(10,10) initial ground and final ionic states with one electron less and
they included scalar relativistic effects and spin-orbit coupling®>. The geometries of the
complexes were optimized at the CASPT2(12,12) level. Within the 4rystal-field multiplet
model (CFM)** ** Fe 3p photoelectron spectra of singlet ground-state (*Aq) and the excited
triplet-state (*B,) of Fe 3d® 4s° were calculated. Minimal assunptions were introduced to
robustly extract the spectral contrast between low-spin (singlet) and high-spin (triplet) states
by matching the valence energy-level structure of Fe(COJ)s, Fe(CO), and Fe(CO)s; from the
CFM calculation with that of the MCSCF calculationsfby using“parameters 10Dqg=1 eV and
Ds=-5 eV in the CFM calculations. For each final ionic.state a Larentzian profile with a FWHM
of 1.2 eV was calculated reflecting lifetime broadéningyof the core-hole states®*® and all
Lorentzians were summed and convoluted with“the experimental bandwidth of 1.5 eV
(Gaussian FWHM reflecting combineds,_pheton-energy and electron-kinetic-energy

bandwidths).

Our time-resolved valence photoelectroh spectra are shown in Figure 1. The spectrum of
Fe(CO)s (Fig. 1 (a)) was studied eaxlierand shows peaks assigned to Fe 3d and CO o and it

orbitals®” %8

. The difference spectra extracted for the indicated time delays (Fig. 1 (b)) exhibit
the rise of new specie$ (peaks 1 and 2) and depletion of Fe(CO)s (mainly at 9.5 and 15 eV).
We concentrate here on"peaks 1 and 2 and note that all other changes in the spectrum can

be consistently interpreteds

Since ourgstemporal resolution is 1 ps we do not expect to probe the initial dynamics of
excited*state*ke(CO)s on the 100 fs time scale and rather focus on the dissociation dynamics
with theiformation of Fe(CO), and Fe(CO)s. With the CO valence photoelectron spectrum
(Fig. 1(a))}¥measured under identical conditions shortly after the pump-probe measurements
of Fe(€O)s, peak 1 in the transient spectra in Fig. 1(b) can be unambiguously assigned to free
CO molecules arising from dissociation. Its intensity continues rising up to the maximum
measured delay of 6 ps while Fe(CO)s depletion saturates at a delay of 0.7 ps. This already
indicates successive dissociation where Fe(CO)s depletes during a first dissociation step only

and CO continues rising as it is formed in one or more consecutive dissociation steps.
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Figure 1. (a) Valence photoelectron spect&\:\ nd CO (photon energy 123 eV, intensities

normalized to one at maximum). (b) Di fe:ew:tra at indicated delay times after excitation of
correspen

Fe(CO)s at 266 nm (positive dela d to pump before probe pulses, the spectrum of

unpumped molecules at -3 ps was subtracted, from the measured intensities at the given delays).
Calculated final ionic-state ener; \Ki‘cicated by vertical bars for Fe(CO)s in (a) and Fe(CO), and
Fe(CO); in (b) with ionizati ith increasing binding energy, (e’, ") orbitals in Fe(CO)s, (ay, by,

b1, a,) in Fe(CO), and (a’, a”’, a’ and.a”’) in Fe(CO)s.

The temporal evolution ef intensities of peaks 1 and 2 is plotted in Fig. 2 and compared to a

.t/

emyoying the minimum necessary number of parameters to fit the

kinetic rate-r’rzde
experimenta 5!‘\

The steadily“increasing intensity of peak 1 is found to result from two components. First, it
increa ¢/ithi}1 temporal resolution due to the appearance of a first free CO from Fe(CO)s
t F-e?CO% sociation (CO1 in Fig. 2(a)). Second, it rises due to a second free CO from
“successivé Fe(CO), to Fe(CO)s dissociation (CO2 in Fig. 2(a), exponential rise with a time

conshnt of 2.841.9 ps). Our data thus directly validate successive Fe(CO)s photodissociation

\ a.r\266 nm as proposed by Fuss and co-workers™ in two consecutive steps. Extending their

work, our valence photoelectron spectroscopy results allow for unambiguously assigning

species to the measured time constants.
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Figure 2. Integrated intensities of CO, Fe(CO), and Fe(C va+E'nce photoelectron peaks (1 and 2 in Fig. 1)

versus pump-probe delay time (closed circles;%integration intervals 16.6-17.3 eV for 1 and 6.6-8 eV for 2,

intensities normalized to one at maximum‘{w of a kinetic model is shown as solid lines with the

respective components.
\ S
With our multiconfigurational self-eensistent-field (MCSCF) calculations using a basis set of

'?L‘ren\quality (ANO-RCC-VTZP) shown as bar diagrams in Fig.

triple-zeta valence with pola
1(b), peak 2 in particular can be“assigned to Fe(CO); and Fe(CO)s. Consistent with our
findings on CO evoluti im} 2(a), peak 2 is found to rise within the temporal resolution

and to stay constant thereafter (Fig. 2(b)). Its intensity evolution apparently results from the

£

mutually var w\q\ ions of Fe(CO); and Fe(CO)s. The intensity component of Fe(CO),
%)s d

rises withi uewto Fe(CO)s to Fe(CO), dissociation paralleling CO1 evolution and it
decaysfexponentially with a fitted time constant of 2.8+1.9 ps concomitant with the rise of
COZ_\d to/Successive dissociation of Fe(CO); to Fe(CO)s; (the Fe(CO)s; signal rises
c comit%ntly).

-

Havihf established the kinetics, we now turn to exploiting the element- and site-specificity
of core-level photoelectron spectroscopy. The measured time-resolved Fe 3p photoelectron
~

spectra, their differences for selected delays and the temporal evolution of selected spectral

regions with the kinetic rate-model fit are shown in Fig. 3.
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Publlshmg The peak at 63 eV in Fig. 3(a) is due to emission from the Fe 3p core level in Fe(CO)s>®

thereby establishing elemental specificity of our probe. It depletes with increasing time
delay due to Fe(CO)s dissociation at the expense of the increasing peak 1 at 60-61 eV
assigned to the photofragments (Fig. 3(b)). The temporal evolution of peak 1 is well
explained with our kinetic model (Fig. 3(c)) with the mutually V?Mng contributions of
Fe(CO)4 and Fe(CO)s. This is consistent with a chemical shift of the Fe 3p photoelectron peak
by minus 2-3 eV when going from Fe(CO)s to Fe(CO)4 or Fe(CO)s. aetails of this chemical

shift and a closer inspection of the time-dependent chang s in“the nce photoelectron

spectra will be analyzed in a forthcoming publication togéther, h a discussion about how

to, potentially, further distinguish spectroscopically be@e
\ >

s

& h

)4 and Fe(CO)s.
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Figure 3. (a) Fe 3p core-level ph toeleN tra of Fe(CO)s at indicated delay times after excitation at 266
M -3.0 ps spectrum normalized to one at maximum). (b) Difference

nm (photon energy 123 eV, inte

spectra (the spectrum corresponding to tnpumped molecules at -3 ps was subtracted from the intensities at the

given delays). (c) Integrated intemsities versus pump-probe delay time of the Fe(CO), and Fe(CO); peak (1,

closed circles, inte atic? interval 58.5-62 eV, intensities normalized to one at maximum) and of the high-

energy side oZe F pey( (2, open circles, integration interval 65.5-75 eV) with the kinetic model (solid

lines) taken fr Wth ut changes.
More inter ?

gly, we find no intensity arising on the high-binding energy side of the Fe 3p

line at5-75 eV, (see region 2 in Fig. 3(b)). Intensity of region 2 is constant at zero within the
6 ps-\me3 d here within the statistical uncertainty of our experiment (Fig. 3(c)). This
intensity proves that Fe(CO)4 and Fe(CO); occur in a singlet state as is explained

withyme help of Fig. 4.

NI
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Figure 4. Fe 3p photoelectron spectra calculmthe crystal-field multiplet model (CFM)
f in

representing (a) singlet and (b) triplet state e approximations of the CFM model,

Fe(CO)s, Fe(CO), and Fe(CO);. Sticks are“eal binding energies and transition intensities of
the final ionic 3p™ core-hole stat ..igctr ere aligned to 0 eV at maximum for easier
S

comparison of the shapes with't\ensi ormalized at maximum.

Our approach for determinin M\ state is based on using the localized 3p core hole on
Fe and the induced lo
Fe(CO)4 and Fe(CO)3.
of 3d transitio
atomic multi/ ffec

mml ionic states thus spreading the spectrum over more than 10 eV to

39, 40

|.atomic muiltiplet effects to extract the ground-state multiplicity of

ley and co-workers established that the 3p photoelectron spectrum

etal atoms and ions in open-shell (high-spin) configurations exhibits

ue to the strong core-valence 3p-3d Coulomb direct and exchange

interacti

ing-energy side of the main 3p line . Closed-shell (low-spin) configurations

?e(CO 5,“Fe(CO)4 and Fe(CO)s in Fig. 4 we extend this approach to infer the multiplicity of the

ans)ent intermediates Fe(CO),; and Fe(CO)s. For singlet states, the Fe 3p photoelectron

S spectrum exhibits one peak thus well describing singlet-state Fe(CO)s. In hypothetical triplet

states, the 3p-3d core-valence interactions spread the multiplet to higher binding energies
over more than 10 eV. Intensity in this region (region 2 in Fig. 3) is therefore a sensitive
measure of the spin-state of Fe(CO)4; and Fe(CO)s. The absence of intensity in this region in

11
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Publishing our time-resolved core-level photoelectron spectra thus unambiguously proves that neither

the transient intermediate Fe(CO)4 nor Fe(CO); on time scales up to 6 ps occur in a triplet
state. This directly validates the proposed singlet pathway for Fe(CO)s photodissociation®. It
also demonstrates the complementarity of time-resolved 3p photoelectron and Kg
fluorescence spectroscopy® for determining the multiplicity of 3d transition-metal centers in

44, 45

inorganic and organometallic photoreactions as both owe their sensitivity to the same

3p-3d core-valence interactions.

In summary, the photodissociation of the prototypical orgdnometallic compound Fe(CO)s in
the gas phase is investigated with optical pump and x-ray.probe photoelectron spectroscopy
at an x-ray free-electron laser. Our data proof successive dissociation to Fe(CO), in a first
step with subsequent dissociation to Fe(CO)s in a second step. We unambiguously find that
neither the transient intermediate Fe(CO); nor<ke(CO)s-0n time scales up to 6 ps occur in
their triplet ground states. This validates“the proposed singlet pathway for Fe(CO)s
photodissociation?’. Our time-resolved{observation of singlet-state Fe(CO), can guide future
studies that aim at making use of the high reactivity of this coordinatively unsaturated
intermediate. We define a timegdvindow/f 3*ps during which further dissociation of Fe(CO),
as well as dissipative transition to‘its ‘unreactive triplet state have to be prevented in order
to make its excess energy accesgibler Our results indicate that solute-solvent interactions

12,13 may be necessary for the formation of triplet-

possibly involving vibpational relaxation
state Fe(CO);. With timesresolved core-level photoelectron spectroscopy we selectively
probe and follow “in time the evolution of the multiplicity of the Fe center thereby
benchmarking time:resolved optical pump and x-ray probe photoelectron spectroscopy for
extracting“spin-density dynamics in organometallic photoreactions. Our results further
extend the' demenstrated capabilities of time-resolved photoelectron spectroscopy with

24-31

optical and XUV probe pulses thus complementing other time-resolved experimental

techniques for the investigation of photochemical reactions*®®.
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