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Nonlinear Absorption Properties and Excited State Dynamics of Ferrocene
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We report on the first observation of reverse saturable absorption by ferrocene (Fc) in toluene using nanosecond
pulses at 532 nm. Pump and probe experiments in the visible spectral region show the existence of an excited
triplet state with an intersystem crossing quantum yield S; — T, of 0.085 and a molar extinction coefficient
&k of 5650 L mol~! cm™! at 700 nm. The full understanding of the nonlinear optical behavior of Fc cannot
be obtained, however, with a model that includes only the one-photon absorption from T}, but it is mandatory
to consider also a simultaneous two-photon absorption from an excited singlet state of Fc (two-photon absorption
cross section: 2.4 x 107*' cm* s ph™! mol™!). The optical spectrum of the ground and triplet state of Fc are
calculated within a TD-DFT approach considering several functionals (PBE, BLYP, LDA, OPBE) for the

optimization of molecular geometry.

Introduction

Ferrocene (Fc) [iron bis-cyclopentadienyl (Cp)] with its
unintentional synthesis in the early fifties' constitutes one of
the first examples of organometallic compounds for the presence
of direct bonds between carbon atoms and iron.> The combina-
tion of high chemical and photochemical stability,> which are
typical of aromatic compounds, with the richness of the redox
chemistry for the presence of a metallic atom, has made Fc and
its derivatives a particularly popular class of materials in
electrochemistry,* photochemistry’ and photophysics.® The
frontier sr-orbitals of the cyclopentadienyl rings and the metal
d orbitals are responsible for the sandwich-shaped geometry of
iron coordination. Such a structure strongly influences the
chemical reactivity of Fc” and determines its photochemical and
photophysical properties.®

Excited Fc showed to relax into a triplet state and the value
of the intersystem crossing S; — T, quantum yield (¢sc) was
found to be 0.66 in DMSO by the indirect method of Fc-
sensitized photoisomerization of phenylosazone-D-glucose.’ By
using Fc as triplet quencher, the energy value of its first excited
triplet state T; was estimated 39—41 kcal mol™! (1.7—1.8 eV)
above the ground state.®*¢ The direct measurement of the
lifetime of Fc in the first excited singlet state S; and triplet state
T, by flash photolysis®¢ and laser flash photolysis®®!® was not
possible as well as the direct determination of T; — T, transient
absorption.®*<!% The lifetime of T, in DMSO was obtained only
through the same indirect method used for the evaluation of
¢1sc and was found to be 0.6 ns.!! The possible existence of a
phosphorescence spectrum of Fc has been the object of several
studies, but the presumed phosphorescent nature of the first
observation of emission'>!3 was successively corrected.'* It is
now generally accepted that Fc is not phosphorescent. Fluo-
rescent emission of Fc between 402 and 574 nm!® has been
reported in one case and was not further confirmed.

In the field of nonlinear optics, Fc has mainly played the role
of electron donor in charge transfer processes within dyads
where Fc was covalently linked to an acceptor like fullerene,
porphyrins, and linear s-conjugated systems.”!® In these com-
pounds the observation of nonlinear optical (NLO) effects has
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been related to the electron acceptor moiety of the dyad because
of its overwhelming polarizability.”!® In other situations the Fc
triplet was considered important for the excited state dynamics
in particular for the competition between energy and charge
transfer processes.!” However, the evaluation of the triplet state
and of the NLO properties of sole Fc could not be obtained.

In the present contribution, we report on the NLO absorption
properties of neutral Fc in toluene excited at 532 nm with
nanosecond laser pulses. Pump and probe measurements show
that Fc excited states, with lifetime of the order of some tenth
of nanoseconds, are present in the nonlinear process. The fact
that Jaworska-Augustyniak et al., who measured the intersystem
crossing quantum yield,” were not able to see a transient
spectrum in the nanosecond time regime measurements can be
understood considering both the lower energetic pulses of their
experiments and the different solvent (DMSO) they used. In
fact DMSO, probably due to the presence of an S atom, has a
stronger interaction with Fc, as one can also see in the variation
of its linear spectrum with respect to that of the toluene solution,
and determines faster excited state decay rates, which do not
allow to see transient absorptions in the nanosecond regime, as
we also verified.

The transient excited state reported in the present paper is
determined to be a triplet since we observe the same transient
absorption by exciting a solution (toluene and 10% ethanol) of
eosin-Y and Fc, for which it is known that a triplet—triplet
energy transfer from eosin to Fc occurs.® A value of the molar
extinction coefficient ef. = 5650 L mol™' cm™! at 700 nm and
an intersystem crossing quantum yield ¢jsc = 0.085 are obtained
for the triplet using a pump and probe comparative method, as
described in the experimental section.!® The different ¢sc value
we find with respect to the previous determination (0.66)° can
be again attributed to the different excited state dynamic induced
by the Fc-DMSO interaction.

TD-DFT" calculations allowed us to account for both the
linear ground state optical spectrum and the linear triplet
transient spectrum. Modeling of the nonlinear absorption
properties is obtained solving? kinetic equations for the excited
states population dynamic, namely, for the time dependent
diagonal part of the density matrix.
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We found that the nonlinear transmission variations we
measured cannot be simply explained considering the triplet
excited state of Fc because of the low ¢sc and the small ef.
Similar to the cases of hemiporphyrazines*' and (TMTTF*),?,
it is found that nonlinear transmission curves are best fitted when
a two-photon-absorption process from the excited singlet state
is also considered.

Experimental Section

Ferrocene was purchased by Fluka (=98%) and sublimed two
times under vacuum.

Absorption spectra of Fc have been recorded with a Varian
Cary 5 UV—visible spectrophotometer using 10 mm quartz cells.
Fluorescence spectra have been recorded with a FluoroLog-3
spectrometer (Horiba Jobin Yvon), and fluorescence lifetimes
were obtained using a time correlated single photon counting
(TCSPC) technique with the same instrument. For the TCSPC
measurement, samples were excited at 375 nm with pulses of
1.3 ns obtained by a diode led (nanoled Horiba Jobin Yvon).

All calculations were performed with the Amsterdam Density
Functional (ADF) program.?® The large uncontracted set of
Slater-type orbitals (STOs) TZ2P?** was used. The TZ2P basis
is of triple-§ quality, augmented by two sets of polarization
functions. The frozen core approximation was used for the core
electrons: up to 1s for C and up to 2p for Fe.”> An auxiliary set
of STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately in each SCF
cycle. Scalar relativistic corrections were included using the zero
order regular approximation (ZORA).?® Energies and gradients
were calculated using (i) local density approximation (LDA)
and Slater exchange and VWN correlation,?” (ii) BLYP Becke
exchange®® and LYP correlation,” (iii) PBE, exchange, and
correlation terms proposed by Perdew-Burke-Ernzerhof,*® and
(iv) OPBE®! and LDA approximation with nonlocal corrections
due to Handy-Cohen?? and Perdew—Burke—Ernzerhof correla-
tion.*® TD-DFT calculations were carried out on the PBE
optimized geometry using all electron TZ2P basis sets for all
of the atoms and including both scalar relativistic* and spin
orbit relativistic effects.’®> The exchange correlation (XC)
functional of Van Leeuwen and Baerends (LB94)* was
employed.

Nonlinear transmission curves of Fc were recorded at 532
nm in an open-aperture configuration as a function of the
incident energy of 9 ns laser pulses of a doubled Nd:YAG laser
(Quantel YGI980E) at the repetition rate of 1 Hz. Intensity of
the incident pulses was controlled with a /2 wave plate and a
polarizing cube beam splitter. The laser pulse area on the sample
was 0.030 cm?, and the solvents were fluxed with nitrogen for
5 h prior any measurement. Glass cells with 2 mm optical path
were used for the measurements. The intensity transmitted by
the sample was recorded by a pyroelectric detector (Scientech
Mod. SPHD25) and normalized, pulse by pulse, with a calibrated
photodiode.

Lifetime and absorbance of Fc excited states were determined
with pump and probe experiments. Comparison of the linear
optical spectra of the solutions before and after the pump and
probe measurements did not reveal photodegradation of Fc
showing the very high stability of this molecule. The same
pulses used for the NLO transmission measurements were used
for the pump and probe experiments but with a pulse area on
the sample of 0.12 cm? so that the probe spot was well inside
the pump area. A continuous Xe lamp from Spectra-Physics
(Oriel Instruments, Mod. 66902, 150 W) was used as a probe.
The variation of sample transient transmission was detected by
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Figure 1. Molar extinction coefficient, €, and ground state absorption
cross-section, gy, for Fc in toluene in the UV —visible range.
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Figure 2. Nonlinear transmission of Fc in toluene at 532 nm. Linear
transmittance at 532 nm was 0.61.

a Horiba Jobin-Yvon TRIAX 320 spectrometer equipped with
a Hamamatsu phototube (R2257). The temporal variation of the
phototube signal was averaged by a 1-GHz digital oscilloscope
(LeCroy LC564A) on a microsecond time scale with nanosecond
resolution. Solvents were fluxed with nitrogen 5 h prior any
measurement.

Results and Discussion

The linear absorption spectrum of Fc in toluene is reported
in Figure 1 and it does not show signs of aggregation of the
molecules.

In the near UV —visible range, Fc presents two main absorp-
tion peaks at 330 and 441 nm. The peak at lower energies
includes a tail of absorption that extends to 600 nm. This allows
an efficient pumping of the system at 532 nm, that is, the
wavelength of the duplicated Nd:YAG laser.

Fc (C = 0.16 M in toluene) behaves as a reverse saturable
absorber® when irradiated with nanosecond pulses at 532 nm
(Figure 2). In fact, the nonlinear transmission decreases for
incident fluences (F,) increasing up to 2.0 J cm™2 We found a
complete recover of the initial transmittance value (7)) for
decreasing fluences. This shows that, in comparison to other
classes of reverse saturable absorbers,®® Fc has a high
photostability.

The stability is also proved by the absence of spectral
variation of the UV —visible spectrum taken before and after
the nonlinear transmission measurements.

The limiting threshold fluence F};,, defined as the fluence at
which the transmittance is half the linear one,? is found to be
0.7 J cm™2 This value is higher than that of fullerene (Fj;, =
0.1 J cm™2)* and other molecular systems* *® when linear
transmittance is the same.
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Figure 3. Differential optical densities recorded at 700 nm as a function
of the energy of the pump pulses.

Occurrence of reverse saturable absorption (RSA) of nano-
second pulses shows that the excited electronic states of Fc
involved in the NLO effect possess larger absorption cross
sections, 0.,., with respect to the ground state [0y (532 nm) =
2.2 x 107%cm?]. We used pump and probe experiments, in the
nanosecond time regime, to determine the lifetimes and dynam-
ics of excited states.

By using the same laser pulses of the nonlinear transmittance
measurements, but with a larger pump area on the sample (see
experimental section), we recorded, for Fc in toluene [C = 0.16
M; Ty (532 nm) = 0.61], low intensity transient differential
optical density signals in the visible and near-infrared spectral
region. Since Fc is very stable under laser irradiation, we were
able to record signals with high differential optical densities
but always in a linear regime as shown in Figure 3.

Figure 4 shows some of the recorded transient signals using
F,,=1.1Jcm™%in a temporal range of 1 us. Fitting of the data
can be obtained with a biexponential decay with time constants
of 26 & 10 and 164 % 10 ns. This indicates that more than one
excited state is involved in the decay process.

Transient spectra are obtained at different time intervals with
respect to the laser pulse (Figure 5). The spectra show an
increasing intensity in the short wavelength region without any
band in the visible and near-infrared. Moreover, they do not
show any evolution with time, indicating that other transient
species are not formed during the RSA process.

Both spectra, obtained from the fast and slow component of
each transient signal (not shown here), present the same
unstructured profile that is characterized by the lack of any
absorption band in the analyzed range.

In order to identify the excited state generating the transient
spectrum of Figure 5, we used eosin-Y, which is known to
populate the triplet state of Fc by a triplet to triplet energy
transfer process.® For the characterization of the triplet state
of Fc and, in particular, to obtain the intersystem crossing
quantum yield, we performed experiments with a variable
concentration of Fc with respect to eosin-Y. We used a toluene/
ethanol (9/1 v/v) solution of eosin-Y (1.5 107> M) and Fc in
large excess. The measured AOD at 700 nm, a wavelength at
which only the excited states of Fc absorb, can be considered
the sum of two contributions: AODg, which is due to the
absorption of the excited state of Fc produced by triplet energy
transfer from eosin-Y, and AODg, which represents the absorp-
tion of the transient species generated upon direct excitation of
Fc. The possible observation of a transient signal at 700 nm is
attributed to Fc triplet because the same concentration of eosin-Y
excited in the same conditions does not give any transient
absorption signal at this wavelength.

Because of the large concentration of Fc, we consider that
eosin-Y generates the Fc triplet with full efficiency. Therefore,
we can write:

Scuppa et al.

AODEUS*FL‘ = AODE()S + AODFC = ¢IE€)€CI]20s8;cd +

i Creerd (1)

where ¢ESand ¢iCare the intersystem crossing quantum yield

for eosin-Y and Fc, Cl,, and Cf. are the first singlet excited
state (S;) molar concentration of eosin-Y and Fc generated by
a laser pulse, &f. is the molar extinction coefficient for the Fc
triplet, and d is the cell thickness. Since the concentration of
eosin-Y is constant and the concentration of the first excited
singlet of Fc is proportional to its ground state concentration
(Cf.), one can write:

AOD,, .= aC) + b 2)

c

Considering the excited state concentration dependence on
the pulse intensity,** one finds:

¢§:SCC = ¢IE€J€Cg()s(€Eosa/€Fcb) (3)

where Cl, is the ground state concentration of eosin-Y, and
egos and ep. are the ground state extinction coefficients of
eosin-Y and Fc. In Figure 6 are reported the intensities of the
maximum value of the measured AOD at 700 nm as a function
of the concentration of Fc. One finds a linear dependence, and
the values of @ = 1.05 L mol™! and b = 0.28.

We found that the quantum yield of fluorescence ¢f,, = 0.27
for eosin-Y in a toluene/ethanol (9/1 v/v) solution by the
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Figure 4. Temporal variations of differential optical densities for Fc in
toluene (C, 0.16 M; cuvette thickness, 2 mm) at 505 (a), 580 (b), and 820
(c) nm. Temporal profiles are averages of 200 consecutive traces. Excitation
wavelength: 532 nm; F;, = 1.1 J cm™2. Fittings (red curves) have been
obtained with a biexponential decay and time constants of 26 £ 10 ns
and 164 £ 10 ns. Blue and green curves refer to the monoexponential
components of the resulting fitting.
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Figure 5. Transient spectra of Fc in toluene (C = 0.16 M; cuvette

thickness, 2 mm). Excitation wavelength, 532 nm; frequency of

irradiation, 1 Hz; F;, = 1.1 J cm 2.
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Figure 6. AOD and linear fitting of the solutions of 1.5 10~ M eosin-Y
and Fc with C = 0.09, 0.18, 0.30 M in toluene/ethanol (9/1 v/v) at the
maximum peak height (probe 4 = 700 nm). Each point was averaged
using 40 pulses.

comparative method,*! using as a reference the same eosin-Y
in 95% ethanol solution of KOH 0.01 M (¢E,s = 0.65). By
assuming that internal conversion is always much slower than
ISC for eosin-Y,*> we find that ¢iS = 1 — ¢k, = 0.73.
Therefore, from eq 3, we find that ¢f© = 0.085.

For the determination of ef. in toluene, we compared the
triplet absorption of fullerene Cg in toluene at 745 nm with
that of Fc at 700 nm. We recorded the transient triplet—triplet
absorption of Cgy (AODc4 = 0.64) exciting the solution (7(532)
= 0.80), with laser pulses of 27.8 mJ, and recorded the transient
signal for Fc (AODr. = 0.136) exciting the solution (7((532)
= 0.56) with laser pulses of 83.7 mlJ. It is known that for Cg
in toluene e¢gp = 15000 L mol ™! em™! and ¢&, is close to 1.4}
With the following expression:

1SC
A()DC6O ¢C6O(1 - DC60E1€C60

= 4
AODy, PR — T, Epep,

which also considers that the solutions are absorbing differently
and that the exciting pulses have different energies (E;), we
obtained &g = 5650 L mol~! cm™! to which corresponds o7 =
2.1 1077 em™2,

To account for the observed transient spectrum, we performed
calculations of the ground and excited state electronic properties.
The visible spectrum of Fc in toluene is characterized by the
presence of two low intensity absorption bands (molar extinction
coefficient € < 10° M~ cm™!) at 325 nm (3.82 eV) and 441 nm
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(2.81 eV; Figure 1).* The origin of the weak absorption bands
of Fc in the visible spectrum is associated to spin-allowed
transitions between d orbitals of central iron,% the energy of
which is perturbed by cyclopentadienyl ligands.*

In the following computational analysis, the main features
of the electronic spectrum of Fc are revisited through time-
dependent density functional theory (TD-DFT) methods'® with
the inclusion of scalar and spin—orbit relativistic effects.
Numerous calculations have been performed to describe the
geometric and electronic features of this prototypical metal-
locene compound. The theoretical determination of the equi-
librium geometry of Fc is a challenging issue*® since the
calculated metal—ligand distance is often in very poor agreement
with the experimental value (d = 1.65—1.66 A).*’ It has been
observed that slight geometry modifications greatly affect the
subsequent calculation of excitation energies*® and popular
functionals like B3LYP perform poorly in the case of Fc. For
this reason, we have tested several functionals, that is, PBE,
BLYP, LDA, and OPBE. In particular, PBE has already proved
to be efficient in determining the ground state geometric and
electronic structure of metallocenes.’® In all cases, the full
geometry optimization converged to an eclipsed Fc with Dy,
symmetry, which is in agreement with the experiment** and with
the recent CCSD(T) results by Coriani et al.** The metal-ring
distance at the different levels of theory is reported in Table 1.
The best agreement with the experimental geometry is obtained
with PBE functional; thus, the PBE optimized geometry was
mainly employed for the subsequent TD-DFT calculations.

The energies of the upper valence Kohn—Sham molecular
orbitals of the ground state of Fc, shown in Figure 7, are reported
in Table 1.

The order of the highest occupied frontier MOs varies with
the functional: while with PBE and BLYP, a,” (d,,, 0) lies at a
lower energy than e;” (dxo.y2,dyy, 0), with OPBE a,” ~ &)/, and
with LDA, e,” is more stable than a;’, as predicted by crystal
field theory.>® Notably, all of the calculations show that the Fe
d orbital percentage of these MOs differ significantly (Table
1). The main contribution to the stability comes from the inner
bonding level formed by the e,”(;)Cp orbitals with the d,..d,,
orbitals of iron. The HOMO—LUMO gap between nonbonding
completely occupied orbitals a;” and e,” and the empty anti-
bonding e,” orbitals is quite large; thus, Fc has a low spin
configuration, in agreement with previous results.’!

The electronic spectrum of Fc, together with the spectra of
other metallocenes, was theoretically computed through semiem-
pirical molecular orbital calculations by Armstrong et al.> The
calculations of the excited states of Fc using the singly excited
configuration interaction (CI) and SCF methods have been
reported later by Rohmer et al.>* Boulet™* employed TD-DFT
methods to assign the absorption bands of Fc quite in accord
with the experiment and, despite the fact that functionals show
some problems in reproducing charge transfer excitations and
that novel schemes are an important field of theoretical
investigation,® he found that LB94 functional performs rather
well when a LDA optimized geometry is used; in these
calculations, scalar relativistic effects were included within
ZORAY

In Table 2 and Figure 8, the visible absorption spectrum
of Fc is reported together with the computed excitations and
assignments at ZORA LB94 TZ2P all electron level of theory.

As one can observe from Table 2, the best results have been
obtained with the PBE optimized geometry, according to
previous reports that demonstrate how small changes in the Fe-
Cp distance determine large variations in the calculated spec-
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TABLE 1: Relevant Structural and Electronic Fc Parameters Optimized with Different Functionals

Scuppa et al.

ZORA PBE/TZ2P small ZORA BLYP/TZ2P small ZORA LDA/TZ2P small

ZORA OPBE/TZ2P small

core core core core
dre” 1.636 1.687 1.589 1.589
MO a e e ay’ e e e ay’ e e ay’ e
energy” —4.22 —4.08 —1.13 —4.09 —-3.77 —1.15 —4.49 —4.44 —1.25 —4.10 —4.09 —0.83
HOMO—-LUMO? 2.95 2.62 3.19 3.26
Fe%" 88% 79% 55% 89% 81% 57% 78% 87% 52% 76% 86% 52%
oce 2 4 0 2 4 0 4 2 0 4 2 0
@ (Q denotes the centroid of the Cp ring; values are in A. ® Values in eV. ¢ Fe d orbital contribution to the MO.
ar’ e’
Figure 7. Frontier Kohn—Sham molecular orbitals. Level of theory: ZORA PBE/TZ2P small core. Density: 0.05 (e ay~)"2.
TABLE 2: Excitation Energies Calculated for Different Optimized Geometries; Level of Theory: ZORA LB9%4 TZ2P All
Electron Basis Set”
exc state ZORA PBE/ LBY%4 ZORA BLYP/ LB9%4 ZORA LDA/ LB% ZORA OPBE/ LB9%4 exp assignment
E,” 2.81 2.46 3.18 3.18 2.81/2.70° dyyxoy2 = dyrys
462, - 561” 462' e 561” 462' e 56]” 462, - SC]”
(100%) (100%) (100%) (100%)
E\” 2.91 2.62 3.21 3.19 2.81/2.98“ dn = deryss
831, - 561” 83.]’ e 561” 83.]’ e 56]” 831, - SC]” dxy,xz.yQ e dxz,yz
(78%) (72%) (82%) (82%)
4@2, - 561” 462' e 561” 462' - 56]” 462, - SC]”
(22%) (28%) (18%) (18%)
E\” 3.44 3.11 3.77 3.76 3.82/ 3.82¢ dyyxoy2 = dxryzs
4@2, - 561” 462' - 561” 462' - 56]” 462, - SC]” dzz - dxz,yz
(78%) (71%) (81%) (82%)
831,_’561” 83.]’_’56]” 83.]'_’561” 831,_’561"
(22%) (28%) (18%) (17%)

@ From ref 8a. ” Values are in eV.

— Abs(exp)
| I f(theor)

Absorbance

1] 1]
15 20 25 30 35 40 45
EleV
Figure 8. Calculated oscillator strength f (gray bars) of the electronic
transitions between frontier orbitals of Fc compared with the experi-
mental absorbance (continuous line).

trum.>* Since spin—orbit coupling is not expected to be relevant
in a complex of a metal of the first row, the spin orbit ZORA
results (Table 3) are not very different from those reported in
Table 2. Nonetheless, they allowed us to identify the spin-
forbidden singlet—triplet transition at 2.31 eV reported by
Armstrong et al.*** The calculation shows that two triplet states
are present at the lowest energy, which justifies the presence of

two different dynamics observed in the pump and probe
experiments. Moreover, some mixing with a triplet state is found
for example for the lowest singlet state. This shows that some
small mixing of states with different multiplicity is present, and
this agrees with the short decay time observed in the pump and
probe experiments.

We have also calculated the triplet to triplet spectrum to
account for the pump and probe experiments. Fc in the triplet
state was fully optimized at ZORA, PBE level with small
frozen core TZ2P basis set, and it was found to converge to
a nearly C,, geometry (see Figure 9). In the triplet state, the
distance Fe-Cp increases to 1.80 A. The Cp rings are tilted
by 5° and exhibit a folding angle of 2.5°. In the singlet state,
the H atoms are bent (1°) pointing toward iron, as already
reported,’! whereas in the triplet state, the H atoms are bent
away from the metal (1—2°), except those bound to the out-
of-Cp plane C atoms, which point toward iron (4°). The
energy difference between Sy and T, computed at ZORA,
PBE TZ2P all electron level was found to be 1.63 eV (37.5
kcal mol™!), a value in very good agreement with the
experimental one.® We also calculated the triplet to triplet
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TABLE 3: Excitation Energies Calculated for the PBE Optimized Geometry; Level of Theory: Spin Orbit ZORA, LB94 with

TZ2P All Electron Basis Set”

exc state energy dominant states band exp
E,” 2.82 singlet 1E,”(1) 0.98 (2.81 eV) Tesp— 13ein 0.6266 2.81/2.70°
triplet 1E,”(2) 0.02 (2.33 eV) 8esn — 9espn 0.3713
E,” 291 singlet 1E17(1) 12e1, — e 0.4212 2.81/2.98¢
1261/2 - 1361/2 0.3587
863/2 - 1361/2 0.1193
Tesn — 9ean 0.1001
E,” 3.44 singlet 2E17(1) 8esn — 13e1n 0.4059 3.82/3.82¢
Tesn — 9ean 0.3691
1261/2_’963/2 0.1139
12e1, — 13ei 0.1053
E/ 2.31 triplet 1E,”(2) 0.50 (2.33 eV) Tesn — 9esn 0.4998 2.34¢
triplet 1E,”(1) 0.50 (2.33 eV) Tesn — 9espn 0.4998
E) 2.36 triplet 1E,”(2) 0.50 (2.33 eV) 8esn — 13e1n 0.9978 2.34¢
triplet 1E,”(1) 0.50 (2.33 eV) 11e1, — 10es3 0.0004
“ From ref 8a. “ All values are in eV.
,.177.4
§1_s§r{|! 32 i1.801
150.0 @ 750
11.636 $1.801
@ :.:«.--139-2_ P 176.0
Figure 9. Geometry of ferrocene in singlet and triplet ground state.
Level of theory: ZORA PBE TZ2P small core. — femieiniy it
0.15 1.0 7.0

spectrum and found that the first excited state is found at
4.9 eV (253 nm). This justifies the small differential optical
density observed in the pump and probe spectrum with the
presence of an increasing absorption at shorter wavelength
than 500 nm and the absence of any peaks in the visible
range (see Figure 5).

Therefore, calculations account for both the linear ground
state optical spectrum and the pump and probe measurements
in the nanosecond time regime.

From the transmission data reported in Figure 2, one finds
that at low fluence (below 0.1 J cm™2) Fc absorbs linearly. At
higher fluences, one observes a decrease of transmission while
pump and probe measurements show that a triplet to triplet
absorption is present with an intersystem crossing quantum yield
of 0.085. Without further data on the dynamic between the two
lowest triplet states, we considered, with the aim of defining a
model, that a triplet state is present with a lifetime of 90 ns,
which is an average of the observed lifetimes of the two triplet
states. The lifetime of the first excited singlet state of Fc was
estimated from fluorescence lifetime measurement of the weak
signal of Fc in methanol at 550 nm which was found to be 1.0
1071 s,

Figure 10 shows the best fitting of the experimental nonlinear
transmission data considering the one-photon absorption from
the singlet ground state at 532 nm (g = 2.2 x 1072 ¢cm?) and
that of the triplet state at the same wavelength (or = 2.1 107"
cm™?).

The faster decrease of the transmission at high fluences
with respect to the calculated one suggests that simultaneous
absorption processes with more than one-photon should be
present at this fluences. Models based on a sequential two-
photon absorption from the ground state, which could be also
important in an off-resonant situation,’® cannot reproduce the

L, /10*photons cm?s™

Figure 10. Nonlinear transmission vs incident fluence at 532 nm.
Fitting (continuous line) of the experimental points (circles) has been
generated with the model including one-photon excitation from ground
singlet state and one-photon from the first excited triplet state.
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Figure 11. Model for the excited state dynamic of Fc with a two-
photon absorption from the first excited singlet state.

observed nonlinear transmission. Therefore, we considered
the occurrence of a two-photon absorption process starting
either from an excited singlet or an excited triplet state. These
types of multiphoton absorptions from excited states have
been recently observed, using nanosecond pulses, in different
molecular systems,?'?> and derive from the large susceptibili-
ties that excited states possess.
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We found that the best model for fitting the experimental
data is that described in Figure 11 where a simultaneous two-
photon excitation from the first excited singlet state with
absorption cross section o7p4 is also considered.

For the model of Figure 11, the excited states population
dynamic can be described with the following equations which
can be numerically solved:?

%=—00N 1, + oyNg F —+-]E+ﬁ (5a)
dt S0%in S1tin TS[ TT]
dNy, Ng,
ar = 0Nty — ONgity, — o kiscNg) — O;PANSl{iZn +
s1
N,
O;PANSZ{?n + =
Ts2
(5b)
dNs, Ny,
dt = _Og'PANS2}?n + G;PANSI{?n T (5¢)
)
dNy, T T Ny Np
dt = kiscNgy — 0 Ny, + 0 Nioty, — T + T
Tl i)
(5d)
dNp,

N.
T o d -
dt ch T1 {m Oech T2-lm TT2 (5 e)

In eqgs 5a N; are population densities, g; are absorption cross
sections for one-photon (0y, 6Ty.) and two-photon (o51ps)
processes, k;sc is the intersystem crossing rate constant, 7; is
the time constants for the relaxation processes, and #;, is the
intensity of the input pulse in ph cm™2 s~!. Considering a
Gaussian temporal profile and top hat spatial profiles of the
laser pulse, like the experimentally measured pulses used for
the experiments, we calculated the nonlinear transmission
using the population at different times obtained with the
above equations and the photon propagation equation.?’ The
fitting is reported in Figure 12 using the parameter values of
Table 4. Fitting is shown using both the transmittance versus
input intensities in a logarithmic scale and the output fluence
versus input intensities in a linear scale. The first plot gives
better evidence to the fitting in the low intensity region
whereas the second one is to that in the high intensity region.
One can see that the model calculation fits well both the low
and the high intensity regions. The result shows that the two-
photon absorption from excited singlet state is very important
for the nonlinear absorption behavior of Fc.

One should observe the very high value of 05744 that is 4
to 5 order of magnitude larger than those usually found for
two photon excitations from ground state. This result is
characteristic of nonlinear processes from excited states which
are very polarizable states.’” One also observes the short
lifetime of the first excited singlet state (10 ps) obtained by
the fitting, which suggests further investigations in which
rotational relaxation of this excited state is considered.

Conclusions

The linear and nonlinear absorption properties of Fc in
toluene have been determined and analyzed. By using TD-
DFT calculations, the linear optical properties of Fc have
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Figure 12. Plots of (upper) nonlinear transmission vs incident fluence
(Ts3, vs Fi,) and (lower) transmitted fluence (Fo,) vs Fi, for Fc in
toluene at 532 nm. Fit (continuous line) of the experimental points
(open circles) has been generated with the model of multiphoton
absorption shown in Figure 11.

TABLE 4: Parameters Values for the Fitting of the
Experimental Data in Figure 12

0y 2.2 x 1072 cm? Tss 1.0 x 107!
0T ose 2.1 x 1077 cm? Tso 9.1 x 10713
Srpa 2.4 x 107" ¢cm* s ph™! mol™! T 9.0 x 1078 s
k[sc 8.5 x 109 Sil 2 1 x 10712S

been revisited and accounted for. We found that Fc in toluene
behaves as a reverse saturable absorber to nanosecond pulses
at 532 nm. The excited triplet state of Fc has been observed
and its physical properties determined with pump and probe
experiments. Calculations also accounted for the observed
spectrum of the excited triplet state of Fc. It has been found
that fitting of nonlinear transmission could not be possible
when only the dynamics of the triplet states is considered.
We concluded that the model for the nonlinear absorption
properties of Fc has to consider an additional two-photon
absorption process from the first excited singlet state. Such
absorption is characterized by having a large value of cross
section (2.4 x 107* cm*s ph™! mol™}), typical of multiphoton
absorption processes starting from excited states.
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