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Ultrafast intersystem crossing dynamics of fluorenone in gas and condensed phases were investigated by
time-resolved mass spectrometry and fluorescence up-conversion spectroscopy. The former shows the
ultrafast Franck-Condon relaxation and the internal conversion dynamics of isolated fluorenone in the
gas phase. The latter reveals that the vibrational relaxation time is 2.2 ps and a 110 ps fluorescence life-
time of fluorenone in hexane. The fluorescence lifetime in acetonitrile and dimethylsulfoxide is 16 ns and
15.1 ns, respectively. The potential energy surface along the C=0 out of plane bending motion shows that
this coordinate is important for ISC in both polar and non-polar solvents.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Understanding the factors that affect the deactivation rate of an
excited molecule is key to studies of photoinduced processes. The
information is important not only to challenge well established
theories, but also when it comes to the design of novel compounds
with specifically desired optical properties. It is no surprise that the
photophysical properties of a particular chromophore are affected
by multiple parameters, such as the molecular structure, the tem-
perature, the viscosity and polarity of solvent [1].

The photophysics of fluorenone is of particular interest because
of the extreme sensitivity to the microenvironment [2-9]. In recent
years, fluorenone based polymers have received lots of attention
due to its desirable optical properties that can be utilized in the
light-emitting diode industry [10]. In nonpolar and polar solvents,
the lowest singlet excited (S;) state of fluorenone is due to n-t* and
m-7* transitions, respectively [4,5,11] In a nonpolar solvent, fluo-
renone exhibits nearly 100% triplet quantum yield due to the ultra-
fast intersystem crossing (ISC) processes [8]. The previous model
suggested that there are two types of intersystem crossing (ISC)
processes involved in the relaxation of the S; state [5]. The first
type is temperature independent, which is due to the El-Sayed type
ISC dynamics from S, to T; (n-t*) and T, (1t-7*) states. This type of
ISC is efficient in nonpolar solvents because of the prevalence of
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the n-nt* nature of the S, state [5]. For fluorenone in polar solvents,
the m-m* character of the S; state prohibits ISC through such a
mechanism. The second type of ISC is from S; to Ts (n-7*). In non-
polar or moderately polar solvents, ISC from S; to T3 (n-1t*) shows a
strong temperature dependence, which reflects the endothermic
nature of this transition [5]. In a polar solvent, the Ts state is
located well above the S, state; and such kind of ISC is also prohib-
ited. Therefore, the internal conversion from S; to So becomes an
important deactivation channel of fluorenone and its dipolar
derivatives [5,9]. In a polar protic solvent, both singlet and triplet
states of fluorenone are quenched due to the formation of inter-
molecular hydrogen-bond [12-14]. Although the photophysics of
fluorenone in condensed phase has been well documented, only
little is known about the photophysics of isolated fluorenone. In
2011, Kohler et al. reported the ultrafast time-resolved mass and
photoelectron spectra of fluorenone [15]. The molecule was excited
around 264-266 nm (which corresponds to the transition to Sg).
The excited state fluorenone undergoes an ultrafast Franck-
Condon relaxation within 50 fs and relaxes to S; state within
0.4 ps. The small offset component observed in their study was
attributed to the ISC from S, to triplet states [15].

To gain further inside into the photophysics of fluorenone, we
have studied the fluorescence life times on the pico- and femtosec-
ond timescale in polar and nonpolar solvents. As reported, the flu-
orescence lifetime of fluorenone increases with the increasing of
solvent polarity. The experiments shed further light on the solva-
tion dynamics of fluorenone in polar solvents. Although the excited
state dynamics of fluorenone has been utilized as the model
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system for singlet and triplet ISC processes for many years, it is sur-
prising that the detailed theoretical studies pertaining to the
excited state potential surface (PES) has not been reported yet. In
this study, the PES is explored along the C=0 out of plane bending
coordinate. The result suggests that the C=0 out of plane bending
motion is important for the ISC dynamics of fluorenone in nonpolar
and polar solvents. This seems to even further enhance the El Sayed
behavior of the system in a manner that is very similar to what we
have recently reported for benzene, toluene and xylene [16]. The
information we provide is important for understanding the
excited-state dynamics of fluorenone, and more discussions will
be found in the following paragraphs.

2. Experimental section
2.1. Steady state and time-resolved spectroscopy

The 9-fluoreone (98%) was purchased from Sigma and used
without further purification. HPLC grade solvents were used as
received. The UV-Vis spectra were measured using Cary 50 UV-
Vis spectrophotometer. The experimental setups of the picosecond
and femtosecond time-resolved spectrometer were described else-
where [17]. Briefly, the picosecond time-resolved emission spectra
were collected using a time-correlated single-photon counting
machine (Fluotime 200, PicoQuant). The sample was excited by a
vertical polarized picosecond pulsed-diode laser (LDH 375, Pico-
Quant) and the relative polarization between the excitation and
the emission was selected at magic angle (54.7°) condition. The
Femtosecond time-resolved spectra were obtained with fluores-
cence up-conversion spectroscopy (FOG100, CDP). The excitation
source was a mode-locked Ti:sapphire laser (Coherent, Mira
900D). The frequency of the laser output was doubled with a type
I B-Barium borate (BBO) crystal, and used for excitation. The instru-
ment response related to the up-conversion was about 220 fs (esti-
mated by the third harmonic signal of laser).

2.2. Time-resolved mass spectrometry

The time-resolved mass spectrometry (TRMS) experiments
were carried out using a femtosecond pulsed laser system and
the Copenhagen molecular beam mass spectrometer, which has
been described previously [18]. The laser system consists of a
chirped pulse amplifier (Spitfire, Spectra Physics) seeded by a fem-
tosecond oscillator (Tsunami, Spectra Physics). The amplifier deliv-
ers 800 nm pulses of 100 fs duration (FWHM) and 1 m] energy at
1 kHz repetition rate. The output was divided by a 50:50 beam
splitter into two parts pumping an OPA (TOPAS-C, Light Conver-
sion) and a higher harmonics generation setup, respectively. The
latter setup delivered the 400 nm (second harmonic of the funda-
mental) pulses used as probe pulses with energy of 8.0 . The
258 nm pump pulses, with energy of 1.0 p, were generated by col-
linear sum frequency mixing of the OPA output (signal) and the
800 nm fundamental following by frequency doubling. The time
delay between the pulses was controlled by a motorized transla-
tion stage. The stage and the data acquisition were controlled by
a Labview routine. The in situ one pump + two probe photon cross
correlation between the pulses was estimated to be 140 fs using
acetone. In the interaction region a continuous molecular beam
was intersected at right angle by the incoming laser pulses. The
beam was generated by supersonic expansion of 0.3 bar He carrier
gas seeded with sample vapor generated by sublimation of the
solid sample. To prevent condensation of sample in the expansion
nozzle, it was heated to 100 °C while the temperature of the sam-
ple container was lower.

2.3. Computational methods

The ab initio calculations were performed using GO9W software
[19]. The ground state geometries of 9-fluorenone with different
C=0 out of plane bending angles were optimized at the B3LYP/6-
311+G(d) level of theory. The structures were used to calculated
the vertical excitation energy using the TDDFT method at the
B3LYP/6-311++G(d,p) level of theory.

3. Results and discussion
3.1. Steady state and time-resolved mass spectrometry studies

Fig. 1 shows the steady state absorption and emission spectra of
fluorenone in hexane, acetonitrile (ACN), and methanol (MeOH)
solutions. In hexane, the S; absorption and the emission maxima
were found at 380 and 500 nm, respectively. Both the absorption
and emission spectra show a bathochromic shift in ACN. The larger
Stoke’s shift in ACN indicates that fluorenone has a larger dipole
moment in the excited state. The dipole moment difference (Ap)
between the S; state and the ground state of fluorenone is about
2.2-2.5D [13]. In MeOH, the emission of fluorenone is further
shifted to 570 nm due to the formation of a hydrogen-bonded com-
plex [13]. To elucidate the excited state dynamics of fluorenone in
detail, we performed a time-resolved mass spectrometry experi-
ment for gaseous fluorenone to single out the solvent-solute inter-
actions from the intrinsic chromophore properties. Fig. 2 depicts
the temporal evolution of the fluorenone parent ion upon
258 nm excitation [15]. The result is in line with previous studies,
in which the initial ultrafast decay is attributed to the Franck-
Condon relaxation and the internal conversion to the S; state,
while the offset component is due to the intersystem crossing from
the S, to the triplet state [15].

3.2. Ultrafast time-resolved fluorescence spectroscopy

To study the relaxation dynamics of excited fluorenone, we
have measured a series of femtosecond time-resolved fluorescence
transients of fluorenone in nonpolar and polar solvents. Fig. 3
shows the time-resolved transients of fluorenone in hexane. In
the nonpolar solvents, the S; state is n —» ©* in nature [4,11]. In
Fig. 3a, the transients were taken at three different excitation

1.0 9-Fluorenone
> 0.8 Hexane
g — ACN
2 MeOH
€ 06
e)

@
N
©
g 0.4
S
z
0.2
~
>~ e
0.0} ~Z==a
La s o o b o s oo b o o oo b o s oo b o s oo b e ool o sl ool
350 400 450 500 550 600 650 700 750

Wavelength /nm

Fig. 1. The steady state absorption/emission spectra of fluorenone in hexane,
acetonitrile (ACN) and methanol (MeOH) solutions. The excitation wavelengths of
the emission spectra were fixed at 400 nm. For clarity, only the longest-wavelength
maximum of the absorption spectrum, corresponding to the So — S; transition, is
shown.
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Fig. 2. Time-resolved yield of the parent ion of fluorenone as a function of time-
delay between the pump (258 nm) and probe (400 nm) pulses in the TRMS
experiment.
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Fig. 3. The femtosecond-resolved fluorescence up-conversion results for fluorenone
in hexane. The excitation wavelength (a) and the probing wavelength dependence
(b) of fluorenone.

wavelengths (Aex =360, 380 and 420 nm and the emission was
fixed at 540 nm. The temporal profiles consist of an ultrafast rise
component followed by a decay component (t=110 ps) with a
small offset. The rise component can be globally fitted with a time
constant of T;s =2.1ps, and the amplitude of rise component
increases with decreasing excitation wavelengths. This energy

dependence of the rise suggests that this component is associated
with vibrational relaxation of excited state fluorenone. Similar
vibrational relaxation dynamics have been reported in a previous
transient absorption study, where the vibrational relaxation time
of fluorenone in ACN and DMSO was estimated to be 1.4 ps and
2.4 ps, respectively [13]. The 110 ps component is attributed to
ISC and our results are in good agreement with the fluorescence
lifetime of fluorenone in non-polar solvents as reported in previous
studies [4]. We noticed that a small offset appears in the transients
when the molecules were excited at the tail of absorption band. In
Fig. 3b, the offset component also appears when the fluorescence
lifetime was probed at 580 nm, which is at the very end of the
emission spectra, i.e., at the bottom of the S; well. The result could
be taken to indicate that the ISC process involves a small energy
barrier in which case the offset is a result of the fraction of mole-
cules that do not have enough energy to pass the barrier and that
they therefore are trapped at the bottom of S; state.

Fig. 4 shows the picosecond time-resolved emission spectra of
fluorenone in hexane, ACN and DMSO. The 110 ps fluorescence life-
time of fluorenone in hexane is in good agreement with the value
obtained from the fluorescence up-conversion studies. In the polar
solvents the order of the states are interchanged so that S,
becomes m — 7* in nature just as the lower lying triplet. Thus, in
the polar solvents, the spin forbidden ISC between the S; state
and nearby triplet states is not supported by any El-Sayed type
effects [4-6,11]. Thus, the resulting fluorescence lifetimes of fluo-
renone in acetonitrile and DMSO become 16ns and 15.1ns,
respectively.

3.3. Theoretical calculations

The information about the excited state PES along the molecular
deformation that we find most likely is involved in the photophys-
ical process of fluorenone is addressed here to shed further light on
the fluorescence quenching dynamics. In previous studies, time-
dependent density function theory (TDDFT) has been utilized to
calculate the single point excitation electronic energy of fluo-
renone and its hydrogen bonded complexes [14,15,20]. Here, the
ground state of fluorenone was optimized at B3LYP/6-311+G(d)
level of theory. The structure of fluorenone in ACN was also opti-
mized using the PCM model at the same level of theory. Fluorenone
is found to have a planar structure in both cases. The vertical exci-
tation energies were calculated using TDDFT method at B3LYP/6-
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Fig. 4. The picosecond-resolved fluorescence transients for fluorenone in acetoni-
trile and DMSO. The excitation wavelength was fixed at 375 nm and the transient
was probed at 520 nm for acetonitrile and DMSO whereas the probe wavelength
was 500 nm in the case of hexane.
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Fig. 5. The single point excitation energy and the PES scan along the C=0 out of plane bending coordinate of fluorenone (a) in vacuum (b) in acetonitrile. The left panel shows

the vertical excitation energy of the planar structure.

311++G(d,p) level, and the results are summarized in Fig. 5. The
corresponding energies and oscillator strengths of the lowest six
singlet and triplet states are summarized in Table S1 of the sup-
porting information. The related molecular orbitals are depicted
in Table S2. The molecular orbital analysis reveals the n - ©* and
T — 1 nature of the S; state of fluorenone in vacuum and ACN,
respectively. The result is in good agreement with previous exper-
imental observations [4,6,11]. We also calculated the PES along
C=0 out of plane bending coordinate and the result were summa-
rized in Fig. 5. For clarity, singlet and triplet states were indicated
by solid and dash lines, respectively. In the vacuum (Fig. 5a), the S;
state corresponds to a n — * transition and the two close-lying
triplets states (T, and T3) are ™ — ©* in nature. Because the ISC
from the n — ©* state to the ™ — 7* state are spin-orbital allowed
as per El-Sayeds rule [1], the ISC process will involve at least two
different mechanisms. The first mechanism is the ISC between S;
and Ts. According to our calculations, ISC through this mechanism
needs to cross a barrier of least 3 kcal/mol. The second mechanism
is the ISC between S; and T, which involves a C=0 out of plane
bending motion to reach the crossing point between S; and Ts.
The energy barrier is ~14.5 kcal/mol. The temperature dependence
of the ISC rate of fluorenone has been reported previously and indi-
cates that the energy barrier of ISC in fluorenone in non-polar sol-
vents is ~2-3 kcal/mol [5,6]. Therefore, the first mechanism is
most likely the primary mechanism for ISC of fluorenone in non-
polar solvents and gas phase. However, for excited-state molecules
with enough energy, the ISC that takes place via the C=0 out of
plane bending coordinate might become important. For fluorenone
in acetonitrile, the S; state is m — 7* in nature and the ISC between
S, and nearby triplet states are spin-orbital forbidden. It is foreseen

that the ISC rate and the triplet quantum yield of fluorenone in
polar solvents will be lower compared to their polar counterparts
[5,6]. The triplet state quantum yield of fluorenone is 0.46 in
ACN [5]. The result suggests the ISC and fluorescence rates in
ACN are comparable. The partially (El-Sayed) allowed ISC might
occur through two different pathways. The first pathway is the
ISC between S; and Ts. Although Ts state is a m — ©* transition,
the one electron excitation coefficient suggests some n — ©* con-
tribution (Table S1) which makes the ISC from S; to Ts partially
spin-orbital allowed. The second pathway is the ISC between S;
and T,. According to our PES scan, the C=0 out of plane bending
motion will lead to a crossing point between these two states.
Although the T, state is purely w — 7* state in planar structure, this
state will become a mixed © — m*/n — 7* transition along the C=0
out of plane bending coordinate. The barrier for this process is
~19 kcal/mol (Fig. 5b), therefore it only occurs for molecules with
large excess energy.

4. Conclusion

The excited state dynamics of fluorenone in gas phase and
polar/nonpolar solvents were investigated in this study. Upon exci-
tation, the time-resolved mass spectroscopy of isolated fluorenone
reveals the ultrafast Franck-Condon relaxation and internal-
conversion to the S; state. The offset component found in time-
resolved mass spectroscopy is due to the ISC from the S; to other
triplet states. Meanwhile, the ultrafast time-resolved fluorescence
studies reveal the 2.2 ps vibration relaxation time and the 110 ps
fluorescence lifetime of fluorenone in hexane. The sub-
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nanosecond fluorescence lifetime and near 100% triplet quantum
yield of fluorenone in the non-polar solvent is due to the efficient
ISC processes in S; state. To address the photophysics of fluorenone
in detail, we have performed the PES calculation along the C=0 out
of plane bending coordinate in vacuum and acetonitrile. The
computational results suggest that the C=0 out of plane bending
reaction coordinate is also a possible ISC reaction coordinate for
fluorenone in nonpolar and polar solvents. For fluorenone in
nonpolar solvents, the S; state is a n —» 7* transition. The ISC
between S; and nearby T3(mt — 7*) is the primary deactivation pro-
cess of the excited fluorenone. However, the crossing point
between S; and T, might be involved in the ISC of fluorenone when
the molecule has enough energy. For fluorenone in ACN, the S;
state becomes a m — w* transition. Since the nearby triplet states
are both © — ©* in nature, the ISC rates between these states are
very low because they involve transitions between orbitals with
the same angular momentum. However, the moderate triplet state
quantum yield for fluorenone in ACN indicates that the ISC in ACN
is not totally prohibited and the rate is still fast enough to compete
with the fluorescence decay. The partially allowed ISC is due to
some n — ©* nature of the T3 state, therefore the ISC between S;
and T3 becomes possible. In ACN, the crossing point found along
the C=0 out of plane bending coordinate might be also an
important channel for the ISC of highly excited fluorenone. In
summary, we have reported a detailed study of the photophysics
of fluorenone based on the ultrafast time-resolved spectroscopy
and theoretical calculations. The information we have provided
reveals the possibility of a novel reaction coordinate for fluorenone
in nonpolar and polar solvents, which is important for
understanding the photophysics of this long-standing model
compound.
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