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The two-photon-induced singlet fission was observed in rubrene single crystal and studied by
use of femtosecond pump-probe spectroscopy. The location of two-photon excited states was ob-
tained from the nondegenerate two-photon absorption (TPA) spectrum. Time evolution of the
two-photon-induced transient absorption spectra reveals the direct singlet fission from the two-
photon excited states. The TPA absorption coefficient of rubrene single crystal is 52 c/GW at
740 nm, as obtained from Z-scan measurements. Quantum chemical calculations based on time-
dependent density functional theory support our experimental data. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804398]

. INTRODUCTION

Rubrene, a tetraphenyl derivative of tetracene, well
known for its high hole mobility,"> was extensively stud-
ied in recent years. Different spectroscopic techniques
were applied to study the dynamics of photophysical pro-
cesses in rubrene, like transient absorption (TA) by flash
photolysis,>* femtosecond pump-probe technique,’’ time re-
solved photoluminescence,® and photon echo.” From the stud-
ies of the photoexcited state dynamics, singlet fission, from
which a singlet excited molecule shares its energy with a
neighboring molecule in ground state, and both molecules
form a pair of triplet states,'®!! is proven to take place in the
rubrene single crystal.>™® Rubrene molecule is centrosymmet-
ric, therefore, the selection rules for one- and two-photon ab-
sorption (TPA) are different.!>!3 There are few theoretical'?
and experimental'® investigations on the nonlinear proper-
ties of rubrene. However, the experimental study on two-
photon excited state dynamics and the TPA coefficient in both
rubrene solution and crystal are still missing.

In this work, to the best of our knowledge for the first
time we observed direct singlet fission from two-photon ex-
cited upper electronic states in rubrene single crystal. Nonde-
generate two-photon absorption (ND-TPA) spectra were ob-
tained under two-photon excitation by use of pump probe
technique.'* !> Compared with linear absorption spectra, the
two-photon excited states are located well above the one-
photon excited states, which is also supported by quantum
chemical calculations. In addition, Z-scan technique was ap-
plied in order to measure degenerate TPA coefficient of
rubrene crystal.
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Il. METHOD
A. Experimental methods

Rubrene single crystals were grown by physical vapor
transport (PVT) technique.'® The detailed growing procedure
is described in Ref. 7. It is notable that only crystals with very
thin thickness (less than 10 um) were chosen for the transient
absorption measurements, because rubrene crystal has strong
absorption in the visible region (Fig. 1(a)) where there is also
the transient absorption signal. In order to detect the transient
absorption signal, we need thin crystal sample to keep the
transparency in all probing region. For Z-scan measurements,
uniform and big size sample (with thickness 20 pm) was cho-
sen to ensure the good quality of transmitted laser beam.

The TA spectra were measured by the optical femtosec-
ond pump probe spectroscopy, the output of titanium-sapphire
(Legend Elite, Coherent) regenerative amplifier seeded by the
oscillator (Micra, Coherent) was used as a pulsed laser source.
The output laser beam was at A = 800 nm, pulse width 65 fs,
pulse repetition rate 1 kHz, and average power 3.5 W. 90%
of the output beam was converted to 650 nm or 750 nm by
use of optical parametric oscillator (Topas, Light Conversion)
and were used for excitation (pump beam). The remaining
10% was used to generate white light continuum in CaF, plate
(probe beam). The details on pump probe setup and measure-
ment method are described in Ref. 17.

TPA coefficient was measured by open aperture Z-
scan.'®1% The input laser was from a tunable oscillator
(MaiTai, Spectra-Physics, Inc.), with pulse width 100 fs, pulse
repetition rate 80 MHz, tuning range from 710 to 920 nm. The
beam radius at the focal point is calculated to be 16 um. The
femtosecond laser is focused by a 10 cm focal length lens.
The sample was mounted on a computer controlled stage. The
second lens was placed before the detector to collect all the
transmitted light.

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4804398
http://dx.doi.org/10.1063/1.4804398
mailto: gurzadyan@ntu.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4804398&domain=pdf&date_stamp=2013-05-14

184508-2 Ma et al.

B. Theoretical methods

For all computations done in this work, quantum chem-
ical program GAUSSIAN?® was used. Ground state geometry
of rubrene was optimized in vacuum using B3LYP DFT func-
tional with 6-31G(d,p)*'~?* basis set. Computation of tran-
sition energies and transition dipole moments for the first
20 singlet vertical excited states of rubrene was carried out
using time-dependent density functional theory method em-
ploying BH&HLYP?*? DFT functional and TZVP?® basis
set.

lll. RESULTS AND DISCUSSION

A. Two-photon-induced transient absorption
spectroscopy

In order to study the two-photon excited state relaxation
process in rubrene single crystal, we applied the femtosec-
ond pump probe technique under two-photon excitation. The
pump wavelength is chosen at 650 nm, i.e., no linear ab-
sorption. Figure 1(b) shows the two-photon-induced TA spec-
tra in rubrene. We measured the absorbance change (AA)
in the TA measurements. The AA > 0 indicates for the
photo-induced absorption, while AA < O indicates for
the ground state bleaching or stimulated emission. Due to
the group velocity dispersion (GVD) in the optical elements
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FIG. 1. (a) Steady state absorption and fluorescence spectra of rubrene single
crystal (inset: molecular structure). (b) TA spectra for rubrene single crystal
after chirp correction, iexe = 650 nm. The region 625-675 nm of strong
scattered excitation light is removed. The upper and lower parts show the TA
spectra at different time ranges.
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including the CaF, plate, the white light continuum probe
is temporally chirped. We used the ultrafast nondegenerate
two-photon absorption signal (vide infra) to do the chirp
correction.'*

In our previous work,” we have studied one-photon-
induced singlet fission in rubrene single crystal by fem-
tosecond pump-probe spectroscopy under 500 and 250 nm
excitation. We have extended this approach to two-photon
absorption induced singlet fission. From Fig. 1(b), the two-
photon-induced transient absorption spectra after 3 ps show
similar behaviour as one-photon TA spectra (from Ref. 7).
Triplet-triplet absorption at 510 nm is still dominant in the
two-photon-induced TA spectra, however, the decay of the
excited singlet states S; is not as pronounced as one-photon
absorption (OPA) TA spectra. Moreover, under two-photon
excitation, the isosbestic point at 455 nm in OPA TA spectra’
disappears. This is indicative that triplet states form not sim-
ply after the decay of excited singlet state S, however, there is
also another channel for triplet states population. In the whole
TA spectra, there are always two troughs located at 465 and
495 nm, which correspond well with the peak positions of
steady state absorption spectrum (Fig. 1(a)). It is due to the
overlap of negative ground state bleaching and the positive
TA signal. The transient signal at negative time delays is in-
dicative for long-lived transient states. The pulse repetition
rate of our laser system is 1 kHz, i.e., the negative time delay
is equivalent to 1 ms decay time. The ground state bleaching
at negative times in Fig. 1(b) is due to the long-lived triplet
states (about 0.2 ms, Ref. 7) formed via singlet fission.

In Fig. 1(b), there is a significant difference for the tran-
sient spectra between the early (t < 0.5 ps) and longer times
(t > 3 ps). Moreover, the kinetics at different probe wave-
lengths (Fig. 2) show a fast process within first hundreds fem-
toseconds, and followed by a slower process at longer times.
In femtosecond transient absorption spectroscopy, when the
pump and probe beams spatially and temporally overlap, tran-
sient absorption spectra are sometimes distorted by the sig-
nal from “coherent artifact.” The coherent artifact including
two-photon absorption, stimulated Raman amplification, and
cross-phase modulation,>’~%” is caused by the third order non-
linear susceptibility x®. Figure 1(b) shows that the ultrafast
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FIG. 2. Transient kinetics at 444 nm and 510 nm probe wavelengths. Inset
shows the kinetics within the first 5 ps.
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FIG. 3. Log-log plot of TA signal at different delay times (0.2 and 50 ps) of
rubrene crystal as a function of pumping power, Aexc = 650 nm. The inset
shows the schematic of temporal positions at 550 nm probe chosen for the
fast process.

transient absorption spectra in the first hundreds of fs are very
broad, cover almost all the probe wavelengths range.

The fast (<500 fs) and slow (=500 fs) transient ab-
sorption signals are induced by the nondegenerate and de-
generate two-photon absorption (D-TPA), respectively, based
on the power dependence study. The power dependence of
510 nm transient signal (absorption peak of the slow pro-
cess) at 50 ps and of 550 nm (large absorption for the fast
process with low influence from slow process) at 0.2 ps
are shown in Fig. 3. The transient signal of 550 nm at 0.8 ps
(when the fast process is ended) is subtracted from the sig-
nal measured at 0.2 ps in order to get the contribution from
fast process (see the inset of Fig. 3). Both the transient signal
and pump power are shown on the log-log scale. The slopes
are indicative of the order of the corresponding nonlinear pro-
cess. For the ultrafast process, the slope is 0.9, i.e., linear de-
pendence on the pump intensity. Since there is no linear ab-
sorption at 650 nm, the ultrafast process is induced by the
ND-TPA process, i.e., one pump and one probe photon
are simultaneously absorbed by the sample, and excite the
molecules to two-photon excited state.'>3% As for the slow
process, the slope of the linear fit is 1.9, indicative for the
quadratic dependence on the pump intensity. Therefore, the
slow process is generated by D-TPA process, i.e., absorption
of two photons with the same photon energy. The transitions
for the ND- and D-TPA are shown in Fig. 4(a).

Rubrene molecule is centrosymmetric, the selection rules
for OPA and TPA transitions are different. For instance, for
one-photon transition, a change of parity is required. How-
ever, two-photon transitions must have the same symmetry
for the initial and final states.'>'3 In order to obtain the lo-
cation of the TPA excited states, the ND-TPA spectrum was
studied in detail. First, Negres et al.>* have used pump probe
technique in order to get the ND-TPA spectrum. The ND-TPA
spectra obtained by pump-probe show good agreement with
the D-TPA studied by other methods, e.g., Z-scan®! and two-
photon fluorescence spectroscopy.>’ The ultrafast TA spec-
trum induced by the ND-TPA process under 650 nm pump
wavelength covers the whole probe range of 350-850 nm

(Fig. 1(b)).
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FIG. 4. (a) Schematic of the transitions for one-photon absorption (OPA),
nondegenerate two-photon absorption (ND-TPA), and degenerate two-
photon absorption (D-TPA) processes. (b) OPA and ND-TPA spectra (under
650 and 750 nm pump).

In order to get the ND-TPA spectrum, the TPA wave-
length (A1pa) was calculated according to the equation

R
)\TPA )\pump

(1)

b
)\probe

where Apump and Aprope are the pump and probe wavelengths,
respectively. The obtained ND-TPA spectra under 650 and
750 nm pump wavelengths together with the linear (one-
photon) absorption spectrum are plotted in Fig. 4(b). The
two ND-TPA spectra correspond very well, only the valleys
features are shifted. The valley structures are caused by the
ground state bleaching in the TA spectra, which is determined
by the linear absorption spectrum. Therefore, the ground state
bleaching positions are the same in the measured TA spectra
under different Apump. But after conversion to Atpa accord-
ing to Eq. (1), the positions of these valley structures will be
shifted due to different Apymp. Comparing the OPA and ND-
TPA spectra (Fig. 4(b)), we can conclude that the two-photon
excited states are located well above the one-photon excited
states.

The transient kinetics at 444 nm (S;— Sy peak) and
510 nm (T;— Ty peak) are shown in Fig. 2. In order to fit
the ultrafast ND-TPA process, one ultrafast time component
7o < 150 fs is needed for all transient kinetics. Apart from the
fast femtosecond ND-TPA, transient signal at 444 nm decays
with two components: 71 = 11 ps (A} =31%) and 7, > 2 ns
(A2 = 69%). TA signal at 510 nm develops with two rise com-
ponents 7 = 1.6 ps (A| = 56%), T, =23 ps (A; = 44%) due
to the singlet fission, and does not show decay in 1 ns time
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FIG. 5. Normalized transient absorption kinetics at Apobe = 510 nm un-
der OPA (250-550 nm) and TPA (650 nm). (Inset) Arrhenius plot of singlet
fission rate versus pump photon energy.

window. TA signal of S; overlaps with TA of T;. Therefore,
decay of 444 nm peak includes a long time component
(T2 > 2 ns), which is due to triplet state decay. The fast com-
ponent of S; decay (11 ps) is due to thermally activated fis-
sion from the lowest vibrational level of S;. Comparison of
the triplets rise time under different excitation wavelengths is
shown in Fig. 5. All transient kinetics are at probe wavelength
A =510 nm and normalized at their maxima: the kinetics un-
der 400-650 nm excitation were normalized at 400 ps; while
the kinetics under 250 nm was normalized at 6.3 ps. From
Fig. 5, we can see that the rise time of triplet states, i.e.,
singlet fission rate, is pump wavelength dependent. In the
OPA region (250-550 nm), the triplet states form faster with
decreasing pump wavelengths (i.e., increasing pump pho-
ton energy). It points out singlet fission can proceed di-
rectly from various excited states, i.e., higher excited sin-
glet states Sy (under 250 nm), or upper vibrational states
of S; (400-550 nm). The energy of the lowest excited
singlet state E(S;) = 2.23 eV (determined from the ab-
sorption spectrum), and the energy of the triplet state is
E(T)) = 1.14 eV,’? therefore, the energy difference E(S;)
— 2E(T;) = —0.05 eV. Singlet fission is faster from the upper
excited states since it is exoergic; however, it becomes slower
from the lowest excited state S; since it is endoergic. Under
different pump wavelengths, there are always two rise-time
constants for the formation of triplet states: 7; ~ 2 ps and
7, ~ 20 ps. We assign the faster 7 to the direct singlet fission
from the upper excited singlet states Sy or upper vibrational
levels of Sy, and the longer t, ~ 20 ps to the thermally acti-
vated fission from the lowest vibrational levels of S;. There-
fore, r; will vary while 7, is invariant with the excitation
wavelength. For all the kinetic curves in Fig. 5, global fit was
performed by use of free t; and fixed t,. The global fit results
in Ty = 34 ps, t; ranges from 1.2 to 3.5 ps under different
excitation wavelengths (250-650 nm), shown in Table I.
Another longer time constant 73 > 1 ns is needed to fit the
long lived decay of triplet (Apump = 400-650 nm) or polaron
(Apump = 250 nm). The direct singlet fission from TPA ex-
cited states is faster than the fission from S; state, and slower
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TABLE 1. Global fit results for 510 nm transient kinetics under different
pump wavelength (Apump).

Apump (nm) Ty (Ps) Ayt 72 (ps) Ayt T3 (ps)  As®
250 1.2 —0.50 34 —-0.27 1400 1.0
650P 1.9 —0.36 34 —0.26 10 000 1.0
400 2.4 —0.27 34 —0.36 10 000 1.0
500 3.0 —0.42 34 —-0.35 10 000 1.0
550 3.5 —0.32 34 —-043 10 000 1.0

%A1, A, and Aj are the fractional amplitudes of different time constants. A > 0: decay
process; A < 0: rise process.
YUnder 650 nm two-photon excitation.

than from Sy states. It means that two-photon excited states
are located between S| and Sy. The relation between the di-
rect singlet fission rate ks, = 1/7 versus the pump photon
energy is shown in the inset of Fig. 5. The In(kgss) undergoes
a linear increase with excitation photon energy, i.e., follows
the Arrhenius law:

E,
kriss = Aex - s (2)
f p RT

where A is the pre-exponential factor, R is the molar gas con-
stant, T is temperature, and E, is the activation energy, i.e., E,
= 2E(T) — Eexc (Eexc 1s the excitation energy).

Based on all the discussion above, we can conclude that
singlet fission can proceed in picosecond time scale directly
from the upper excited states Sy, upper vibrational states of
Si, or two-photon excited states bypassing S; state. The relax-
ation process of rubrene single crystal under two-photon ex-
citation is shown in Fig. 4(a): direct singlet fission takes place
within 1.6 ps, and it competes with the fast internal conver-
sion. 40% of the two-photon excited states relax to the lowest
one-photon excited state S;, where triplet states continue to be
formed, even though 15 times slower via thermally activated
fission.

Tao et al.’ also studied the relaxation dynamics of pho-
toexcited excitons in rubrene crystal by use of femtosecond
pump-probe technique. They explain the decay of excitons
being due to the dissociation to polarons. However, in our
previous article,” we have clearly demonstrated that the for-
mation of polarons is an ultrafast process (< 100 fs). The
decay of singlet excitons equals to the rise time of the triplets.
Therefore, the singlet fission is the main channel of exciton
relaxation. It should be noted that in Ref. 5, the triplet state
transient was not monitored.

B. Two-photon absorption coefficient

The TPA coefficient of rubrene crystal was measured by
open aperture Z-scan method under femtosecond laser ex-
citation: 740 nm, i.e., no linear absorption (Fig. 1(a)). The
calculated TPA coefficient is 52 cm/GW (Fig. S1(a) in the
supplementary material®}). In order to figure out whether
the singlet fission influences the TPA coefficient, TPA is
also studied in rubrene solution (toluene) where singlet fis-
sion is absent.” The TPA cross section of rubrene solution is
0 =540 GM (1 GM = 107°° cm* s photon™!). By estimating
the “concentration” (number of molecules per unit volume) of
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(a)

FIG. 6. Rubrene molecule conformations in single crystal (a) and solution

(b).

molecules in rubrene crystal, the TPA cross section for crystal
can also be determined; o = 1000 GM. It is the same order
of magnitude with solution case. Therefore, we can conclude
that the singlet fission (participation of the triplet states) does
not influence the two-photon absorption process.

C. Quantum chemical calculations

Two-photon allowed transitions have been selected
among computed singlet excited states in accord with the se-
lection rules. It is noteworthy, that the geometry of rubrene
differs dependent on the phase and state. Thus in single crys-
tal, the molecules of rubrene have C,;, (2/m) symmetlry34’35
with a nearly planar tetracene backbone (Fig. 6(a)); in
solution and amorphous phase, rubrene shows D, (222)
symmetry,**8 characterized by a twisted tetracene backbone
(Fig. 6(b)). As it was already pointed out in Ref. 28, the op-
timized ground state structure of rubrene in vacuum corre-
sponding to the C,, symmetry is a first-order saddle point
and, that it is stabilized in crystal owing to the crystal-packing
forces. Our computation revealed that the backbone of Cp-
rubrene is not quite planar. Eight of its carbons are located 8°
or 2° out of plane made by the other ten carbons of the back-
bone as shown in Fig. S3 in the supplementary material.’?
Optimized geometry of Cy,-rubrene in Cartesian coordi-
nates is available in the supplementary material.>* Results of
our computations for vertical singlet excited states of Cyy-
rubrene are summarized in the Table S1 in the supplemen-
tary material.>* According to the selection rules for molecules
owning an inversion center, transitions are allowed between
electronic states with opposite parity only, in case of one-
photon absorption; and between electronic states with the
same parity only, in case of two-photon absorption. Hence,
one- and two-photon allowed transitions are mutually exclu-
sive and clearly distinguishable for C,;,-rubrene.

The dominant dipole-allowed transition in the visible re-
gion appearing at 490 nm (Table S1 in the supplementary
material®®) is due to migration of an electron from the donor
HOMO to the acceptor LUMO molecular orbital, which is
accompanied by change of the parity from even to odd for
the initial Ay and the final A, electronic states, respectively.
This agrees well with our steady state one-photon absorption
spectrum.” Deviation of 6 nm from the measured wavelength
may be caused by the basis set of only moderate quality used

J. Chem. Phys. 138, 184508 (2013)

in this work. In our preliminary tests, we revealed improve-
ment of 13 nm between results obtained when basis sets of
double-¢ or triple-¢ quality were used.

Transitions in TPA spectrum of Cy,-rubrene, will have
even parity in line with ground electronic state A,. Among
all theoretical excited states with even parity (Table S1 in
the supplementary material®®), the one with lowest transition
energy is at 313 nm (A,—B,, 34% H-3—LUMO, 56%
H-2—LUMO, and 7% HOMO—L+2), well separated from
the dipole allowed one-photon transition (HOMO— LUMO).
It confirms our conclusion that the two-photon excited states
are located well above the one-photon excited states. Com-
pared with our experimental ND-TPA spectrum (Fig. 4(b)),
the computed A;— A, transition at 278 nm, corresponding
to the promotion of an electron from HOMO to LUMO+-3
molecular orbital (Table S1 in the supplementary material®?),
is the most favourable two-photon allowed transition. The
electronic levels of rubrene are illustrated in Fig. 4(a), where
the ground state is labelled with 1A, the lowest one-photon
excited state with 1A,, and two-photon excited states with
mB, and nA,. The one- and two-photon absorption properties
of rubrene were also calculated by Zhao et al.'> by adopting
the INDO/SDCI (intermediate neglect of differential overlap
including configuration interaction with single and double ex-
citations) method. However, they chose the Dy; (mmm) con-
formation which is neither crystal nor solution geometry.

IV. CONCLUSIONS

Two-photon-induced singlet fission in rubrene single
crystal was observed for the first time by femtosecond pump-
probe spectroscopy. Dynamics of the two-photon excited state
relaxation was analysed. Direct singlet fission takes place
from the two-photon excited states, competed with the inter-
nal conversion to the lowest excited singlet state S;. Non-
degenerate two-photon absorption spectrum was attained
from the two-photon-induced transient absorption spectra.
Two-photon absorption coefficients of rubrene single crystal
and solution were determined by Z-scan method; TPA cross
sections were shown to be similar, which indicates that there
is no contribution of singlet fission to TPA. Quantum chemi-
cal calculations support the TPA experimental data.
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