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Singlet fission is a photophysical process in which an optically excited singlet exciton is
converted into two triplet excitons. Singlet fission sensitized solar cells are expected to
display a greatly enhanced power conversion efficiency compared to conventional single-
junction cells, but the efficient design of such devices relies on the selection of materials
capable of harvesting triplets generated in the fission chromophore. To this aim, the possi-
bility of measuring triplet exciton dynamics with chemical selectivity paves the way for the
rational design of complex heterojunctions, with optimized triplet conversion. Here we exploit
the chemical sensitivity of X-ray absorption spectroscopy to track triplet exciton dynamics at
the picosecond timescale in multilayer films of pentacene, the archetypal singlet fission
material. We experimentally identify the signature of the triplet exciton in the Carbon K-edge
absorption spectrum and measure its lifetime of about 300 ps. Our results are supported by
state-of-the-art ab initio calculations.
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hen absorbing high energy photons, conventional
thotovoltaic cells are affected by thermalization of

charge carriers, which is the major channel of effi-
ciency loss for solar energy conversion. Two possible strategies to
overcome such losses are down-conversion and multiexciton
generation! 3, the latter one including the singlet fission (SF)
process. The application of SF in solar energy conversion devices
was demonstrated to raise the power conversion efficiency above
the Shockley-Queisser limit4, and this fact made the study of SF
gain a large popularity in solar energy research. Over the past few
years, a lot of efforts have been made to design and characterize
high-fission-yield chromophores, mainly acene derivatives®=® and
conjugated polymers!%-12, but an elaborate device architecture is
required to take advantage of the carrier multiplication in these
materials!®14, The fission material should be coupled with both
an electron and a hole acceptor, and proper energy level align-
ment and interface morphology are required to maximize triplet
exciton harvesting while reducing the contribution from singlet
excitons to the photocurrent, as this competing channel does not
provide any extra gain to the power conversion efficiency.
Amongst the fission chromophores, pentacene is to date the most
studied one. The fission process is exothermic and unidirectional,
because the relaxed triplet state of pentacene has less than half the
energy of the singlet state’!°. Pentacene triplet excitons, with
lifetimes spanning from picoseconds up to nanoseconds, have
already been measured in thick films by means of several optical
spectroscopies, such as transient absorption!® and time resolved
two-photon photoemission (tr-2PPE)!7. However, the application
of such powerful experimental techniques to complex archi-
tectures with more than one chromophore does not allow the
disentanglement of the contribution from different excitation
sites, due to the lack of chemical sensitivity. Recently, time
resolved X-ray spectroscopies have been applied to the study of
photoexcited states in molecules either in solution or in gas
phase!®19. Such techniques offer chemical selectivity since they
probe excitations of localized core electrons to unoccupied
valence states. The extension of these studies to the condensed
phase, where SF takes place, is, however, very challenging due to
the delicate balance between obtaining an acceptable pump-probe
statistics and limiting the optical and X-ray induced sample
damage.

In this study, we present a combined experimental and theo-
retical study of triplet dynamics in pentacene films, probed by
time resolved picosecond carbon K-edge X-ray absorption spec-
troscopy (tr-XAS) at a synchrotron facility. Measurements of the
electronic structure dynamics in the pico- and femtosecond
timescales are nowadays routinely performed at pulsed X-ray
sources like free electron lasers (FELs) and high harmonic gen-
eration (HHG) setups.20-23 However, if compared with FELs, the
sample damage in the pump-probe scheme at the synchrotron is
limited thanks to the low X-ray pulse energy at megahertz
repetition rate and the use of optical pulses which best match the
conditions in tr-2PPE. Moreover, at synchrotrons, the photon
energy is easily tuned across the carbon K-edge in a continuous
way. We present here evidence of pentacene triplet excitons in the
X-ray absorption spectra, and we measure the triplet state life-
time, which is found to be in agreement with reference tr-2PPE
measurements performed in situ. The identification of transitions
in the XAS spectra attributed to molecules in the triplet state, is
supported by ab initio calculations of the core-absorption spectra
of both the ground state and the triplet-excited state at resolution-
of-identity (RI-) second-order approximate coupled-cluster sin-
gles and doubles (CC2) level of theory. To the best of our
knowledge, this is the first extension of RI-CC2 to the calculation
of core spectra (both excitation energies and intensities) of triplet
excited states.

Results

Characterization of the pentacene film. The molecular films
have been deposited in situ in the ultra-high vacuum (UHV)
experimental chamber to ensure the best molecular ordering and
prevent contamination. We have studied pentacene films depos-
ited on a fullerene (Cgp) covered Ag(111) substrate. The Cqq
buffer layer drives pentacene standing-up orientation and
ordering into a bulk-like crystalline phase?4, whose herringbone
molecular pairing strongly favours the SF process, as compared
with other possible packing structures. Details on film growth and
thickness evaluation are reported in the Methods section and in
the Supplementary Note 1. We underline that we prepared pen-
tacene films thick enough so that our tr-XAS measurements are
sensitive only to the electron dynamics taking place in the pen-
tacene topmost layers, while charge transfer at the pentacene/Cqq
and Cgo/silver interfaces can be neglected. In fact, XAS probes
only the two topmost layer of the 5 ML film due to the short
electron escape depth at the C K-edge. On the other hand, tr-
2PPE has already been shown to be insensitive to the underlying
layers for film thicknesses larger than 2 ML!7. Before moving to
the picosecond XAS measurements, we characterized the energy
position and lifetime of the singlet and triplet excited states in the
film by performing reference tr-2PPE measurements!”. Complete
details can be found in the Supplementary Note 2. The system
was excited by a visible pump pulse (hv = 2.4 eV) and ionized by
a time-delayed ultraviolet probe pulse (hv = 4.8 eV). With respect
to previously published measurements performed with optical
pump at 2.15 eV, i.e. resonant at the ground state (Sp) to the first
excited singlet state (S;) transition, the 2.4eV pump photon
promotes the electrons from the HOMO to the third singlet
excited state (S;) and from here a fast transition to lower excited
singlet states (S,, S;) can occur. A similar behaviour has been
reported on tetracene thick films2°. After the relaxation to S;, the
singlet fission into two triplet excitons (T;) is energetically
favourable. The analysis of the tr-2PPE measurements is reported
in Supplementary Fig. 2 for a 2 ML pentacene film on Ceo/Ag
(111). We observe the pump-induced population of a short-lived
state (<330 fs, i.e. below our temporal resolution) that we attribute
to S; and of a long-lived (100 ps timescale) state assigned to T,
providing a picture that is analogous to the case of pentacene/Cqg
on Au(111)17.

Time-resolved X-ray absorption. We then performed picose-
cond carbon K-edge XAS on a 5 ML pentacene film on Cgo/Ag
(111). We excited the sample with 2.4 eV optical pump as in the
tr-2PPE and we employed X-ray pulses from Elettra synchrotron
as a probe. Details on the experimental set-up can be found in the
Methods section and in ref. 2. Figure 1 shows the pump-probe
scheme at a specific X-ray energy and pump-probe delay. The
XAS signal has been recorded by collecting carbon KVV Auger
electrons in the first few nanoseconds after the pump excitation
(excited or pumped sample) and again after 864 ns, i.e. from the
unexcited or unpumped sample in the same acquisition temporal
frame (green dashed box). This stroboscopic acquisition ensures a
proper normalization of the data, hence compensating the X-ray
pulse intensity variations due to decay and refilling of the X-ray
probe beam in the storage ring. A XAS spectrum is measured at
each pump-probe step delay by varying the incoming photon
energy via the beamline monochromator. The pump-probe delay
is electronically shifted in 50 ps steps. We employed two special
operating modes of the synchrotron to obtain 1.157 MHz X-ray
pulses, i.e. the hybrid and the single bunch filling. In the hybrid
mode, the multibunch ring structure (2 ns evenly spaced bunches,
310 mA total current) presents a dark gap of 150 ns where a single
X-ray pulse (of about 3 mA, 120 ps) is placed. In the single bunch,
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Fig. 1 Scheme of the pump-probe set-up. Temporal distribution of laser (red) and synchrotron (grey) pulses and of the detected X-ray absorption (XAS)

signal (blue). The green dashed box indicates the standard acquisition frame

only one X-ray pulse (of about 3 mA, 60 ps) per revolution is
delivered to the sample. While the hybrid mode does not affect
the normal operation of the synchrotron (in terms of beam
energy, current and lifetime), the single bunch mode is run only
on request few days per year because the low flux is incompatible
with the working conditions of most beamlines at the facility. Of
course, for the tr-XAS measurements, the single bunch mode
operation has the advantage of a significantly reduced damage
due to the lower X-ray photon flux (factor of ~0.01) at the
sample.

Figure 2 shows the pumped (P, red) and the unpumped (U,
blue) carbon K-edge XAS spectra acquired on 5 ML pentacene at
the temporal overlap between pump and probe pulses. An
expanded photon energy range of the C K-edge XAS on the film
comprising the first LUMO and LUMO + 1 transitions is shown
in the inset of Fig. 2. We observe a pump-induced intensity
increase around 282.5eV as evidenced by the transient change
(P-U/U) in the lower panel of Fig. 2. The absorption intensity in
the LUMO region decreases correspondingly, as reported in
Supplementary Note 3. Considering that the highest achievable
temporal resolution is set to 120 ps by the synchrotron X-ray
pulse width and that in tr-2PPE measurements T, is the only
contribution at delay times longer than a hundred picoseconds,
we attribute the pump-induced features in the XAS spectra to T}.
For what concerns the singlet excited states (S;, S, S;) and the
multiexciton (ME), their shorter lifetimes require much shorter
X-ray pulses (<100 fs) to probe them. As a consequence, we can
attribute the (optically pumped) XAS state at 282.5¢eV to C K-
edge transitions originating from pentacene molecules in the
triplet excited state. The weak intensity of the measured T; can be
explained by considering that the pump fluence employed in the
experiment yields ~1.3 x 1019 excitations cm—3. As each singlet
originates two triplets and assuming that all excitations undergo
singlet fission and that there are about 102! molecules cm—3, we
estimate only 1-2% of the probed molecules to be in the excited
state.

Figure 3 shows the behaviour of the integrated transient
absorption intensity in the region between 282.3 and 282.8 eV as
a function of the pump-probe delay. The two traces have been
acquired in hybrid and single bunch synchrotron operation
modes. Data acquired in hybrid mode are partly affected by X-ray
induced radiation damage due to the higher photon flux, as
mentioned above. The corresponding modifications of the carbon
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Fig. 2 Pump-probe X-ray absorption on pentacene. a Pre-edge region of the
pentacene carbon K-edge X-ray absorption spectrum (XAS) with (red) and

without (blue) the optical pump at time zero. In the inset an expanded view of
the spectra up to the pentacene LUMO + 1is reported. b Transient absorption
calculated as ratio (pumped—unpumped)/unpumped. We observe intensity
enhancement at about 282.5 eV. Error bars represent one standard deviation

K-edge XAS have been characterized in detail in order to single
out the dynamical effects (molecular excitation) from the kinetic
ones (molecular decomposition), see Supplementary Note 4. The
pink curve in Fig. 3 has been measured by reducing the
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Fig. 3 Transient absorption (integrated AA/A) as a function of pump-probe
delay. Two datasets are reported, acquired with two different synchrotron
operating modes: hybrid (pink) and single bunch (blue). Error bars
represent one standard deviation. The hybrid mode data have been fitted by
an exponential decay convoluted with a Gaussian (dashed line)

acquisition time to 2h per delay point, in order to have a
compromise between damage effects and signal-to-noise ratio.
The hybrid mode data of Fig. 3 have been fitted by the
convolution of an exponential decay and a Gaussian function
(dashed line). The Gaussian width has been fixed at 120 ps
FWHM, the estimated X-ray pulse width. The best fit yields a
lifetime of 0.3 £ 0.2 ns. A step at time zero is better visible in the
single bunch measurement (blue) in which the X-ray pulse width
is halved (about 60 ps). This measurement is also damage free, the
drawback being the reduced accumulated data points for each
delay step since data collection had to be restricted to a maximum
of 20 min. This is due to a shorter lifetime of the electron bunch
in the storage ring in such configuration, yielding larger errors
and limiting the accessible delay range. The experimentally
determined lifetime is well in agreement with previously reported
triplet decay time constants in pentacene multilayers measured
via tr-2PPE. Chan et al. reported lifetimes ranging between 250
and 400 ps for 2 and 10 ML films, respectively!”. Other transient
absorption studies reported 5 ns triplet lifetimes in polycrystalline
pentacene films?’, but it has been shown in a similar molecule
that film morphology plays a crucial role in determining the
decay dynamics28. In our case, considering the low diffusion rate
along the molecular c-axis (107% cm? s~1)2% and using Fick’s law
for determining the diffusion length as in ref. 30, it requires
~100 ns for the exciton generated in the topmost layers to move
5nm and reach the interface with Cg. This consideration
excludes the transfer to Cqy from being the preferential decay
channel, while it is in agreement with refs. 1417 on a relaxation
process dominated by exciton trapping.

Ab initio calculations. In order to support the experimental
identification of T, in the transient XAS, we performed ab initio
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Fig. 4 Calculated X-ray absorption spectra. Ground state (Sp) and triplet
excited state (T;) spectra of a single pentacene molecule are shown.
Calculations were performed by implementing a core-valence separation
(CVS) scheme within the resolution of identity (RI-) second-order coupled-
cluster (CC2) approximation and utilizing the aug-cc-pVTZ basis set.
Computed spectra were shifted by —3.2 eV to be aligned to the
experimental unpumped spectrum (black line). The S spectrum was
computed at the Franck-Condon geometry (RI-CC2/cc-pVTZ optimized),
whereas the T; spectrum was computed at the relaxed T; geometry
obtained by the second-order algebraic diagrammatic construction ADC(2)
level with the cc-pVTZ basis set

calculations of the core-absorption spectra of both the ground
state and the triplet excited state. Figure 4 shows the simulated
spectra of the ground state, Sy, and of the T valence excited state
at the RI-CC2/aug-cc-pVTZ level of theory. Of the coupled-
cluster hierarchy of wave-function methods, the (RI-)CC2 model
is the lowest scaling member that is capable of describing electron
correlation. Correlation effects are included consistently through
second-order perturbation theory. Formally, it has the same
computational scaling as second-order Moller-Plesset perturba-
tion theory (MP2), but it is iterative and allows the treatment of
excited states. It is also considered superior to time-dependent
density functional theory (TDDFT) in terms of accuracy, in
particular for the description of triplet excited states31:32, The S,
spectrum in Fig. 4 was computed at the Sy minimum, and the T,
spectrum at the minimum of the T, excited state. The T, core-
excited band was located at around 1.5 eV from the first peak of
the LUMO band (NB: the two spectra shown do not take into
account the relative populations of ground and T; states,
experimentally estimated in 98% and 2%, respectively). The
computed X-ray absorption spectra of the two states, shown in
Fig. 4 with the experimental ground-state spectrum, were both
shifted by —3.2 eV. The value of the shift was chosen in order to
align the computed ground-state X-ray absorption spectrum to
the experimental one. After re-alignment, the RI-CC2 calcula-
tions qualitatively support the results of the experimental
measurements.

Discussion

In summary, we have shown that time-resolved X-ray absorption
spectroscopy at synchrotrons can be used to measure the
dynamics of triplet excited states with chemical selectivity. We
characterized a 5 ML film of pentacene, the archetypal SF mole-
cule, by means of picosecond carbon K-edge XAS. We experi-
mentally identified in the XAS spectrum of optically excited
organic molecules the transitions associated with the fraction of
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molecules in the triplet state. Our assignments are theoretically
supported by a novel approach in the state-of-the-art calculations.
In this work, we established experimental and theoretical proto-
cols for characterizing the long-lived exciton dynamics in SF
chromophores with chemical selectivity, which represents a
notable advantage over laser-based techniques, such as 2PPE and
transient absorption, for the characterization of heterojunctions
and multicomponent architectures. Picosecond XAS will provide
valuable information about the triplet exciton dynamics in
complex structures, therefore helping to achieve a better under-
standing of the electronic properties of SF chromophores and
therefore a better design of SF sensitized solar devices.

Methods

Sample preparation. The organic films have been grown in situ in the same UHV
chamber in which all the measurements have been performed (ANCHOR-SUN-
DYN endstation of the ALOISA beamline at the Elettra synchrotron2¢). We
employed an Ag(111) single crystal as substrate, which was cleaned by repeated
Ar™ ion sputtering and annealing cycles. A Ceo (Sigma Aldrich, 99.9% purity)
multilayer was grown on the sample by evaporation from a Knudsen cell (T ey =
375 °C). Subsequently the sample was annealed to 350 °C to obtain a C4y mono-
layer from the multilayer desorption. The sample quality was monitored by C K-
edge XAS. Finally, pentacene layers (Sigma Aldrich, 99.99% purity) were evapo-
rated on the Cg buffer layer from a Knudsen cell (Tce; = 200 °C). The calibration
of the evaporation rate is detailed in the Supplementary Note 1.

Picosecond carbon K-edge XAS measurements. All measurements have been
performed at the ANCHOR-SUNDYN endstation. As a pump, the second har-
monic of the Yb-doped Yttrium aluminium garnet (Yb:YAG) fibre laser (Tangerine
HP, Amplitude Systemes) was used. The photon energy was 2.4 eV. Laser and
synchrotron beams enter the experimental chamber at 27° and 62° with respect to
the surface normal in the measurement geometry. To maximize the overlap with
the X-ray spot, we used two cylindrical lenses on the pump beam to achieve an
elliptical 0.5 x 0.25 mm? spot on the sample. The spatial overlap was checked with a
YAG crystal mounted on the sample holder, while the temporal overlap was
determined by measuring optical pump-induced vacuum space charge effects on
the Ag 3d core level lines?0. The C K-edge XAS spectra were measured by collecting
carbon KVV Auger electrons through a hemispheric electron analyser (PSP Resolve
120), which was set to a kinetic energy of 257 eV with a pass energy of 100 eV. The
angle between the analyser and surface normal was 27°. The laser was operated at
385.67 kHz in order to have a pumped and an unpumped synchrotron pulse in
each acquisition temporal frame, as depicted in Fig. 1. The measured XAS spectra
have been subsequently normalized with the clean sample spectra in order to
correct for the beamline transmission. We used a fluence of about 130 uJ cm =2 to
achieve a pump photon density similar to that used for tr-2PPE measurements.

Theory. The ground-state geometry of one single pentacene molecule was opti-
mized at the second-order coupled-cluster level using the resolution of identity
approximation (RI-CC2)33-35 method and Dunning’s cc-pVTZ basis set>®, with
optimized auxiliary basis sets from ref. 37. The geometry of the valence T, state was
optimized using the second-order algebraic diagrammatic construction (ADC(2))
approach38, employing the RI approximation® and the cc-pVTZ basis set. To
calculate the XAS spectra of both the ground-state Sy and the triplet excited state
T, a core-valence separation (CVS)404! scheme was implemented, where the core-
electron were kept frozen during the wave-function optimization, whereas only
excitations involving at least one core orbital were allowed during the solution of
the eigenvalue equations. XAS calculations were performed for three different basis
set combinations*243; aug-cc-pVDZ on all atoms, aug-cc-pVTZ on the carbon
atoms and aug-cc-pVDZ on the H atoms, and aug-cc-pVTZ on all atoms. The
calculations in the different basis sets yielded similar spectral profiles, yet with
different absolute shifts (in between 3.2 and 4 eV) from the experimental data, and
with the aug-cc-pVTZ basis showing, as expected, the smaller absolute shift. The
ground-state excitation energies and transition strengths were obtained within RI-
CC2 linear response*44>. The triplet state core-absorption transition strengths were
computed as strengths between the valence excited state T; and various core-
excited states of triplet symmetry?®47. To this end, we extended the implementa-
tion of intensities for T, — T, transitions of Pabst and K6hn*6:4849 to the case
where T, is a core-excited state. All calculations were performed using the TUR-
BOMOLE package®’. For the calculations of core spectra, a local version of the
ricc2 module was employed. The spectra were simulated by convolution with a
Lorentzian broadening function of the computed excitation energies and transition
strengths. A value of 1600 cm~! (0.2 V) was used for the broadening parameter’!.

Data availability
The data that support the findings of this study are available from the corresponding
author on request.

Code availability

The computational methodologies implemented and utilized in this study are available in
the TURBOMOLE package®’, see http://www.turbomole-gmbh.com/ for additional
information on code availability.
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