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Enhancing Triplet Excitons Lifetime Through Controlled

Intermolecular Interactions

Martin Richter, Muhammed Jeneesh Kariyottukuniyil, Zhiyun Xu, Philipp Ludwig,
Pavel V. Kolesnichenko, Christian Huck, Uwe H. F. Bunz, Christof Woll, Wolfgang Wenzel,

and Petra Tegeder*

Singlet fission (SF) is a process in which a singlet exciton is converted into
two triplet excitons, significantly enhancing charge generation in organic solar
cells. It has been shown that the rate of SF and the lifetime of the generated
triplet excitons strongly depend on the molecular arrangement. In this work, a
cofacial orientation of pentacene molecules is achieved by embedding organic
linkers containing pentacene in a surface-anchored metal-organic framework.
Transient absorption spectroscopy and a quantum mechanical analysis are

1. Introduction

The interest in the use of solar energy has
increased significantly in the last decade.
Exploitation of singlet fission (SF) promises
to increase the efficiency of photovoltaic
junctions up to 44%, which surpasses the
Shockley—Queisser limit.[}?] In SF materi-
als, a singlet (S) exciton is converted into

used to analyze the exciton dynamics in a broad spectral range from
near-ultraviolet to near-infrared. The observed spectra indicate that a singlet
excited state generates a correlated triplet pair within a few picoseconds.
Subsequent dynamics show the formation of long-lived excitons (39 ps) with
triplet character. This exceeds by far the observed lifetime of triplet excitons
generated in pentacene thin films and may enhance triplet exciton harvesting

capabilities in photovoltaic cells.
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two lower-energy triplet (T) excitons (Eg;~
2E;;). The efficiency of a solar cell could
thus be enhanced if the triplet state en-
ergy is comparable to the semiconductor
band gap, provided that the energy can
be transferred. Using this process, high-
energy photons can be utilized, whose en-
ergy would otherwise be lost in dissipative
processes. In addition to fast SF and high
triplet quantum yield (TQY), a long lifetime
of the generated triplet excitons is of great
importance, since it increases the probability of harvesting the
charge carriers.

Charge-transfer (CT) states occur in a direct or indirect man-
ner and especially the multiexcitonic state ™(TT) plays a key
role in the SF process.>”7] Here, ®(TT) specifies a coherent
state of triplets on adjacent chromophores both in an excited
triplet state. The four electrons involved in this process spin-
couple to have a multiplicity of m = 1, 3or5. The spin-coupled
state must retain spin multiplicity m = 1 initial to the gen-
eration of the triplet pair to ensure conservation of angu-
lar momentum. Many studies report the following model for
SF:[S—IO]

m @ 0)
(S¢S1)— (T, Ty)— (T --- Ty)— 2T, 1)

where (S,S,) indicates a singlet excitation on one of the two chro-
mophores, }(T,---T,) describes a spin-coupled triplet pair that is
spatially separated and has lost electronic coherence, and 2T,
are two uncoupled triplet excitons. The rate of the first step
— the triplet-pair generation — is extremely fast with 70-100{s
in pentacene (PEN) thin films.'"l The second and third steps
are more elusive, and an unambiguous assignment of kinetic
rates is difficult. Some studies report the rate of the second
step on the ps-ns time scale for PEN derivatives.[#12] Spatially
separated triplet excitons have been reported to give a photo-
induced absorption (PIA) shifted to lower energies.#3] The
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Figure 1. Structure and optical properties of ZnPn a) Schematic of the ZnPn SURMOF structure. Blue lines indicate the PEN linkers. Adaptation from
ref.[21]. b) UV/Vis absorption spectra of PEN thin film (black) and ZnPn (red) on quartz substrates.

overall lifetime of the triplet excitons in PEN thin films is more
well-founded with a few nanoseconds.'*! For the above mech-
anism the following criteria are crucial: (1) energy level match-
ing at the single molecular level: Eg > 2E; and E;, > 2E; /"]
which ensures that the splitting of a singlet excitation into two
triplet excitons is thermodynamically feasible, while triplet-triplet
annihilation (TTA) is not; (2) strong electronic coupling be-
tween molecular aggregates, i.e., S,S;—!(T;T;)!* and (3) effi-
cient separation dynamics, meaning that the correlated triplet
pair 1(T,T,) evolves into two independent triplet excitons 2T,
that can physically separate from each other.['”!8] These are re-
ferred to as (1) energetic, (2) coupling, and (3) separation criteria,
respectively.

Lubert-Perquel et al.*] proposed that a parallel orientation of
the chromophores favours the formation of free separated triplet
excitons. In addition, the displacement along the long molecu-
lar axis Ax in a slip-stacked configuration is also of crucial im-
portance. Pensack et al.'% reported that when Ax = 0 the TQY
is suppressed.

Here, we investigate PEN embedded in a surface-anchored
metal-organic framework (SURMOF), see Figure 1a and com-
pare it to a PEN thin film. In the thin film the herringbone
structure is adopted (compare Figure 5b). The PEN linker in
the MOF forms a coordination bond with the Zn?* dimer
nodes, creating a parallel orientation with Ax # 0. This sam-
ple is denoted by ZnPn with Zn referring to zinc and Pn to
pentacene. The difference in geometry compared to the PEN
thin film has an enormous impact on both the observed dy-
namics and electronic properties. The geometry provides 1D
channels for charge transport, which may also favour the sep-
aration of triplet pairs. In addition, anchoring at the surface
produces a high crystalline order and also facilitates attaching
electrical contacts for device applications in comparison to a
MOF powder.?%! Regarding the SF properties, the sample ex-
hibits extraordinarily long triplet exciton lifetimes compared to
other bulk materials with PEN as SF chromophore, which is
beneficial for light harvesting devices. At the same time, the
slowdown in triplet exciton generation is less drastic. Addition-
ally, the prominent triplet-pair absorption of the PEN thin film
in the near-infrared (NIR) spectral region is almost absent in
the ZnPn.
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2. Results and Discussion

2.1. Coupling in the Ground State

The UV/Vis absorption spectra of ZnPn compared to a PEN thin
film on a glass substrate are shown in Figure 1b. The S,—S; tran-
sition in the PEN thin film, shows Davydov splitting with absorp-
tion maxima at 670 and 632 nm.[222*] Furthermore, peaks at 585,
545 and 500 nm are observed, which stem from a vibronic pro-
gression or CT transitions.[??°] In contrast to the thin film, the
ZnPn sample does not show Davydov splitting — a vibronic pro-
gression with blue-shifted maxima at 525, 565 and 610 nm is ob-
served instead.

We attribute the lack of Davydov splitting to the different ge-
ometry of the unit cell. X-ray diffraction measurements(?!! led
to the conclusion that ZnPn adopts a structure of type MOF-2,
which consists of 2D layers as illustrated in Figure la. Because
this structure can only be achieved with a correct placement of
the organic PEN linkers between the Zn?* dimers, and consid-
ering the geometric constraints as well as the spectroscopic ev-
idence for PEN chromophores in the sample, a cofacial orien-
tation appears highly likely. As in the PEN thin film, there are
two molecules in a unit cell, but in ZnPn they are separated by
the Zn-oxo-metal node. The lack of splitting indicates that there
is no significant coupling across the nodes. However, there is a
substantial coupling between the PEN linkers in [001] direction
expected, since a redshift of 50 meVI?!) compared to linkers in so-
lution was found. From our calculations we can confirm the ener-
geticrequirements Eg > 2E; and E; > 2E; for SF. For the pen-
tacene molecule time-dependent density functional theory (TD-
DFT) calculations yield Eg; = 1.81eV, E;; = 0.69¢V and E, =
1.92 eV. For the pentacene linker in the MOF the corresponging
energis are Eg; =1.85eV, E;; =0.62eV and E;, =1.93eV.

2.2. Triplet Formation Dynamics

First, we will revisit the characteristic features of the PEN
thin films. The corresponding femtosecond transient absorp-
tion (fs-TA) spectra are shown in Figure 2a. The ground state
bleach (GSB) is located at 670nm and the bleach at 584nm
likely stems from a vibronic sideband.[?*?”] The broad positive
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Figure 2. Excited state dynamics of PEN thin films and ZnPn a) fs-TA spectra of PEN thin film excited at 620 nm. The spectrum in the visible was probed
at 50° angle of incidence (424 )/ cm?) and the NIR spectrum at 0° (495 j1/ cm?). The inset shows the T;—T; PIA. b) fs-TA spectra of ZnPn excited at

605 nm (424 1)/ cm?).

signal ranging from 750 to 1050 nm is associated with the T, -T,
transition, 112628291 which has been suggested to be enhanced in
the solid state compared to PEN in solution.[?! The T, -T; tran-
sition can be observed at 540 nm and becomes stronger when the
probe beam is not orthogonal to the sample surfacel?83] (see also
Figure S2, Supporting Information). This indicates that the tran-
sition dipole moment, which is aligned with the long molecular
axis, is orthogonal to the sample surface. This PIA is delayed and
has a rise time of ~1 ps.*%! Interestingly, in addition to the known
T,-T, and T, >T, transitions, we also observe a PIA centred at
340 nm. To our knowledge, this PIA has not been detected with
TA before. We attribute it to a triplet-triplet transition as outlined
in the Supporting Information (see also Figures S1 and S2, Sup-
porting Information for more information).

The ZnPn TA spectra are shown in Figure 2b after excitation
with light at 605 nm. It is evident that the TA data do not re-
semble those of the thin film, but the spectral features are fairly
well-known for PEN in solution.31-3¢] Most prominently, a trans-
formation of the initially formed PIA peaking at 460nm to a
state with maximum absorption at 525 nm is apparent. We at-
tribute the PIA centred ~460nm to a S;—S,, transition and the
PIA at 525 nm to T,—T; in accordance with literature.[>*% Fur-
thermore, a broad PIA can be observed in the NIR region, with
the main absorption at 1360nm corresponding to the S;-§,
transition, based on our calculations. The strongly correlated de-
cay of the PIAs at 460 and 1360 nm (Figure S7, Supporting In-
formation) also confirms that these spectra originate from the
same states. This is also verified by global analysis (GA), see
Figure S12 (Supporting Information). The PIA between 700 and
1000nm is the most prominent sign of triplet excitons in the
PEN thin film, and a corresponding signal can not be identi-
fied in ZnPn for an excitation wavelength of 605nm. In the
range from 900 to 1100nm a weak absorption can be seen for
ZnPn. Nonetheless, it shows the same dynamics as the fea-
ture at 1360 nm, and according to our calculations, it is likely
that it corresponds to excitations to higher singlet states (com-
pare Table S2, Supporting Information). Previous calculations
on a PEN dimer in face-to-face orientation predict a weak PIA
from triplet excitons in this spectral region and enhanced in-
tensity with increasing intermolecular coupling.l”] For higher
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excitation energies (355 nm) we observe a weak PIA that outlasts
the singlet PIA.

Our measured values for fs-TA can be well modeled with three
sequential exponential functions. The obtained evolution associ-
ated difference spectra (EADS) are shown in Figure 3a. The near-
isosbestic point at 500 nm indicates that the sequential model is a
valid approximation. We attribute the first EADS, emerging im-
mediately after excitation to the singlet excited state (S,S;) due
to its main absorption at 460 nm. It decays with a time constant
of ~#4.9 ps into a state showing characteristics of both singlet and
triplet excited state absorption. Therefore, we attribute the second
EADS to the (T, T,) intermediate state. The decay at 460 nm and
concomitant rise of the triplet exciton signature at 525 nm can be
clearly seen in Figure 3b. It has been proposed that the (T, T;)
state exhibits spectral features of both species.[***!] Therefore, the
rate of triplet-pair generation is on the order of a few picosec-
onds (4.9 ps) in ZnPn and 70—100fs in the PEN thin film. The
comparative slowdown in this rate is most likely explained by a
weaker electronic coupling in ZnPn, which in turn results from a
higher CT state energy, as obtained from calculations (see below).
Ritesh et al.2!l have shown that the SURMOF structure allows for
frustrated rotations, and hence a fluctuating electronic coupling
is possible. From the analysis we conclude that the }(T, T,) state
decays with a time constant of ~119 ps. For a selection of PEN
derivatives the decay of the !(T, T,) state has been observed to be
~1ps,!®l thus further confirming slower dynamics in ZnPn. We
would like to point out that in extended systems with heteroge-
neous coupling more sophisticated models have been used to de-
scribe SF.*2%3] In particular, different SF rates for the generation
of the }(T, T,) state have been proposed, which could potentially
be assigned to our observed time constants (4.9 and ~119 ps).
However, here this would imply even longer (T, T,) lifetimes,
which we consider unlikely, due to the large energetic splitting
between the singlet and triplet states. The third EADS exhibits
a vibronic structure peaking at 525 and 490 nm. We assign this
spectrum to the ™ (T, T) state. As outlined above, from the paral-
lel alignment of the chromophores the generation of the quintet
pair state is likely to be promoted.[*]

The maximum pump/probe delay possible for the fs-TA setup
is 7.8 ns, therefore the third time constant is given as >8ns, and
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Figure 3. Global analysis of the dynamics in ZnPn. a) EADS of ZnPn excited at 605 nm (141 )/ cm?). The data are fitted with three sequential exponential
functions. The transient spectra are assigned to the singlet excited state (S;Sg) (purple) the |ntermed|ate state '(TT) (green) and the triplet excited state
M (TT) (red). b) Time traces of fs-TA data of ZnPn excited at 605 nm (141 )/ cm?) at selected wavelengths Data at 460 and 525 nm are associated with
singlet and triplet PIA, respectively. c) SADS of fs-TA spectra of ZnPn exated at 605 nm (1132 )/ cm?). The data are fitted with the kinetic model shown.

d) fs-TA kinetics of ZnPn (4244 pJ/ cm?) at selected wavelengths.

fs-TA measurements were conducted to analyze the long-lived ex-
citations. Figure 3c,d presents the analysis on fs-TA of ZnPn after
excitation at a wavelength of 605 nm. The spectra display the char-
acteristic signature associated with triplet excitons. For describ-
ing the dynamics, the model as shown in Figure 3cis applied. The
reaction ™ (TT)—"™(T...T)>2T—GS (ground state) is described by
time constants 75, = 31ns, 7,; = 500ns, and 7; = 39 ps, along
with parallel loss channels with 75, = 43 ns and 7,, = 920ns.

The branching ratios in —_ =Llil=by (1;1") fori=3and 4

Til Ti2 T

were optimized such, that the species associated difference spec-
tra (SADS) are spectrally equal, since we assume that the states
M(TT), ™(T...T) and 2T are indistinguishable in TA experiments.
Most remarkable is the long lifetime of 39 ps of the triplet exci-
tons, which is almost four orders of magnitude larger compared
to their lifetime in PEN thin films which is 10 ns.**!

2.2.1. Fluence Dependence

Figure 4a shows kinetics of ZnPn at 460 and 525 nm, i.e. the
maxima of the PIA from singlets and triplets, respectively. The
data are normalised to compare the initial intensity with those at
later delay times. We observed a weak PIA fluence dependence of
the triplet signature (top), whereas the singlet signal (bottom) is
unaffected. Faster rates with increasing fluence are detected also
in PEN thin films and crystals, which has been attributed to TTA,
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and therefore is an indicator of free triplet excitons.!?*! We in-
deed expect free triplet excitons, since in a highly ordered bulk
structure — such as the SURMOF considered here — delocalisa-
tion and entropy are driving factors for separation.l3* Hence,
we would argue that TTA occurs. However, the fluence depen-
dence seems to affect only the data between tens and hundreds
of picoseconds, whereas the triplet signal on the ps-scale is not
affected. Considering, for example, a decrease in SF rate due to
saturated sites, also fails to explain the data, since the singlet sig-
nal would then also need to be fluence dependent. Therefore we
conclude that an additional decay pathway of (T, T,) — which ex-
ists at this timescale — must be present. We compare different
models including a bimolecular process in Figure S3 (Support-
ing Information), but for low fluences our model with first-order
rates should be sufficient.

2.2.2. Dynamics Including Higher Excited States

To test for a dependence on the excitation wavelength, we ex-
cited the sample with 355 nm. Figure 4b shows the TA spectra
for selected delays. The broad PIA, extending from the NIR to the
visible range, is enhanced. In addition, the intensity at 525 nm is
increased. Since the singlet and triplet PIAs overlap considerably
it is much more conclusive to compare the ratio Ry5 of the singlet
and triplet absorption maxima obtained from the EADS, as listed
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Figure 4. a) Fluence dependence of transient absorption spectra of ZnPn excited at 605 nm and probed at 525 (top) and 460 nm (bottom), which are
associated with triplet and singlet exciton PIAs, respectively. b) ZnPn excited at 355 nm (141p)/ cm?). The inset highlights the region where triplet-

induced absorption is expected.

in Table 1. From the larger ratios we conclude, that the TQY is
increased by ~#21% compared to an excitation with 605 nm. Fur-
thermore, a decrease in Ryjs with increasing fluence is apparent,
which is consistent with the fluence dependence as discussed
above. The broad PIA in the NIR region decays simultaneously
with the PIA at 1360 nm, except for two peaks at 950 and 855 nm,
which outlast it; see inset of Figure 4b. We attribute these peaks to
the T, —T, transition that has been missing in the spectra when
exciting at 605 nm. However, there is no concomitant rise in sig-
nal intensity following the triplet feature in the visible spectral
range. It has to be noted that the PEN cation also absorbs in this
spectral range.l*] To compare the dynamics, kinetics with nor-
malized intensity are shown in Figure S9 (Supporting Informa-
tion). There are only slight deviations, e.g. at 460 nm, which we
attribute to the difference in TQY together with the normalisation
of the data. As the time evolution remains essentially the same, it
suggests either that the initially excited state does not need to re-
lax before undergoing SF, as Wilson et al."] have argued as well
for the PEN thin film, or that the relaxation to S, is ultrafast.

2.3. Calculated SF Rate From Molecular Dimers and the Role of
Superexchange Interactions

To elucidate the influence of the partially unresolved structure
on the electro-optical properties we have undertaken a compre-
hensive quantum mechanical analysis of the exciton dynamics

Table 1. Ratio Ry/s of maxima of EADS associated with triplet and singlet
excitons obtained from the global analysis for different excitation energies
and pump fluences.

Aex = 605 nm Ag =355nm

Fluence [p)/ cm?] Rr/s Fluence [p)/ cm?] Rr/s
141 1.41 14 1.71
283 1.44 42 1.75
566 1.36 57 1.71
1061 1.30 89 1.71
1415 1.25 141 1.68
4244 1.12
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in singlet fission for both pentacene, which serves as a reference
system,[*647] and models of potential dimer configurations in the
metal-organic framework. In the following, we examine the in-
fluence of different molecular structure models on the rate of sin-
glet fission and the lifetime of triplet excitons.

2.3.1. Choice of Slip-Stacked Model

A minimal morphology model comprising at least two chro-
mophores is necessary to study the SF process. Since the geomet-
ric configuration of the MOF dimer pairs remains experimentally
unavailable, we created a series of possible configurations based
on the known constraints from the MOF structure, for which we
performed quantum chemical calculations. The dimers in these
models are placed in slip-stack configurations denoted as MOF-
A, MOF-B and MOF-C (Figure 5a). The z-z distance d_ is kept
constant at 3.58 A for all dimers. The displacement Ay in the di-
rection of the short molecular axis is initially set to Ay = 0 and
the geometry optimization resulted in small displacements of Ay
~ 1.1-1.2 A for all dimer models. The main parameter to mon-
itor the changes in photophysical properties is the “slip” along
the long molecular axis Ax. Ax has been varied from 1.81 A for
MOF-A to 6.87 A for MOF-B and finally 9.48 A for MOF-C. For
MOF-A this results in almost face-to-face = stacked dimers. The
strong interaction between the chromophores in this configura-
tion, promotes efficient electronic coupling and charge transfer
processes, facilitating rapid excitation dynamics and triplet gen-
eration. MOF-B shows face-to-face as well as edge-to-face interac-
tion. In contrast, MOF-C exhibits the maximal stacking displace-
ment, resulting in the least z—z interaction. Instead, edge-to-face
interaction and interaction via short C.--H contacts become more
prominent. In the subsequent analysis, we also analyse the three
known relative dimer orientations for the PEN thin film for com-
parison. The three dimer orientations in PEN exhibit different
#—r distances and orientations resulting from variations in the
relative orientation of pentacene molecules in the herringbone
crystal lattice. As shown in Figure 5b, PEN-B forms a slip-stacked
herringbone with z—z interactions, while the PEN-C and PEN-A
dimers feature a herringbone arrangement with CH-z interac-
tions (see also Table 2).
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Figure 5. Dimer pair geometries considered in the computational calculations. a) The MOF-A, B and C models were constructed by placing the pentacene
linkers in a coplanar geometry at a distance of 3.58 A and then stacking both linkers with respect to the xy plane (see Table 2). b) The pentacene dimers
PEN-A, B and C were obtained from the measured crystal structures of PEN.[4®]

2.3.2. Effective-Electronic Coupling and Rate of Singlet Fission

The effective electronic couplings between the S;S,/S;S, and
the ITT states are crucial for determining the SF rate. Table 3,
presents effective coupling energies | for SF based on calcu-
lated coupling matrix parameters (cf. Table S3, Supporting Infor-
mation). The calculations for the PEN models exhibit the largest
coupling of 16.80meV for the PEN-C model. This modulation
in coupling may partly result from stacking changes imposed by

Table 2. Relative shift along x, y and z axes in A for dimer pairs of PEN as
obtained from the crystal structure and MOF dimer models (see Figure 5).

Dimer pair Long axis (Ax) short axis (Ay) n— 7 (Az)
PEN-A 1.81 5.73 7.58
PEN-B 1.72 6.72 5.98
PEN-C 1.78 3.21 5.75
MOF-A 1.81 1.21 3.58
MOF-B 6.87 1.05 3.58
MOF-C 9.48 1.18 3.58

Table 3. The effective electronic coupling J.g between Frenkel excitation
and multi-excitation of PEN and MOF dimer models. Experimental values
for the pentacene thin film are Eq; = 1.83 eV and Er; = 0.86 eV.[*] From
UV/Vis measurements of ZnPn we extract Eq; = 2.03 eV.

Esi[eV] EcrleV] ErileV] JeslmeV]
PEN-A 1.79 2.03 0.77 5.49
PEN-B 1.79 2.09 0.77 0.72
PEN-C 1.79 2.08 0.77 16.80
MOF-A 1.83 2.03 0.58 2153
MOF-B 1.83 2.12 0.58 32
MOF-C 1.83 2.80 0.58 2.2
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the crystal structures. Notably, among the three derivatives, the
calculated coupling constants are in reasonable agreement with
those calculated by Chao et al.[*!

In the MOF models, the largest effective coupling associated
with the least displacement along the long axis Ax (MO = 1.81,
Ay = 1.21) is = 21.53 meV where the coupling involving the CT
states also exhibits high values (Table 3). However, a longitudinal
displacement along the x-axis leads to a significant decrease in the
couplings, nearly vanishing at ~# 2meV for model MOF-C. The
electronic coupling decreases by ~—17 meV when comparing the
MOF-A to the MOF-B configuration.

We note that the superexchange coupling may interfere de-
structively, potentially leading to complete cancellation through
the leading configurations. It is worth noting that E is very sen-
sitive to the packing configuration of the monomer in a dimer
(Table 3).

2.3.3. Rate of Singlet Fission From Marcus Theory

To evaluate the feasibility of employing these dimers in organic
photovoltaics, we have calculated the rate of formation of the
multi-excitonic state K¢ using Equation (3). The reorganization
energy and Gibbs free energy (AG) of charge transfer play a sig-
nificant role in the Marcus approach. As expected, AG values are
negative, indicating that the initial states are higher in energy
than the final states. Considering that the reorganization energy
of PEN is estimated to be in the range of 108-136 meV and in
the MOF it is 116-201 meV, the reorganization energies vary be-
tween ~ 30 and 80 meV for PEN and MOF models, respectively,
for different configurations (cf. Figure S2, Supporting Informa-
tion). As a result, Kq varies by two orders of magnitude among
various dimer configurations, see Figure 6.

Our findings suggest that a variation in the stacking geom-
etry of the two molecules in the dimer can indeed have a sub-
stantial impact on the kinetics of the SF process, confirming the
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Figure 6. Singlet fission rates for PEN and MOF models. The rates were calculated using the Marcus rate equation.

expected influence of the intermolecular geometry.%2] It is
worth noting that the variations in Kg; follow the trend deter-
mined by the one-electron coupling parameter J.4, as shown
in Table 3. In this context, PEN-C exhibits a high SF rate of
~147 fs and possesses the largest coupling energy (=16 meV).
Conversely, the other two molecules exhibit negligible effective
coupling values of 0.72 and 5.47 meV, accompanied by signifi-
cantly longer time constants of & 7-50 ps. The observed trend of
SF rates (PEN-C > PEN-A > PEN-B) correlates closely with the
trend identified for the effective coupling (Table 3). It is impor-
tant to note that PEN-C and PEN-B possess very similar values of
the 7 — z distance (Table 2), yet they differ by nearly a factor of 10
in SF conversion rate. The highly favourable geometry for ultra-
fast SF, as exhibited by PEN-C can be rationalized by the compu-
tational results, specifically highlighting the electronic coupling
between the S, S, and '(TT) state. Hence, PEN-C is considered
the geometry for the further analysis.

Considering the MOF models, we find that MOF-A shows
the highest SF conversion, while MOF-B exhibits the lowest,
thereby resulting in SF rates of 0.348 or 31.05 ps respectively.
MOF-C shows a SF rate of 5.68 ps, a value consistent with ex-
perimental findings (exp: 3.2-5.8 ps). The SF rate constant de-
creases in the order: MOF-A (J4 = 21.53 meV) > MOF-C (J 4 =
2.2meV)>MOF-B (J. = 3.2meV). Here, the trend of rates does
not follow the effective coupling, but the reorganisation energy
can explain the change in order. While MOF-B and C have similar
effective couplings J.4 MOF-B exhibits a higher reorganisation
energy (A =201 meV) than MOF-C (4 = 132 meV), slowing down
the rate in MOF-B. In summary, we find that the dimer geome-
try of MOF-C results in the closest match between the calculated
coupling strength and the experimental SF rate constant.

2.3.4. Excited State Dynamics

After reaching the S, state, three kinetically competitive excited-
state deactivation pathways from S, to the ground state have to
be considered: radiative (luorescence) and non-radiative (SF and
intersystem crossing (ISC)Methods) deactivation pathways.[>!
These reaction channels have been explored through nonadia-
batic excited-state dynamics simulation of materials, as their sig-
nificance for SF has been well established. The kinetics of the

Adv. Optical Mater. 2026, €02979 €02979 (7 of 11)

rate constants for the reference compound PEN and MOF are de-
picted in Figure 7, which also incorporates available experimen-
tal data.

The multi-excitonic generation reaction (Kg) unfolds several
orders of magnitude faster than the competing fluorescence pro-
cess (K,), highlighting that the initial spectral features arise from
S,S;, whereas features at later times are attributed to '(T'T) and
(T;+T,) in both materials. The decorrelated (T,+T,) state is me-
diated by spin mixing with a quintet correlated triplet pair >(TT).
The energy of the lowest singlet excited state Eg 5 , has been deter-
mined as Eg 5 =1.79 and 1.83 eV for PEN and MOF respectively.
Intermolecular coupling between the chromophores decreases
Ess, by ~#200meV compared to that of respective monomers.
The S, energy changes depend on the relative orientation in
both materials, as differences in the crystal structures influence
dipole-dipole interactions and orbital overlap between the chro-
mophores, ultimately altering the electronic structure in the solid
state.’*] The multi-exciton energies E,p, for both materials have
been calculated to be Err = 1.54 eV for PEN and 1.16 eV for MOF.
Therefore, the corresponding energy gap of |Eg g -Ery| is deter-
mined to be 0.25 and 0.67 eV for PEN and MOF, respectively.
Even slight changes in the S;-T, energy gap can result in sig-
nificant changes in the SF dynamics. The observed CT energies
reveal that the CT state energy of MOF-C is ~0.80 eV higher than
that of PEN. As the energy of the virtual CT state decreases, the
SF rate is expected to increase, but only until the CT state energy
is nearly isoenergetic to or falls below that of the S, and }(TT)
states. The time constant obtained from excited state dynamic
analysis shows that PEN has comparable SF efficiency with a time
constant of 147 fs, consistent with experimental results (exp.:80—
1101£s). The MOF model features a slower triplet formation with
a maximum of 31 ps for MOF-B and 5.68 ps for MOF-C which
agrees best with the experimental values (exp: 3.2-5.8 ps). Re-
garding the relaxation to the ground state, the calculations in-
dicate that TTA is unlikely — since E, exceeds 2E; by 0.77 eV,
but they also reveal that the monomer exhibits a lifetime of 42 ps.
We attribute this prolonged lifetime in part to the smaller reor-
ganization energy for the MOF model (A = 187 meV) compared
to PEN (4 = 218 meV). This difference influences the vibrational
overlap between the initial and final electronic states, which plays
a critical role in determining the electronic transition rate (via
the ISC rate calculation based on Fermi’s golden rule). Such
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Figure 7. Reaction pathways illustrating the rates of radiative and non-radiative decay. a) Rates and energies of ZnPn and b) PEN obtained from experi-
ments (green) and theoretical simulations (black) of the MOF-C and PEN-C dimer, respectively. Internal lifetimes are computed as = = 1/K. Experimental

values with a star are taken from the literature.[11:14.50,56]

behavior is consistent with long-lived excited states and is likely a
consequence of the distinct molecular structure. The excited state
energies of both materials are depicted in Figure 7.

3. Discussion

From the findings of the TA experiments and our calculation, we
motivate the kinetic model for PEN in the metal organic frame-
work in Figure 7a. For comparison, the results for PEN are dis-
played in Figure 7b. They agree well with previously published
studies.*37%%] We therefore believe that we can determine the
relative orientation of the linkers in the MOF by comparing the
calculated rates with experimental data. In the SURMOF we ob-
serve the generation of the triplet pair state (T, T,) within a few
picoseconds (4.9 ps) which is also the case for the model MOF-
C (5.68 ps). This transition is promoted by the significantly po-
lar CT character of the excited state through the superexchange
mechanism. This slowdown in the rate compared to PEN (70—
100 fs) can be rationalized by the higher CT state energy in the
MOF model. The triplet signature peaking at 525 nm is formed
from the intermediate state ™ (T, T;) with 119 ps. We assign this
spectrum to the state ™ (T'T) with the suggestion that m = 5 due
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to the slipped stacked geometry, which promotes the pathway via
quintets to free triplet excitons.[*]

The transition from the ™ (TT) state to the ™(T...T) state occurs
over a timescale of 31 ns. Concurrently, there exists a compet-
ing decay pathway to the ground state with a timescale of 43 ns.
Subsequently, uncorrelated triplets are generated on a timescale
of 500 ns, with a loss channel characterized by a time constant
of 920 ns. Finally, the triplet signature can be observed to de-
cay to the ground state with a lifetime of 39 ps, which is an ex-
tremely promising improvement regarding the feasibility of SF
materials. We account this increase in lifetime to the reduced
TTA in our system and to the intrinsic stability of triplet states,
due to the spin forbidden relaxation. A long triplet lifetime of the
linker in the MOF has also been verified in our simulations. A
reduction in triplet yield was observed in ZnPn, however, it is
not nearly as pronounced as in the PEN thin film, where TTA is
the dominating process, considering the fluences applied here.
Regarding applicability, interdigitated bottom contacts can be at-
tached to the SURMOFDP7! to serve as electrodes. The conduc-
tion mechanism has already been investigated: a hopping-like
charge transport was found for the system at hand,!*! but band-
like transport is also possible in MOFs.585% To function as an SF
layer on top of photoactive semiconductor layer organic/organic
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heterointerfaces as demonstrated in Ref. [60], may provide direct
contact for energy transfer.

4, Conclusion

In summary, we have used a molecular engineering approach,
exploiting the conformational freedom of MOFs to arrange pen-
tacene moieties differently than in the PEN crystal. We charac-
terized the ultrafast optical properties by experiment and theory.
Clear evidence is found for triplet exciton generation. The change
in geometric arrangement compared to the thin film structure
has two major impacts: It slows down the triplet-pair generation
by roughly two orders of magnitude, but at the same time the
triplet lifetime is extended by almost four orders. The ability to
achieve such novel molecular arrangements inaccessible in pure
organic crystals significantly enhances the SF energetics. We find
that manipulation of the 7—z stacking distance is pivotal for opti-
mizing intermolecular coupling in SF and will inform the design
of next-generation MOF-based materials.

5. Methods Section

Sample Fabrication: The SURMOF (ZnPn) structure with Zn
as metal nodes and the PEN linker as phenylcarboxylate substi-
tuted pentacene at 6- and 13-positions, were prepared by a spin-
coating layer-by-layer method on quartz substrates, which is de-
scribed elsewhere in more detail.[?!! The PEN linker was synthe-
sized according to literature.[?! The film thickness was controlled
by the number of spin-coating cycles, which amounts to 85 nm
for 75 cycles in our case. For comparison neat PEN thin films
were fabricated by thermal evaporation at a base pressure of 1.9
x 10~ mbar and a growth rate of 6 A min~!. Both samples were
sealed under nitrogen atmosphere with a second glass to min-
imise possible effects due to photo-degradation.

UV/Vis and TA Spectroscopy: For steady-state UV/Vis spec-
troscopy a UV-2600i Shimadzu spectrometer was used. Transient
absorption measurements were carried out with commercially
available setups for short and long timescales (HELIOS and EOS,
Ultrafast Systems). The output of a Ti:sapphire amplifier (Coher-
ent Astrella) at 800 nm and a repetition rate of 4kHz was used
in a commercial optical parametric amplifier (TOPAS Prime,
Light Conversion) to create the excitation pulse. The autocorre-
lation of the excitation pulse centred at 605 nm was ~47 fs as-
suming a Gaussian pulse shape, measured with a commercial
autocorrelator (pulseCheck, APE). For fs-TA a supercontinuum
with a spectral range of 320-800 nm was created by focusing the
Ti:sapphire output into a CaF, crystal. By focusing on a sapphire
crystal instead, a supercontinuum was created ranging from 820
to 1500 nm. The delay of up to 8 ns was controlled by a mo-
torised delay stage. To observe longer dynamics on time scales
up to 200 ps, an electronically operated delay was employed. In
this case, an external laser system (Leukos) generates a white
light spectrum from 350 to 900 nm. The cross-correlation for this
setup was =350 ps.

The samples were excited with pulse energies of 50n] up to
3000n] corresponding to 4244 jJ/ cm?, and the polarization of
the pump beam was set parallel to that of the probe beam. Pump
and probe beam were focused with parabolic mirrors and were
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estimated to be 300 and 200 pm at the sample position in diam-
eter, respectively. Since we measured AA, PIA has positive sig-
nal values and stimulated emission (SE) and ground state bleach-
ing (GSB) have negative signal values. The open-source software
Glotaran was used for global analysis of the TA data.[®!]

Computational Methods: To elucidate the mechanism of SF
we employed a methodology based on density functional theory
(DFT). Specifically, the equilibrium structures of singlet ground
(SO) and the first triplet (T,) state of the systems were computed
using Density functional theory (DFT) using the B3LYP hybrid
exchange-correlation functional.[®>-%] Singlet (S) — Triplet (T) adi-
abatic energy differences and T-T couplings were computed us-
ing ground state DFT (unrestricted wave functions were em-
ployed for triplets), which is referred to as ADFT. To analyse the
structural minima harmonic vibrational frequencies were com-
puted using the Aoforce program implemented in Turbomole
7.4.1 program. To assess the energetic criterion for singlet fis-
sion, vertical excitations and excited state geometry optimiza-
tions were computed using time-depended density functional
theory (TD-DFT).[%! Throughout, the valence triple zeta basis
set with polarization functions (d,p) (TZVP) was chosen.l?’] Dis-
persion interactions were incorporated using Grimme’s empir-
ical dispersion correction (D3-Correction).l®! All optimizations
were conducted without any symmetry constraints, the point
group symmetry was identified as D,, for Pentacene (PEN), and
C, for the Pentacene-MOF models (MOF) with D, and C; sym-
metries determined to be the minimum energy structures for
PEN and MOF respectively. All DFT/B3LYP and TD-B3LYP cal-
culations were performed using Turbomole 7.4.1 program.!®)
The electronic couplings for SF were calculated using the
methodology described by Berkelbach et al.’% for the super-
exchange mechanism,

2V Vin = Vi Vi)
Ecr — Erp + Ecr — Es,

Jeir = (S1 SYVIT, T = (S, Y Hy T, Ty - )

In this expression, the first term of the right-hand side ac-
counts for the contribution of the direct channel to the overall SF
coupling while the second term accounts for the charge-transfer
mediated superexchange coupling mechanism. The first term
will be ignored in the subsequent analysis since the direct two-
electron coupling (Sls(l)lI/-\IdITlTD is assumed to be small com-
pared to the four one-electron couplings, V,.l"*721 V, ; is the Fock
matrix element between the LUMO in the donor and the HOMO
in the acceptor, and the other matrix elements were defined sim-
ilarly. E.r and Eqp are the energy of the charge transfer states and
of TT [~2E (T1)], respectively. The rate constant for the transfor-
mation of the locally excited state into the multiexcitonic '(TT)
state can be calculated as,

(AGier/'.,f)z
2z 2 1 T TWkpT
ks = - el —==ze ¥ ()

\/4mdigkpT

Here, 4 is the reorganization energy, and AGy; is the Gibbs free
energy difference between the initial and final states i.e, AG;, =
Es,s, — Err. Finally, the rate of intersystem crossing Ky and flu-
orescence K. were benchmarked using the ESD module imple-
mented by Orca 5.0.4 program package.[%®] The reliability of our
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calculations was verified by comparing them with the available
experimental values of PEN demonstrating excellent agreement
between the experimental and computed values (cf. Table S1,
Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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