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ABSTRACT

The possibility to optimize optoelectronic devices, such as organic light-emitting diodes
or solar cells, by exploiting the special characteristics of triplet electronic states and
their migration ability, is attracting increased attention. In this study, we analyze how an
intervening solvent modifies the distance dependence of triplet electronic energy
transfer (TEET) processes by combining molecular dynamics simulations with quantum
chemical calculations of the transfer matrix elements using the Fragment Excitation
Difference (FED) method. We determine the § parameter characterizing the exponential
distance decay of TEET rates in a stacked perylene dimer in water, chloroform and
benzene solutions. Our results indicate that the solvent dependence of B (Bvacuum = 5.14
A > Buaer = 3.77 A7 > Bettorotorm = 3.61 A™ > Buenzene = 3.44 A™) can be rationalized
adopting the McConnell model of superexchange, where smaller triplet energy
differences between the donor and the solvent lead to smaller § constants. We also
estimate the decay of hole transfer (HT) and excess electron transfer (EET) processes in
the system using the Fragment Charge Difference (FCD) method, and find that Brggr
can be reasonably well approximated by the sum of Bger and fur constants.

KEYWORDS: Triplet excitation energy transfer, electron transfer, hole transfer, solvent
effects, distance dependence, superexchange.



1. Introduction

Triplet-triplet electronic energy transfer (TEET) is an important process in materials and
life sciences, which can be viewed as a simultaneous transfer of two electrons of
opposite spin.' In photosynthesis, undesired chlorophyll triplet states are quenched
through triplet transfer reactions in order to avoid the generation of harmful singlet
oxygen.” Recently, the study of TEET has attracted increased attention due to the many
applications of the process in the context of organic optoelectronics.” For instance, a
detailed knowledge of the fate of triplet excitons is expected to improve the efficiency
of organic light-emitting diodes (OLEDs), given that spin statistics predict a larger
proportion of triplet excitons compared to singlets upon charge injection.” Another
attractive application consists in design of photovoltaic devices, either exploiting the
long lifetime of triplet states, which can lead to increased exciton diffusion lengths,’ or
by using photon up-conversion.” In the last process, low-energy triplets are generated by
fast intersystem crossing in a sensitizing layer, and then transferred through TEET to a
photoactive layer where triplet-triplet annihilation generates higher energy singlet
excitons.®

Despite these and other applications, TEET has been far less studied compared to
singlet energy transfer or electron transfer reactions. Early studies by Closs and co-
workers, however, already realized the close correspondence between TEET and
electron transfer,”' as they observed that the electronic coupling matrix elements
mediating TEET, hole transfer (HT) and excess electron transfer (EET) reactions for a
series of bridged dyads are related via the following equation:

|VTEET| = C|VEET||VHT| (D

where the constant C depends on the particular system under study. Some years later,
the theoretical analysis of Scholes and co-workers showed that TEET orbital overlap-
dependent interactions are indeed mediated by charge-transfer configurations, rather
than the Dexter exchange interaction,'' and derived approximate theoretical expression
connecting the TEET coupling to HT and EET matrix elements, thus providing
theoretical support for the relation in Eq. 1.”"“The experiments by Closs and co-
workers, in addition, revealed an exponential attenuation of TEET couplings with
donor-acceptor separation consistent with the superexchange model originally
developed by McConnell for electron transfer.'

Recent studies have address in detail the mechanisms of TEET in both donor-bridge—
acceptor systems and m-stacked molecules.” ° From a theoretical point of view,
considerable effort has been directed toward the development of accurate methods to
estimate electronic couplings, a key parameter that controls TEET.'*" In such studies,

the distance dependence of TEET rates, typically characterized by a decay parameter f3,



was analyzed both for inter and intramolecular transfers. In contrast to electron

transfer,?**

though, no detailed studies on the modulation of the TEET coupling by an
intervening solvent have been presented. If one assumes that HT and EET exhibit very
close exponential distance attenuation factors (Bur= Peer), according to Eq. 1 the TEET
decay parameter should follow the relation Breer/Peer = 2. However, the validity of this
relation for solvent modulated TEET remains unclear. In particular, Mani and co-
workers found that in covalently linked porphyrin—Rhodamine dyads Breet/Peer = 1.3,23

which significantly differs from the ratio Breer/Peer = 2.

In this work, we analyze in detail the distance dependence of electronic coupling values
for triplet energy migration in a stacked model perylene diimide (PDI) dimer in water
and two organic solvents of different polarity, and compare the results with the distance
dependence for the related HT and EET reactions. We chose the perylene model system
because these dyes are very attractive for organic electronics due to their high stability
and suitable optical and transport properties.”*>* Due to the large fluorescence quantum
yield of these dyes, effective triplet sensitization can be achieved via TEET.” ¥
Moreover, recently enhanced intersystem crossing yields populating triplet states have
been reported in stacked perylene dimers similar to our model,”® and a new class of
perylene derivatives with intrinsic enhanced triplet yields have also been reported.”

In order to unravel the effect of the solvent on TEET interactions, we combine classical
molecular dynamics simulations of the dimer in water, chloroform and benzene with
quantum chemical calculation of the systems, including both the chromophore and
solvent molecules. Electronic couplings are estimated using the Fragment Excitation
Difference (FED) scheme™ applied to the data of CIS (configuration interaction of
single excitations) calculations of the systems. We also estimate electronic couplings for
hole transfer (HT) and excess electron transfer (EET) in the systems using the Fragment
Charge Difference (FCD)” scheme. Comparison of the data allows us to consider
whether TEET decay constants may be derived from the corresponding HT and EET
parameters. Our results indicate that solvent molecules located between the
chromophores affect strongly the TEET coupling, while the effect of solvent molecules
outside the dimer is rather small. Overall, the solvent largely boosts the TEET process
reducing the decay constant  from 5.1 A in vacuum to 3.4-3.8 A", depending on its
nature. Moreover, our results indicate that the distance dependence of TEET can be
reasonably well approximated as the sum of HT and EET decay constants, Breer = Beer

+ BHT.



2. Methods
2.1 FCD calculation of the HT and EET couplings

The FCD method® (ref. 31) was employed to calculate the coupling for HT and EET
between PDI units in the dimer

(Ez_E1)|Aq12|

VDA =
J(Ag, - Ag, ) +4Aq},

)

For HT, the adiabatic splitting E, - E, can be estimated through the one-electron
energies of the highest occupied molecular orbitals (HOMOs) of neutral systems; for
EET, the gap is expressed through the difference of orbital energies of lowest
unoccupied MOs (LUMOs). In Eq. (2), Ag, and Ag, are the difference of hole (or excess
electron) charges on the donor and acceptor sites in the adiabatic states of interest, Ag,,
is the corresponding off-diagonal term. The calculation of these quantities as well as
underlying approximations are described in detail in Ref. ' and .

2.2 FED calculation of the TEET coupling

Within a two state model, the TEET electronic coupling for a symmetric system (with
identical donor and acceptor) may be estimated as a half of the excited state splitting
A.? However, the half-splitting scheme provides only an upper limit of the coupling
when the structure deviates from the symmetric geometry. Recently, Hsu et al.
introduced the Fragment Excitation Difference (FED) scheme to estimate the coupling
for excitation energy transfer.”® The FED approach is an elegant extension of FCD.”!
Because electronic excitation can be viewed as the creation of an electron-hole pair, the
excitation electron density can be presented as a sum of the attachment and detachment
electron densities.’* The TEET coupling is given by

A ) xmn

JGo =%, ) 442 3)
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where A is the energy difference of excited states m and », and the matrix elements x;,,
are expressed through the excited-state densities:

X, = [ U (r)dr = [l (r)dr )
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Pexr 18 calculated as the sum of the attachment and detachment densities. The FED
scheme can be used in combination with various quantum chemical methods. In the
current study, we employ FED together with the nonempirical CIS method.

2.3 Computational details
Molecular dynamics simulations

The stacked structures of the perylene diimide (PDI) dimer, at an inter-
chromophoric R=7.0 A separation, were taken from our previous work.”> MD
simulations at R=7.0 A and R=10.5 A in water, chloroform and benzene solutions were
carried out, in which the structure of the PDI dimer was kept frozen. The solvated
systems were built by embedding the PDI dimer in water, chloroform and benzene
boxes (buffer zone of 20 A) using the Leap module of the Amber9 suite of programs
Water and chloroform solvents were described using the TIP3P?” water and the Amber
chloroform™ parameters, whereas the GAFF” force field was employed to describe PDI
and benzene solvent molecules. The systems were first thermalized by running a 50-ps
MD simulation at constant volume to increase the temperature from 100 K to 298 K.
Subsequently, a 50-ps equilibration at constant pressure (1 atm) and temperature (298
K) was carried out using standard coupling schemes in order to reach appropriate
densities of the liquids. Finally, the simulation was extended for 2 ns for production
purposes. All runs were performed with Amber9™ using an integration time step of 1 fs,
periodic boundary conditions, the Particle Mesh Ewald approach to deal with long-
range electrostatics, and a nonbonded cutoff equal to 10 A. For pressure regulation, an
isothermal compressibility of 44.6,° 108.6® and 96.6 TPa',* was used for water,
chloroform and benzene, respectively.

Electronic coupling calculations

All systems were computed at the CIS (configuration interaction of single
excitations) level with the 6-31+G(d) basis set. Based on these data, we derived the
TEET electronic couplings using by the FED*” method. Calculations of hole transfer
(HT) and excess electron transfer (EET) couplings were computed using the FCD
method®' applied to the results of HF/6-31+G(d) calculations of closed shell neutral
systems. In previous work, we showed that this level of theory gives TEET couplings in
good agreement with correlated EOM-CCSD calculations, thus providing a good
balance between accuracy and computational efficiency.”’ From each MD trajectory in
water, chloroform and benzene, 10 uncorrelated structures were extracted. The
snapshots, separated by 100 ps, were taken from the last ns. In order to explore the
effect of the intervening medium, the solvent molecules located in the inter-



chromophoric space were explicitly considered in the quantum chemical calculations, as
illustrated in Figure 1, whereas all other solvent molecules were discarded. Ab initio
calculations were carried out using the Gaussian09 package.*” The TEET, HT and EET
couplings were derived by processing the Gaussian outputs with the FCM program.*
Finally, additional calculations with a PDI-PDI R=3.5 A separation were performed in
order to generate starting values for the description of the coupling distance decay.

Figure 1. Structure of the perylene diimide dimer studied in this work. In order to
explore the effect of the intervening medium, the solvent molecules located closer to
either the C; or the C, center were explicitly considered in the calculations.

3. Results and discussion
3.1 Inclusion of explicit solvent and conformational sampling

In this section we analyze the impact of the number of solvent molecules included in the
TEET coupling results. Because of the remarkable computational cost associated with
the CIS calculations of the solvated systems, this allows us to balance the computational
requirements with a satisfactory accuracy of the estimated TEET couplings. Moreover,
by computing electronic coupling values by adding solvent molecules in a sequential
manner, we are able to dissect the effect of individual solvent molecules, thus
illustrating its constructive or destructive interference effect on the coupling values. In
addition, TEET couplings are extremely sensitive to conformational disorder.* Thus,
we also explore the impact of conformational disorder on the coupling values derived in
order to determine the minimal number of structures necessary to obtain converged
results.

In Figure 2 we illustrate representative structures of the PDI dimer in water, chloroform
and benzene. We recall that the MD simulations were performed by keeping the PDI



molecules frozen at the separation R = 7.0 and 10.5 A. Using a frozen geometry for the
PDI dimer in the two simulations allows us to exclude coupling fluctuations due to
motions of the PDI units, given that our aim here is to explore the effect of the solvent,
and solvent fluctuations, on the distance dependence of coupling values.

In Figure 3 we show the dependence of the coupling on the number of solvent
molecules included in the calculations for a representative snapshot extracted from the
MD trajectory. At R=7.0 A, the convergence of the results is very fast. Satisfactory
coupling values in water and chloroform are obtained with just 10 and 4 solvent
molecules. Thus the solvent effect on the TEET coupling is mainly due to the solvent
molecules located between the chromophores. The trend obtained in benzene is similar.
However, in this case some variation is found when passing from 2 to 4 benzenes, and
two of such benzenes are not strictly located in the interchromophore region, as
illustrated in Figure 2. At the separation of 10.5 A, the convergence of coupling values
is significantly slower, indicating a more complex effect of the solvent arrangement.
Convergence is achieved at 30 waters, 9 chloroform and 6 benzenes molecules. Given
these results, in order to explore the impact of conformational flexibility, as well as in
all results on next section, we limit the number of solvent molecules and perform
calculations including 5 benzene, 7 chloroform, and 25 water molecules for the dimer
with R=7.0 A; and 7, 9 and 35 solvent molecules when calculating the dimer with
R=10.5 A. The fact that only intervening solvent molecules modulate the coupling
between PDIs can be explained from the orbital overlap-dependence of TEET
interactions.'>"® This is in sharp contrast with solvent effects on singlet-singlet energy
transfer, where the long-range nature of Coulomb interactions characterizing singlet
migration means that large solvation shells need to be included in order to recover the
screening effect induced by the solvent.”

In Figure 4 we show the dependence of the mean coupling value, <V>>, on the number
of structures extracted from the MD trajectory. The values in water show little
dependence on the number of structures considered. This can be explained by the fact
that many water molecules are mediating the coupling. Thus, the enhancement/decrease
on the coupling arising from changes on the relative orientation of particular waters can
be counterbalanced by the fluctuations of the other waters. In contrast, in chloroform
and benzene solutions the solvent-mediated coupling arises from a few number of
solvent molecules, thus one can expect that fluctuations on the relative orientation
between these solvent molecules and the PDI units has a larger impact on the coupling
values. In other words, the solvent-mediated coupling depends on the relative
orientation of a few solvent molecules. This is indeed the case, especially for benzene at
R=7 A, where the coupling is mainly mediated by two benzenes stacked in between the
perylene units. Nevertheless, in all cases the <V*> values averaged over 10 structures
appear to be well converged. We note that TEET as well as HT and EET couplings are
exquisitely sensitive to the particular solvent conformation and small variations in the
orientation of PDI units and solvent molecules can lead to remarkable changes of the
matrix elements. We find that TEET couplings may change by up to two orders of



magnitude by passing between different configurations of solvent molecules. Thus to
properly describe the solvent effects on the coupling, conformational disorder of solvent
molecules must be accounted for (see S.I.). A model based on the treatment of a single
solute-solvent structure would not give a realistic description of this effect. In the
Supporting Information we provide the structures with the maximum and minimum
TEET couplings found in each solvent. The matrix element is controlled by orbital
overlap of intervening solvent molecules, so it is very difficult to identify structural
features that induce strong electronic couplings (see results for water and chloroform
presented by Figures S1 and S2 in the Supporting Information). At the chromophore
separation of 10.5 A in benzene (see Figure S3), better stacking between the intervening
benzene molecules and the PDI units increases the orbital overlap, and consequently
leads to a large value of the TEET couplings.

3.2 Solvent effects on the distance-dependence of TEET, HT and EET

In this section we aim at estimating how an intervening solvent modifies the distance-
dependence of TEET rates. Due to the exponential distance-dependence of TEET rates,
this effect can be quantified through a 3 distance decay parameter:

kTEET = kO €_ BreerRpa ( 2 )

This expression derives from the exponential attenuation of TEET couplings. In the
weak coupling regime, TEET rates follow Fermi’s golden rule, thus being proportional
to the square of the electronic coupling, k., * V., . Thus, the electronic coupling can

be related to the §§ distance decay parameter through the following equation:

B
_PTEET RDA

Viger =Voe 2 3)

By using the average coupling values reported in Figure 4 and Table 1, we can thus
estimate the B decay parameter in vacuum and in water, chloroform and benzene

solutions, by linear regression of the expression In(V.,..)=In(V)- R,,. The
TEET 0 TEET " "DA

corresponding results are shown in Figure 5. In all cases, the fit give correlation
coefficients r>0.95, thus confirming the exponential attenuation of the coupling values
in our calculations. As expected, the fastest attenuation of the TEET coupling is found
in vacuum, with Breer = 5.14 A" Then, progressively attenuated decays are obtained in
water, chloroform and benzene, with Brger values equal to 3.77, 3.61 and 3.44 A,
respectively. The value in vacuum agrees well with Brger parameters calculated recently
by Hsu and co-workers in the range 5.0-5.8 A™' for a series of stacked all-trans



polyacetylenes and polycyclic aromatic hydrocarbons using the similar Fragment Spin
Difference (FSD) method."’

The solvent dependence of the Breer values can be qualitatively explained based on the
superexchange nature of the solvent effect. According to the superexchange model
introduced by McConnell to model electron transfer reactions, the bridge-mediated
donor—acceptor interaction can be described by the following equation:'*"

n-1

Vs
AE,,

- ViosVea

AE,, @

DA

where Vpg, Vg4 and Vg are coupling matrix elements between donor—bridge, bridge—
acceptor, and bridge—bridge states, whereas AEpg is the energy difference between the
donor and the bridge. This equation assumes that » identical intervening molecules
mediate the coupling. In our case, the situation is more complex because the donor and
acceptor are coupled differently to several bridging solvent molecules mediating the
coupling. Another aspect is the dependence of the coupling on the energy gap between
the triplet states of donor and bridge (solvent). According to our calculations, the AEpp
values are 7.1, 5.3 and 2.1 eV in water, chloroform and benzene, thus suggesting a
decrease of Pregr by passing from water to chloroform and benzene.

As described in the introduction, a common approximation relates the TEET coupling
with HT and EET couplings as |VTEET|zC |VEET||VHT|.12'13’ " Accordingly, the TEET

attenuation factor can be expressed as the sum of HT and EET factors, Breer = Prer +
Bur. When Bur = Peet, the decay parameter for TEET is roughly twice that for EET (or
HT), Preer/Peer = 2. In order to critically assess these assumptions, in Table 1 we report
squared coupling values for HT and EET reactions in the PDI dimer. In Figure 5 we
show the distance decay of the couplings along with the corresponding B parameters.
Interestingly, HT decays show a marked dependence on the solvent, whereas the EET
parameters remain quite similar in the different environments. This can be qualitatively
explained as follows. The EET coupling is determined by the overlap of the LUMOs of
the neutral chromophores, whereas the HT coupling depends on overlap of the
corresponding HOMOs. Because HOMOs are less diffuse than LUMOs, the decay of
the HT coupling in vacuum should be much more pronounced than that of EET.
Therefore, the solvent-mediated effect is expected to be stronger for HT. As TEET can
be seen as a simultaneous HT and EET process, its solvent-dependence is expected in
between those of HT and EET. Indeed, our calculations suggest that the impact of the
solvent on the decay constants follows the trend HT > TEET > EET. As expected, the 3
constants for HT and EET are roughly half as large as Breer. However, because of the
different solvent-dependence of TEET, HT and EET, significant deviations from
Breer/Peer = 2 and Breer/Put = 2 are observed in some cases (Table 2).



Note that the ratios PBreer/Peer and Preer/Pur show opposite trends when passing from
vacuum to water, chloroform and benzene. Because of that the relation Breer = Pret +
Pur approximates reasonably well the solvent-dependence of the decay constants Brger
(see Table 2), given that deviations from the Breer/Peer = 2 and Preer/Pur = 2 ratios are
counterbalanced. This holds good for the PDI dimer in benzene and vacuum, whereas in
chloroform and water Bger + Pur overestimates Preer by ~15%. This difference could
partly arise from the different quantum chemical approaches used to compute the
couplings (TEET is treated by CIS while and EET and HT within the one-electron
approximation). Unfortunately, more accurate quantum mechanical methods, e.g. MS-
CASPT2 * cannot be applied to the systems considered in this study.

In conclusion, our results indicate that the relation Brger = Peer + Pur is
reasonably valid, while the relation But = Beer does not always hold due to the different
solvent-dependence of the HT and EET reactions. In this case, the EET data provide
better estimates of the TEET decay constant (Breer=2Peer) than the HT data.
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Figure 2. Structure of representative snapshots of the PDI dimer with separations R=7.0
and 10.5 A in water, chloroform and benzene solutions.
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Table 1. Average squared couplings corresponding to HT, EET and TEET reactions at
R=3.5, 7.0 and 10.5 A inter-chromophoric separations in different solvents.

<V>/eV? R=3.5 A R=70A R=105A

Vacuum
HT 1.89-10 2.25-10°° 1.55-10™"
EET 2.2810" 9.22-10° 1.71-107
TEET 1.49-10 7.83-10" 3.56:10"®
Water
HT 1.89-10" 2.15-10° 1.94-10°
EET 2.2810" 9.60-10° 8.76-107
TEET 1.49-10 1.86:10"° 5.05-10"
Chloroform
HT 1.89-10" 8.56-10° 471-10°%
EET 2.2810" 1.10-10* 2.20-107
TEET 1.49-10 1.75-10° 1.58:10°"
Benzene
HT 1.89-10" 8.81-10* 3.26:10°
EET 2.2810" 7.64:10° 1.39-107

TEET 1.49-10 5.36-10° 5.03-10"




Table 2. Exponential decay parameters characterizing HT, EET and TEET reactions in
different solvents.

/A" Prr Peer  Pur+Beer  Preer  Breer/Pur Proer/Prer
Benzene 1.57 2.04 3.61 344 2.19 1.69
Chloroform 2.17 1.98 4.15 3.61 1.66 1.82
Water 2.63 1.78 441 3.77 143 2.12
Vacuum 3.32 201 5.33 5.14 1.55 2.56

4. Conclusions

In this study, we calculated effective electronic couplings for triplet excitation energy
transfer as well as for hole and excess electron transfer between m stacked PDI
molecules in water and two quite different organic solvents (chloroform and benzene).
MD simulation of the systems were performed to account for the effects of
conformational motion of solvent molecules. Because the transfer integrals are found to
be sensitive to structural fluctuations, the effective couplings were estimated by
averaging over selected configurations. The superexchange interaction with solvent
molecules has been found to improve significantly electronic communication between
the donor and acceptor sites in the considered systems. We have estimated the distance
decay parameter 3 for the energy and electron transfer processes in the systems and
found that decay parameter for solvent induced TEET can be reasonably well
approximated by the sum of Bggr and Bur. Thus, the relation between the couplings for
energy and electron transfer derived by Scholes et al'*"* for direct electronic interaction
of donor and acceptor may be applied in a more general context.
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