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Abstract

Poly-paraphenylenevinylene (PPV), a material used in organic light-emitting diodes
(OLEDs), for which improving the efficiency is an important issue. In general, the
molecular orientations of organic compounds in crystal form are an essential factor
determining electron and hole transfer, which are closely related to the efficiency of
OLEDs. We have investigated the effects of the rotation of each molecule and the
intermolecular distance in the dimer system of PPV, which consists of donor and
acceptor molecules, on its charge-recombination process by performing constrained
density functional calculations. Starting from the structure of the crystal, it was clarified
that the rotation of the donor decreases the charge-recombination factor, to nearly zero,
while that of the acceptor increases it to about 10° s™'. We found that this is caused by
the repulsive interaction between the donor and acceptor molecules and the formation of
a transport pathway resulting from the acceptor rotation.

Keywords: Organic light-emitting diode (OLED); Charge recombination; Constrained

density functional theory (CDFT); Marcus parameters; Driving force.
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1. Introduction

Organic semiconductors, which are used in organic light-emitting diodes (OLEDs),
organic field-effect transistors (OFETs), and organic solar cells, are attracting
considerable interest because of their charge-transport properties. The performance of
organic semiconductors has been increased to that of inorganic semiconductors such as
silicon in recent studies.'” In most of these studies, great effort has been made to
promote charge mobility, which is an important factor when evaluating the performance
of organic semiconductors.®”

The emissive electroluminescence layer of OLEDs is a film of an organic
semiconductor. OLEDs often use a thin polymer film fabricated by vacuum
evaporation/sublimation or solution-casting or printing technologies. In the case of
solution-casting technology, the performance of the OLEDs is strongly affected by the
type of solution. For example, a poly-paraphenylenevinylene (PPV)-based polymer
film with a chlorobenzene solvent exhibits larger field-effect hole mobility than one
with toluene. This difference in the hole mobility is attributed to the difference in the

molecular alignment in the film.'*"!
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Generally, m-conjugated molecules such as PPV often aggregate in a m-stacked
form.'>"® These n-stacked structures have a large transfer integral; this parameter
represents the probability of adiabatic electron transfer (ET) in the conjugated
material. >**'* On the other hand, the mobilities in the crystalline derivative of
tetrathiafulvalene increase in the order of partial stacking, lamella (stacking), and the
herringbone structure.'” Similarly, the herringbone structures of rubrene and tetracene
exhibit very high mobilities of 24.5 and 5 cm?/Vs, respectively.*'®!7 According to
previous studies, these high mobilities in the herringbone structure are due to the small
grain-boundary effect' and the smaller electrostatic repulsion in the herringbone
structure” than that in the m-stacked structure. This indicates that the transfer integral
alone is insufficient to discuss the ET reaction. We focus on not only the transfer
integral but also the other parameters in Marcus theory: the driving force —AG” and the
reorganization energy A. As explained in section 2.2, because these parameters are
inside the exponential in the equation for the ET rate constant, changes in these values

induce a large change in the rate constant.
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17

SCHEME 1 PPV

PPV is used in OFETs such as OLEDs and in organic solar cells using the opposite

reaction to that in OLEDs.* PPV has thus attracted considerable attention as an OELD

material.'® The working principle of the luminescence process of PPV as an OLED

material is based on charge injection as shown in Fig. 1; first, electrons and holes are

injected from the electrodes to the PPV layer, and the collision between holes and

electrons with charge recombination induces an ET reaction. Then the holes and

electrons form excited acceptor molecules, and the PPV emits light when it returns to

the ground state.

e 0
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J
Fig. 1 Luminescence process based on charge injection. The blue shaded area shows the

charge recombination process focused on in this study. D and A represent the donor and
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acceptor molecules, respectively. In this study, we concentrate the triplet-triplet charge
recombination process.

The maximum ratio of the quantum efficiencies for electroluminescence and
photoluminescence (QE(EL)/QE(PL)) is theoretically 25% because of the generation
ratio of the singlet to the triplet. However, Cao et al."” have measured the efficiency of
PPV-based OLEDs to be as high as ~50% in experiments. To clarify the origin of such a
high efficiency, Shuai er al.*® investigated the behavior of excitons within the
nlJelectron approximation. According to their results, a high efficiency is achieved in
the coherent electronic state, i.e., strong coupling. However, their study did not consider
the structural dependence, that is, they computed only a cofacial arrangement in which
PPV molecules were separated by 4.0 A in their model of the bulk structure of PPV.

In this paper, we provide new perspectives that are different from those in previous
studies concerning the use of PPV as an organic semiconductor in the following two
points. First, previous studies discussed hole and/or electron transfer but not the charge
recombination process. Second, these studies included the orientations applied for the

model system of PPV treat only shifted on face-to-face orientation or yawing on Euler
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2142022 oven though the crystal structure of PPV has a rolled or pitched structure™

angle,
and a similar structure can appear in a thin film of PPV. The crystal structure of PPV has
herringbone packing.” The setting angle in the structure has been estimated to be
between 56 and 68°. If PPV forms a thin film, its morphology will be amorphous.
According to a previous experimental study, the structure is the cylindrical with a local
stack structure, and its horizontal cross section has the edge-to-face form.** In this study,
we focus on the charge-recombination process, which is the final state before the
luminescence process, and the molecular alignments in the case of cofacial n-stacks and
roll displacements.

We calculate the charge recombination factor (which is likely to be the transfer rate
constant) and the Marcus parameters for the charge-recombination process of PPV
using constrained density functional theory (CDFT).> 2’ Although the
charge-recombination factor of the cofacial orientation in our study is very small (on the
order of 107'%), several rotations result in a large recombination factor of up to ~10°.

Further, we show that the angle of rotation is considerably different for the donor and

acceptor molecules.
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2. Models and methods

2.1 Model systems

SCHEME 2 OPV3
Because PPV polymers are too large for CDFT calculations, we used
oligo-paraphenylene vinylene, which contains three phenyl rings (OPV3), as the model
system for PPV. The dimer system consists of two molecules, donor and acceptor
molecules. The initial state (i.e., the polaron pair) of the OPV3 dimer is the complex of
the radical anion (*D™) and radical cation (*A™") states of OPV3, which we represent as
{*D"...>A™"}. The final state (i.e., the exciton pair) of the OPV3 dimer is the complex of
the ground ('D) and excited triplet (* A") states, which we represent as {'D.. .3A*}. The
monomer structures generating dimer pairs, D™, %A, 'D, and 3A*, are optimized,
respectively and arranged as the dimer system.

The molecular center-to-center distance in the face-to-face dimer is set to 4.0 A,

.. . . . 142021 . . .
similarly to in previous studies.” """ Upon rotational orientation, the donor or acceptor
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of the dimer is rotated around the principal axis of inertia (the x-axis in Fig. 2). We refer

to this as roll rotation by the Euler angle.

In tilted orientations, the default site-site distance was set to 2.9 A for the closest

hydrogen-hydrogen distance between the tilted and planar sites (Fig. 3).

Fig. 2 Principal inertia axes x, y, and z, of OPV3. In this study, the x-, y-, and z-axis

rotations of the molecular frame are referred to roll, pitch, and yaw rotations, respectively.
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H ee* ring plane
distance

Fig. 3 Closest-contact distance when the upper molecule is tilted (left) and rotated from
10° to 90° (right).

In the investigation of the possible form of the dimer in the charge-recombination
process of OPV3, the charge transfer properties of the crystal form will provide
information on the likely OPV3-dimer system. However, we have no data for the OPV3
crystal. As an alternative, to find the likely OPV3-dimer form, we investigate the
methyl-substituted OPV3 (OPV3-methyl, Scheme 3) system, because the single-crystal
structure has been determined by X-ray analysis.”® Thus, the geometric alignment of the

OPV3-methyl dimer that minimizes the root-mean-square deviation for the crystal

10
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structure was calculated using PyMOL.

o)~

SCHEME 3  OPV3-methyl

e

2.2 Charge-recombination process calculations

We focus on the charge recombination factor £ and its parameters in the Marcus-Hush
equation, i.e., the reorganization energy A, the driving force —AG”, and the transfer
integral H,;. Using Marcus theory,”' we predict k£ and the parameters of the four states,
which can be represented as combinations of the electronic and molecular structures of
the initial and final states as shown in Fig. 4 and Table 1. The driving force ~AG" and
reorganization energy A are estimated from the differences between the energies of the
four points shown in Fig. 4, and the following equation gives the charge recombination

factor:

P2 S (M) W

n o Jamak,r 42k T

where kg is the Boltzmann constant and 7 is the temperature. The activation energy is

11
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defined as
AN
AGH = (AG*+4)
414 -
Fig. 4 Schematic free-energy curves obtained by Marcus theory for ET process. Parabolas

a and b are the initial and final electronic states, respectively. Points (I) and (II) represent the

initial states in the ET reaction and points (III) and (IV) represent the final states.

12
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Table1 Molecular and electronic structures at the four points in Fig. 4. {ZD'_-ZA'+} and

{1D-3A*} denote the initial and final states, respectively.

System Molec. Structure Elec. Structure
(I) {ZD-—_ZA-+} {ZD-—_ZA-+}
(11 DA™ {'D A"}
(111) {'D A"} DA™

(IV) {'D A"} {'D A"}

Note that we approximated the Gibbs free energy by the total energy of a single point
calculation in the calculation of AG®. We should use the free energy to obtain the
quantitatively correct parameters, but this requires the computation of the external
field.”® Fortunately, the qualitative trend is sufficient for the discussion in this work, and
therefore we ignored the change in entropy AS. This is valid because the structural

change between the initial and final states is small in the solid and amorphous states.>

13
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2.3 Constrained DFT
In density functional theory (DFT), the delocalized electronic structure is erroneously
estimated to be more stable state than the charge-localized structure owing to the
self-interaction error.*® For this reason, several methods have been developed to correct
this error: the self-interaction correction by Perdew and Zunger,”* the DFT+U method
using the Hubbard U model,” the long-range correction scheme,® and the constrained
DFT*** (CDFT) which imposes constraints on the charge or spin density of arbitrary
molecular fragments.

In CDFT, the difference in the charge or spin density between fragments is

constrained. A general constraint on the density is described as

Y. [wrypryar=n, @

o

where w.(r) is the weight function that defines the constrained property, p is the charge
density, orepresents the « or £ spin, and N, is the net difference in charge between the
donor and acceptor, i.e., N. = (Np— Na) /2. The weight function is w? = wf for the
charge constraint on the system. On the other hand, the weight function w? = —wf for

the spin constraint.” The following energy functional, which is added to this constraint

14
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term via a Lagrange multiplier V., is minimized during the SCF optimization.
Wip.V.]=Elpl+V, (ZI w, (r)p(r)dr—ch ©)
Here, we demonstrate a typical example of the constraint term in CDFT when the region

C is constrained as shown in Fig.5. First, if the charge density is constrained, then

(IC p(0ydr+ | P/ (rydr)—( J pmdrs ] p/(r)dr)

4
= |_pr)dr—[ _p(r)dr=N.-N, =N,
On the other hand, if the spin density is constrained, then
(Jop“war=[ o’ wyar)~([, p*@ar=| o (r)dr) )
= [ pwar-] pwdr=n,
where 0’ is the spin density.
w =1
C
Region C
P : iy ~ .
( ) 1
\ N Region NC
~ =
=-1
Fig. 5 Region C is the constrained region, and Region NC is the nonconstrained region.

Furthermore, Wu and Van Voorhis have developed CDFT method to calculate the

15
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electronic coupling matrix element H,;.>° The following matrix H is obtained by using

V.w, solved in the CDFT calculation:

H= HDD HDA
HAD HAA

b

where

Hy, :<q)D|H|cDD>:E[pD]:ED

H, =E,

HDA :<®D|H+I/CAWC _I/CAWC
=FA <(DD|(DA>_VCA <CDD

HAD = D<q)A |®D>_I/CD<®A

D,)
D,)
®,)

WC

WC
and

F=(¥, ¥, )=E[p1+7, [ w.(0)p(t)dr=E+V.N, .

H+Vw,

By orthogonalization between @ and @4, we can obtain the coupling matrix element

H,, as the off-diagonal element.

3. Computational details

Geometry optimization of the monomers was performed at the B3LYP/6-31G(d) level
with the Gaussian 09 package.*® Dimer calculation by CDFT was performed using a

program developed in our laboratory3 ? at the same level of theory. In all CDFT

16
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calculations, we used the Becke weight population scheme to define the weight
functions. The electronic coupling matrix element H,, was calculated using the
Kohn-Sham orbitals and the parameters V. in the dimer calculations using our program.
In addition, we used the fragmented initial density matrix to improve the convergence

performance (details in Appendix).

4. Results and discussion

4.1 Face-to-face orientation and center-to-center distance

The calculations for OPV3 and OPV3-methyl were performed in the face-to-face
orientation (at a fixed center-to-center distance of 4.0 A). Although the face-to-face
orientation has been used in many previous studies, the charge-recombination factor of
the orientation obtained in the present work using the CDFT calculation is very small
(10_18 s order). These parameters and the charge recombination factor of OPV3 and
OPV3-methyl are shown in Table 2, and the relative energies of the four states (in Table

1 and Fig. 4) are shown in Table 3.

17



Physical Chemistry Chemical Physics

Table2 Calculated charge recombination parameters’ and decadic logarithm of
charge recombination factor in the face-to-face orientation of the OPV3 and

OPV3-methyl systems.

System -AG® A AG* |H ) logio(x[s™'])
FtoF OPV3 162.7  25.15  188.0 19.40 -17.80
FtoF OPV3-methyl 1557 25.82 1633 20.44 —13.45

“ All energies are in kJ mol .

Table3  Calculated energies of four states “ in Fig. 4 in the face-to-face orientation of

the OPV3 and OPV3-methyl systems.

System @ D (III) av)
FtoF OPV3 0.000 -137.5 25.43 -162.7
FtoF OPV3-methyl 0.000 -129.9 26.39 —-155.7

“ All energies are in kJ mol ™.

When the center-to-center distance of OPV3 is increased, the recombination factor

decreases as shown in Fig. 6. Figure 7 shows the energy variations of the four states

with the center-to-center distance of the OPV3 dimer. The energy gaps between the

initial states (I) and (II1) and between the final states (II) and (IV) become larger as the

distance increases. This indicates that PPV in the cofacial orientation has a large driving

force in the case of a large intermolecular distance. Since the energies of the four states

increases with decreasing center-to-center distance below 4.0 A because of the van der

Waals repulsion, as shown in Fig. 7, the center-to-center distance at which ET is

18
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induced is estimated to be over 4.0 A. In the face-to-face orientation, the recombination
factor is less than 1 s, i.e., the value at 4.0 A, which implies that the minimum
recombination factor of the polaron states, is only 107'* s

The face-to-face orientation appears to be favorable for the charge recombination
reaction because of the large n-7t overlap, but such a trend is not indicated by our results.
The reason why the face-to-face orientation is not favorable for charge recombination,

despite the feasible structure may be due to the large n-7 electrostatic repulsion.*” The

distance of 4.0 A is too long for sufficient ET to be induced.

5
0
fam i
&
= i
N
an
2 |
_35 I I I !
3 3.5 4 4.5 5 5.5
Distance [A]
Fig. 6 Variation of the logarithm of the charge recombination factor with the

center-to-center distance of the OPV3 dimer in the face-to-face orientation.

19
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Fig. 7 Energy variations of the four states (I)-(IV) with the center-to-center distance of the

OPV3 dimer in the face-to-face orientation. The minima of the polaron states (I) and (III)

occur at 4 A.

4.2 Effect of roll angle

Before giving the results for roll-rotated orientations, we give the result for

OPV3-methyl in the crystal structure to clarify the dimer orientations that are suitable

for ET. The crystal-structure orientations and the symbols representing them, T1, T2,

and P, are shown in Fig. 8. For each orientation in the OPV3-methyl crystal, the charge

recombination factors and Marcus parameters obtained from the CDFT calculations are

20
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shown in Table 4.

Y 5

Iccept
i////

Fig. 8 Crystal structure of OPV3-methyl. The symbols T1, T2, and P indicate the

orientations of the ET channel.

Table4 Calculated ET parameters” and decadic logarithm of charge recombination factor

for the orientations (Fig. 8) in the crystal structure of OPV3-methyl.

Orientation -AG* A AG |H b logio('] [s'])
T1-dimer 81.74 24.05 34.60 25.03 9.294
T2-dimer 331.4 26.08 893.6 11.20 ~0 (-141.9)
P-dimer 180.4 25.86 230.7 5.266 ~0 (-26.43)

“ All energies are in kJ mol ™.

21
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Table 4 shows that the values of the recombination factor are considerably different
among the orientations. In particular, the largest change among the parameters is the
driving force —AG". Interestingly, the recombination factor of the T1-dimer is at least
10'° times larger than that of the T2-dimer, although in these orientations the donor and
acceptor positions are reversed each other.

We investigated the results for OPV3 from various viewpoints on the basis of the
results for OPV3-methyl crystal. We considered the roll rotation of either the donor or
acceptor molecule, since the dimer orientations in the OPV3-methyl crystal correspond
to the roll rotation by the Euler angle. Table 5 shows the charge recombination factors
and the parameters for various rotation angles, and Fig. 9 shows the variation of the
charge recombination factor (on a logarithmic scale) with the rotation angle on the
donor and acceptor sides. For the acceptor rotation, the charge recombination factor
becomes at least 107 (= 107 s/10° s™) times larger as the rotation angle increases from
0° to 90°, while for the donor rotation it becomes much smaller with increasing rotation
angle. These results indicate that the large tilting of the acceptor causes the

recombination factor to increase, and that the tilting of the donor makes the

22
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recombination factor decrease to nearly zero.

Figure 10 shows the energy variations of states (I)-(IV) with the rotation angle of
each side. The energy curves of (II) and (IV) are almost the same for the acceptor and
donor rotations, while those of (I) and (III) are considerably different for the acceptor
and donor rotations. For the acceptor rotation, the energies of (I) and (III) decrease with
increasing angle. In contrast, the (I) and (III) energies increase with increasing angle of
donor rotation.

From the energy variations shown in Fig. 10, the significant angle exceeds 15°
because for an angle of less than 15° the donor-acceptor distance is too short and the
system becomes unstable in all the states. In the final states (II) and (IV) with the
exciton-pair electronic structure {'D.. 2A"}, the two energy curves nearly overlap for
the donor and acceptor rotations. On the other hand, the energies of the initial states (I)
and (IIT) with the polaron-pair electronic structure {*D""...*A™"} become more stable
with increasing angle of acceptor rotation but less stable with increasing angle of donor
rotation. It is interesting that the energy variations of (I) and (III) are considerably

different for the acceptor rotation and donor rotation.

23
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Fig. 9 Variation of the logarithm of charge recombination factor with the roll angle of the

tilted acceptor (red filled circles) and the tilted donor (blue filled triangles) in the OPV3 dimer.

24



Page 25 of 41 Physical Chemistry Chemical Physics

~1698.12
~1698.14 | 00093Y
169816 |\ 000 ¢ 000
8 169818 20090 697 A(le— D)0
£ Q-0-0-0 A(l = DB
T 16982 | z\ e
— ..
5 169822 |
2
M -1698.24 |
~1698.26 |
~1698.28 |
_1698.3 | | | | | | | |
0 10 20 30 40 50 60 70 80 90

Rotational Angle [°]
Fig. 10  Energy variations of the four states of the OPV3 dimer with the roll angle on the
acceptor side (filled symbols, A(I)-A(IV)) and donor side (open symbols, D(I)-D(IV)). The final

states (II) and (IV) nearly overlap for the acceptor and donor rotations.
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various roll angles of acceptor (in the upper part) and of donor (in the lower part).

Physical Chemistry Chemical Physics

Calculated parameters” and decadic logarithm of charge recombination factor at

degrees [°] log;o(T [s_l]) -AG® A AG* |[Hp)
acceptor rotation
15 ~0 (4.32) 133.28 25.33 114.99 43.55
30 —0.47 122.49 25.94 89.84 23.05
45 2.04 111.99 25.85 71.74 10.82
60 0.43 108.47 25.47 67.63 0.73
75 3.82 101.40 25.75 55.56 3.20
90 7.60 93.82 25.98 44.28 25.71
donor rotation
15 ~0 (-24.02) 172.51 24.18 227.46 43.28
30 ~0 (-51.14) 218.46 24.81 377.90 18.16
45 ~0 (-93.69) 273.94 25.15 615.39 6.11
60 ~0 (-126.52) 309.21 25.55 787.20 0.26
75 ~0 (-156.96) 338.97 25.34 970.39 1.78
90 ~0 (-182.57) 359.94 25.10 1116.82 1.87

“ All energies are in kJ mol ™.

26
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To explain this behavior of the energy curves in Fig. 10, the following two reasons are
considered. (i) The donor with the rich n-electron density does not face the acceptor
plane when the donor molecule rotates. For the rotation of the acceptor molecule, in
contrast, the electron-deficient side of the acceptor faces the donor with the rich
n-electron density. From this, the rotation of the acceptor is favorable for ET. (ii) The
face-to-face orientation (for a rotation of less than 15° in Fig. 10) forms a n-r stacking
structure, which can have a large transfer integral; however, the donor and acceptor
cannot be close owing to the electron repulsion. The energetic barrier is

disadvantageous for ET.

4.3 Effect of intermolecular distance in edge-to-face conformation
To verify the tendency discussed above, we computed the charge recombination factor
of the OPV3 dimer fixed at a rotation angle of 45° and varied the intermolecular
distance, i.e., the closest atomic distance between the donor and acceptor.
The difference in the charge recombination factor between the rotated donor and
rotated acceptor is clearly shown in Fig. 11. The charge recombination factor for the

acceptor rotation becomes at least 10° (= 10° /10" s™") times larger as the

27
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intermolecular distance decreases from 3.5 to 2.7 A, which can be seen from the
comparison of log k values at 3.5 and 2.7 A in the upper part of Table 6. Furthermore,
we can also see that the large variation of log k from 3.5 to 2.7 A is caused by the
variation of the driving force —~AG®, which decreases from 148.7 to 97.0 kJ/mol™. On
the other hand, the charge recombination factor for the donor rotation becomes 10 (=
10% 577107 s) times smaller with the same change in the intermolecular distance,
which can be also checked from log & values in the lower part of Table 6. As the
intermolecular decreases, the charge recombination factor increases in the tilted
acceptor but decreases in the tilted donor.

From the energies of (I)-(IV) shown in Fig. 12, the energies of (II) and (IV) are
similar for the two cases, whereas the energies of (I) and (III) are considerably different.
An intermolecular distance of more than 2.7 A is significant since all the states are
unstable when the distance is less than 2.7 A. Thus, we discuss the recombination
factors only for the case that the intermolecular distance is greater than 2.7 A. Figure 12
shows that the energies of the exciton-pair electron states {'D.. .3A*}, (IT) and (IV), have

no significant difference between the cases of acceptor and donor rotation, whereas a
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large energy difference between the two cases can be seen for the polaron-pair electron
states {°D"...2A™"}, (I) and (III). The rotation of the acceptor stabilizes the dimer energy,
while that of the donor destabilizes the dimer energy. Generally an anion-cation pair
becomes stable as the anion and cation approach each other. However, the approach of
the tilted donor with a negative charge (-1) to the positively charged (+1) acceptor
causes destabilization. This result confirms that the rotated acceptor can easily approach
the donor to within a distance of ~2.7 A, whereas the rotated donor cannot approach
close to the acceptor.

Finally, in the present study, we have not accounted for the dispersion effect, which is
important in the intermolecular interaction of the present n-systems. Since the B3LYP
functional and 6-31G(d) basis set used in the present calculations does not suitably
evaluate such dispersion effects, we tried to add Grimme’s dispersion correction*' with
the present CDFT energies. For Table 5, we reexamined the CDFT result including the
dispersion correction, which is given in Table 5S of the supporting information, and
found that the dispersion effect in the recombination factor is rather minor at the present

computational level. However, the Grimme’s dispersion correction is not sufficiently
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worked with middle-size basis sets such as 6-31G(d), and we need larger basis set added

43,44
3

with the advanced dispersion correction such as DFT-D2* or DFT-D to evaluate

the intermolecular interaction correctly, which we remain as our future works.
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Fig. 11 Variation of logarithmic of the charge recombination factor with the

intermolecular distance, i.e., the closest atomic distance between the donor and acceptor in the

OPV3 dimer, where the rotational angle of the acceptor (red filled circles) or the donor (blue

filled triangles) is fixed at 45° and the intermolecular distance is varied.
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Fig. 12 Energy variations of (I)-(IV) states of OPV3 dimer with the intermolecular distance.
Two cases are described in the same way as in Fig. 11; the rotational angle on the acceptor side
(filled symbols, A(I)-A(IV)) or the donor side (open symbols, D(I)-D(IV)) is fixed at 45°. The

minima of A(I) and A(IIT) occur at 2.7 A.
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Table 6 Calculated charge recombination parameters’ and decadic logarithm of charge

recombination factor for various closest-contact distances of acceptor at 45° (in the upper part)

and donor at 45° (in the lower part) in the OPV3 dimer.

distance [A] logio(C [s ') -AG” p) AG* \H,|
acceptor rotation
1.9 15.29 17.98 19.54 0.03 22.31
2.3 12.35 61.44 23.89 14.75 15.40
2.7 5.95 97.00 25.55 49.97 11.94
3.1 -2.13 125.64 26.06 95.11 9.92
3.5 ~ 0 (-10.66) 148.71 26.21 143.10 8.65
donor rotation
1.9 ~0(-156.74) 347.36 26.20 984.03 36.12
2.3 ~0 (—134.27) 317.89 25.14 852.42 18.11
2.7 ~0 (—105.48) 287.79 25.18 684.57 8.90
3.1 ~0(-83.07) 261.54 25.25 552.79 4.12
3.5 ~ 0 (-69.02) 242.44 25.19 468.35 1.74

“ All energies are in kJ mol ™.
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5. Conclusions

In the present work, we have investigated the intermolecular triplet-triplet ET of the
OPV3 dimer as a model system for the PPV charge recombination process by using
CDFT. In addition, we analyzed the relation between the intermolecular orientation of
the dimer and the recombination factor to provide guidelines for molecular design of
effective charge recombination systems. It was found that the face-to-face orientation
has a low recombination factor of 10'® s™! at an intermolecular distance of 4.0 A, where
the polaron states (I) and (IIT) have energy minima. The value of 107" s for the
face-to-face orientation is much lower than that of 10° s for the edge-to-face
orientation at the intermolecular distance of 2.7 A with 45° rotation of the acceptor.

In the edge-to-face case, the roll rotation of the donor molecule causes the charge
recombination factor to decrease to nearly zero, whereas that of the acceptor molecule
increases the recombination factor to the order of 10 s Regarding the energies of the
four states, those of the final exciton-pair states (II) and (IV) are almost the same for
both donor rotation and acceptor rotation, whereas for the initial polaron-pair states (I)

and (III), the energies of the acceptor rotation become much lower than those of the
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donor rotation with increasing angle of rotation. This induces a large difference in the

driving force —AG” between the two cases, which ultimately causes the difference in the

recombination factors.

We carried out the calculation for the dimer with several intermolecular distances and

a fixed rotation angle (45°) to investigate how the difference between the tilted

molecules occurs. The approach of the tilted donor to the flat acceptor decreases the

recombination factor, while the approach of the tilted acceptor to the flat donor

increases the recombination factor. The polaron states become stable in the former case

(at least down to an intermolecular distance of 2.7 A), while they become unstable in

the latter case. From the results, we can conclude that the flat-donor and tilted-acceptor

pair is a more favorable orientation for triplet-triplet charge recombination than the

tilted-donor and flat-acceptor pair.

The present computational results show that the molecular orientation is a very

important factor for material design, and suggests that single crystals with a herringbone

structure such as rubrene and tetracene have higher hole-mobility than those with a

lamella structure with large transfer integrals.
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The present results would also be helpful for readers of supramolecular chemistry and

related fields. For example, orientation and organization of p-phenylenevinylene

. . . . 45 . .
derivatives have been paid much attention.™ In some cases, orientation and

arrangements of the component chromophores are highly controlled and modified. It is

noted that the methyl-substituted system, OPV3-methyl, has larger value in charge

recombination factor than the non-substituted OPV3 as shown in Table 2. This suggests

a possibility that the OPV3 derivatives with various functional groups have large charge

recombination factor. Thus, the CDFT calculations for several OPV3 derivatives are

now in progress, and the substitution effect, as well as the molecular orientation effect,

on the charge recombination processes would be clear soon.
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Appendix

Fragmented initial density matrix for CDFT calculations

To improve the convergence in the CDFT calculations, we applied the fragmented

initial density matrix comprising the monomer charge densities. For instance, in Fig. 5

the charge density matrices D; of Region C and D, of Region NC are put on the

diagonal blocks of the initial density matrix of the dimer as follows:

D, 0
0 D,

Using this initial density matrix can decrease the number of required CDFT-SCF cycles

and speed up the convergence. We confirmed that the computational results agreed with

those obtained without using the fragmented initial density matrix in several test

calculations.
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