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Abstract

The influence of an electric field on differ-
ent properties of the donor-acceptor polymer
diketo-pyrrolo-pyrrole bithiophene thienothio-
phene (DPPT-TT) that are essential for the charge
transport process are studied. The main focus is
on whether the transport in DPPT-TT-based or-
ganic transistors can be tuned by electric fields in
the gate direction. The considered electric fields
are in the range of 108 — 10'° V. m~!. We show
that strong electric fields (~ 10° V m~!) which
are parallel to the polymer backbone can influ-
ence the reorganization energy in a Markus-type
approach. Weaker electric fields parallel to the
polymer backbone result in minimal changes to
the reorganization energy. The coupling element
of DPPT-TT shows a pronounced affinity to be
influenced by electric fields in the charge transport
direction independent of the field strength.
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Introduction

In recent years organic field-effect transistors
(OFETs) have become a research topic of high
interest. '"® Their low production costs and easy
processing at low temperatures together with their
high flexibility make them ideal materials for
e-papers, flexible, high-resolution displays, elec-
tronic identification tags, sensors and many more
applications.”~!? One limiting factor of OFETs is
the carrier mobility p of the semiconducting or-
ganic materials. Polymers with charge carrier mo-
bilities above 1 cm? V~! s~ are desired. !3

One group of polymers that are of special inter-
est are donor-acceptor polymers. As their name
suggests, they combine electron-deficient (accep-
tor units) and electron-rich regions (donor units).
Experimental investigations of a wide variety of
donor and acceptor combinations were carried out
with the aim to find combinations which possess
high carrier mobilities. 1617 Theoretical studies, on
the other hand, mainly investigate the transfer rate
t. The Einstein relation connects the experimen-
tally measurable carrier mobility with the theoret-
ically accessible transfer rate #.! Thus the transfer
rate ¢ gives a first quantitative insight to the field
effect mobilities of donor-acceptor polymers. 418

'In detail, the diffusion constant D in the Einstein relation
is directly dependent on the transfer rate 7.



The transfer rate ¢ can be estimated using Marcus
theory: 1921
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The transfer rate ¢ is defined by the coupling ele-
ment 7;; of the molecules i and j and the reorga-
nization energy A. Both the coupling element and
the reorganization energy are dependent on an ap-
plied electric field €. Other parameters that influ-
ence the transfer rate ¢ are the temperature 7" and
the Boltzmann constant kg.

The intramolecular reorganization energy A de-
pends on the energy difference between the neutral
and charged polymer chains (see below eq. 2 and
fig. 1). It describes the reorganization of the atoms
in the neutral and charged polymer chain due to
the transfer of the charge between two chains.

A=M+A
A = [Eo(£1) = Ex1(£1)] + [E+1(0) — Eo(0)]
(cf. fig. 1)

)
The energy of a molecule in eq. 2 is denoted as
Egeo(charge). The value in brackets gives the total
charge of the system when the energy was calcu-
lated and the value of the index denotes for which
charge the geometry was optimized.
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Figure 1: Scheme of the reorganization energy
composition.

There are different approaches to determine the
coupling element 7;; (cf. Ref. 22-25). One
approach is to use Koopmans’ theorem together
with the orbital splitting in an molecular orbital
(MO) picture of the dimer system (cf. eq. 3).
There, the definition of the coupling element is

based on the splitting of the monomer’s highest
occupied molecular orbital (HOMO) wgomo or
the lowest unoccupied molecular orbital (LUMO)
yiLumo into HOMO and HOMO-1 or LUMO and
LUMO+1 due to the overlap of the orbitals when
the dimer is formed (cf. fig 2). That the results
from this method are in good agreement with other
approaches to calculate the coupling element was
shown in references 26 and 27.

T o1ec = 0.5 % (ELumo+1 — ELuMO) 3)
T hote = 0.5 % (Eromo — Enomo—1)
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Figure 2: (Color online) Scheme of the coupling
element composition.

Both the reorganization energy and the coupling
element can be influenced by an electric field be-
cause it polarizes the molecule. This gives the
opportunity to control the electron transport in-
side OFETs via gate-induced electric fields, but
also raises the question whether electric field ef-
fects should be considered in the Marcus trans-
port calculations. Thus, we investigate the influ-
ence of electric fields on the energy of both neu-
tral £(0) and charged E(+1) donor-acceptor poly-
mers. With these energy changes we determine the
impact of electric fields on the reorganization en-
ergy A as described in eq. 2. The influence of an
electric field on the coupling element manifests it-
self in changes of the HOMO and LUMO orbitals.
In a final step we estimated the coupling element
T;; and the transfer rate ¢ as a function of the ap-
plied electric field.

For this purpose we consider electric fields up to
1.29%10'° V m~!. The currently produced OFETs
use gate voltages between 1-100 V for system
sizes of 1-100 um, 2832 leading to possible gate-
induced electric fields between 10*-108 V m~!.



We consider electric fields up to 101 V m~! be-
cause we expect the system size to further decrease
to 0.1 um. This reflects also that Wang et al. re-
ported that electric fields >10” V m~! are needed
to lead to significant changes in the carrier mobil-
ity.3! We further include the influence of electric
fields along the source-drain direction in our inves-
tigation. We thus can study, which orientation of
donor-acceptor polymers result in the best possi-
ble tuning via electric fields with respect to source,
drain and gate contacts.

Model System and Computa-
tional Details

Model System

As an example we study the donor-acceptor poly-
mer diketo-pyrrolo-pyrrole bithiophene thienoth-
iophene (DPPT-TT) — see fig. 3. We choose
DPPT-TT because it possesses the highest elec-
tron mobility for DPPT-containing polymers '3-32
and the hole mobility can reach values above
10.5 cm? V~! s71.33 In DPPT-TT, DPP is the ac-
ceptor unit and thienothiophene the donor unit.

Our DPPT-TT model system differs slightly from
the DPPT-TT polymer that is used in the experi-
mental studies. 034738 We investigate a DPPT-TT
monomer instead of a DPPT-TT polymer and sat-
urate the open ends of the monomer with hydro-
gen atoms as shown in fig. 3. The monomer unit
possesses a dipole moment of 0.61 Debye. This
smaller system size also affects the absolute value
of the reorganization energy of optically excited
long polymer chains.!> However, in the frame-
work of this study only the relative changes of
the reorganization energy due to an applied elec-
tric field are of interest. For a detailed discussion
see Ref. 39.

For simplification we replace the large pendant 2-
octyldodecyl groups by methyl groups. This does
not influence the final results because the pen-
dant groups do not contribute to the transport pro-
cess.The thiophene rings can have two different

orientations in DPPT-TT, the cis and trans configu-
rations (see fig. 3). At the density-functional level
of theory (see section ) the cis configuration is by
7.3 kecal mol~! (= 0.32 eV) energetically more fa-
vorable than the trans configuration.

Figure 3: (Color online) The two configurations
of DPPT-TT: cis (a) and trans (b). The coordinate
axis defines the position of the monomers with re-
gard to the direction of the applied electric fields.

The two configurations are oriented in the coor-
dinate systems as follows (cf. fig. 3): The x-
direction is defined parallel to the polymer back-
bone. In detail, the two carbon atoms (A and B
in fig. 3) that connect the basis units of the poly-
mer define the x-direction. The y-direction is de-
fined transversal to the polymer backbone and the
z-direction is perpendicular to the polymer back-
bone.

Inside the OFET the DPPT-TT can have three fun-
damentally different orientations: end-on, edge-on
or face-on (cf. fig. 4). All other orientations are
combinations of those. Therefore, gate-induced
electric fields can act on DPPT-TT in three differ-
ent directions: parallel or vertical to the polymer
backbone, as well as perpendicular to the poly-
mer backbone plane. With reference to the coor-
dinate system in fig. 3, gate-induced electric fields
act on the DPPT-TT polymer from the x-, y- or z-
direction.

Zhang et al. showed that in the as-cast film DPPT-
TT assembles in the edge-on and face-on orienta-
tions. In the annealed film DPPT-TT changes to an



end-on edge-on face-on

Figure 4: (Color online) Orientation of DPPT-TT
inside the OFET. The arrows indicate the direction
from which the gate-induced electric field acts on
the DPPT-TT polymer. The black arrow in the up-
per right corner indicates the direction of source-
drain-induced electric fields.

exclusively edge-on orientation.!® Besides these
two experimentally encountered orientations, we
also include gate-induced electric fields for end-on
oriented DPPT-TT polymers for three reasons:

(1) In the end-on orientation the gate-induced elec-
tric field (x-direction) acts on DPPT-TT along
the polymer backbone and thus, it is the direc-
tion with the largest spatial interaction cross sec-
tion for the electric field. Also, Ma et al.*0
showed that it is possible to change the orienta-
tion preference of poly(3-butylthiophene) (P3BT)
by functionalizing the ends with semifluoroalkyl
chains. Through the functionalization the orien-
tation of P3BT changed from edge-on to end-on.
In another study Ma et al. successfully demon-
strated that the functionalizing with semifluo-
roalkyl chains can also be used for changing the
orientation of poly(3-hexylthiophene) (P3HT).*!
Ma and coworkers predict that the functionalizing
with semifluoroalkyl chains to change the orienta-
tion of the polymers can also be applied to various
semi-crystalline semiconducting polymers. There-
fore, it should be possible to adapt this process for
DPPT-TT to obtain an end-on orientation of this
polymer inside OFETs.

(i1) We study DPPT-TT as an example for donor-
acceptor polymers. Other donor-acceptor poly-
mers can assemble in the end-on orientation. Ma et
al.*! showed that the hole mobility of P3BT with
semifluoroalkyl chains changes from 3.6%1073
em? V71 s71to 1.1%1072 cm? V! 57! when its

orientation is changed to end-on. The activation
energy of transport is also lowered from 133 meV
to 80 meV. Their results also showed an improve-
ment of the hole mobility of P3HT when it is
changed to the end-on orientation. Thus the end-
on orientation with its distinctly unique behavior
should not be neglected.

(iii) In the experimentally encountered edge-on
and face-on orientations an electric field in the x-
direction resembles a source-drain-induced elec-
tric field (as indicated by the black arrow in the
upper right corner of fig. 4). Therefore, if we
study the influence of electric fields from all three
directions, we address both the influence of gate-
induced electric fields, as well as the influence of
weaker source-drain-induced electric fields for all
three orientations of DPPT-TT and whether they
need to be taken into account when calculating the
Marcus transfer rate.

The coupling element for the transport in z-
direction is calculated by investigating the dimer.
The two DPPT-TT monomers are aligned as
shown in fig. 2. This means that the upper DPPT-
TT (cf. fig. 2) is rotated by 180° with regard
to the lower DPPT-TT monomer. According to
reference 39 it is the stacking configuration with
the highest value of the coupling element for the
electron transport. The distance between the two
monomers in z-direction is 3.4 A. The hydrogen
atoms I and II (cf. fig. 3) of both monomers are
directly on top of each other.

Computational Details

We employ the density functional theory (DFT)
program package GAMESS US*>* to study the
effect of electric fields on DPPT-TT. In detail, we
used the B3LYP functional* as different bench-
marks*~*7 indicate that it is a well suited func-
tional to study such systems. We performed
a study on the influence of the basis set on
the results. Our analysis shows that the large
6-31g(d,p) and the small 3-21g Gaussian basis
set lead to identical trends with regard to energy
changes of the neutral monomer due to an ap-
plied electric field. Further, for electric fields in



the y- and z-direction the differences between the
6-31g(d,p) and the 3-21g Gaussian basis set is be-
low 1 kcal mol~! (= 0.043 eV). Therefore for these
two directions there also is a qualitative agreement
between the two basis sets. This is in agreement
with the study of Chen et al.,*’ where also no de-
pendence of the trends on the basis set was found
for electric field free calculations. With regard
to the coupling element we found that the devi-
ation between the 6-31g(d,p) and the 3-21g ba-
sis set is below 15 meV when no electric field is
applied and that the quantitative changes through
the applied electric field are nearly identical. Fur-
ther, the charge relocalisation inside the DPPT-TT
monomer due to an applied electric field is also
identical for both basis sets (cf. fig. S2 of the SI).
Therefore, we use the 3-21g basis set throughout
this study.

We performed energy calculations and geometry
optimizations with the standard GAMESS US set-
tings, except for the gradient convergence toler-
ance that was changed to 0.5%10~> Ha bohr—!.
This consequently changed the root mean square
gradient to 0.16*% 10~2 Ha bohr~!. The conver-
gence criterion for the self-consistent field (scf)
cycles was 107> Ha. We studied the influence of
the electric fields on the reorganization energy and
the coupling element by applying a uniform elec-
tric field in the range of 0-13¥10° V m~! along
the x-, y- and z-directions. In the supporting in-
formation we shortly discuss why negative electric
fields were not taken into consideration and show
exemplarily the effect for negative fields in fig. S1,
which is an extension of fig. 5b.

Results and Discussion

Reorganization energy

We first discuss the dependence of the reorganiza-
tion energy on the applied electric field. In accor-
dance with eq. 2 the influence of the electric field
on the energy of the charged and neutral monomer
has to be studied. We use the neutral monomer to
investigate both the cis and trans configurations to

determine if one of the two isomers is more sus-
ceptible to an applied electric field. We study the
effect of the electric field by analyzing the energy
difference AAE between the energy of the molecule
without an applied electric field (E?) and when an
electric field is applied (E7?) (cf. eq. 4). We fur-
ther subtract the electric work Ug = €g/\x from
AE. This procedure ensures that the electric work
from the movement of the center of charge Ax
when an electric field € is applied does not con-
tribute to the energy change AE. For more details
refer to the SI.

AE =E?" —E"—Ug €))

Electric Field Dependence of the Neutral Cis
and Trans Configurations

In a first step, we investigate the effect of an ap-
plied electric field on neutral monomers. Fig. 5
shows the energy changes of the neutral cis and
trans configurations due to an applied electric field
(cf. eq. 5) and fig. S1 of the SI shows the reaction
to negative electric fields.
AEgs = EZ)—EX —Ug
and AEyays = EZ0 —E0  — Ug

trans trans ~—

&)

There are three major conclusions that can be
drawn from the results:

(i) The influence of the electric fields in gate direc-
tion on edge-on and face-on oriented DPPT-TTs
(v- and z-direction) are by a factor of three and ten,
respectively, weaker than an electric field of the
same strength to end-on oriented DPPT-TTs. This
means that the influence of electric fields perpen-
dicular to the polymer backbone are nearly negli-
gible in comparison to the electric fields oriented
along the polymer backbone.

(i) The change in energy is below 0.4 eV if
currently available gate-induced electric field
strengths (0.5-2.6%10° V m~ ') are considered.
This is a first indication that effects of gate-
induced electric fields will have to be considered in
the transport description of DPPT-TT in particular
and of donor-acceptor polymers in general only for
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Figure 5: Electric field influence on the energy of
neutral monomers (cf. eq. 5). a) Differences be-
tween the cis and trans configuration. b) Zoom
into the circled region of a).

devices that are smaller than today’s devices. This
also means that the weaker source-drain-induced
electric fields will not influence the transport.

(ii1) The maximum energy difference between the
cis and trans configuration is about 0.25 eV and
0.90 eV for electric fields applied in the y- and z-
direction?, respectively, and thus, practically neg-
ligible. Only for the x-direction along the poly-
mer backbone a distinct difference between the
two configurations can be seen. And even then,
very strong fields above 7%10° V m~! are neces-
sary to yield a considerable deviation between the

ZNeglecting the outlier for the cis configuration with an
electric field in z-direction at 12.9%10° V m~!,

two configurations. This independence on the con-
figuration is in agreement with previous studies on
donor-acceptor polymers without an applied elec-
tric field. %

The slightly different behavior of the two config-
urations for electric fields perpendicular or paral-
lel to the polymer backbone can be explained with
the structure of the two configurations. For elec-
tric fields in the y- and z-direction, the neighbor-
ing atoms in the direction of the electric field are
nearly identical for both the cis and trans configu-
ration. Only when the electric field is applied in
the x-direction the neighboring atoms in the di-
rection of the electric field are noticeably differ-
ent. For example the sulfur atom of the left thio-
phene ring in the cis configuration has nitrogen as
its next neighbor in x-direction, whereas the same
sulfur atom in the trans configuration has a car-
bon atom as its nearest neighbor in x-direction (cf.
fig. 6). That this has an influence on the charge
distribution is already noticeable when no electric
field is applied. While the atomic charges for most
atoms of DPPT-TT are identical for the cis and
the trans configuration, there is a large discrepancy
(>0.05 e) for the sulfur atoms of the thiophene
rings and the two hydrogen atoms of the same
rings that face the oxygen atoms in the cis config-
uration (cf. purple circles in fig. 6). Thus, one can
conclude that the slightly different reactions of the
trans and cis configurations under strong electric
fields are due to their different nearest neighbor-
ing atoms during an internal polarization process
for an applied electric field in x-direction.

Based on the nearly identical reaction of both
the cis and trans configuration to applied elec-
tric fields, we restrict all further studies on the
reorganization energy to the cis configuration as
it showed a slightly stronger affinity to be influ-
enced by electric fields than the trans configura-
tion. In addition, the cis configuration is energet-
ically more favorable than the trans configuration.
Further, we will restrict our studies to strong elec-
tric fields between 10° Vm~! and 10! Vm~! in
order to investigate significant changes of the en-

ergy.



Figure 6: (Color online) Different nearest neigh-
bors for the sulfur atom when an electric field is
applied in x-direction. The circled hydrogen atoms
are the ones whose atomic charges differ signifi-
cantly between the cis and trans configuration.

Electric Field Dependence
Monomers

of Charged

In the second step to calculate the reorganization
energy, we investigated how the energy of the cis
monomer with a charge of +1 is influenced by an
applied electric field. To evaluate the influence
of the electric field on the charged monomer we
follow the same procedure as for the neutral one.
We calculate the energy difference of the charged
monomer with and without an applied electric field
and correct the electric field work Ug (cf. SI).

AE(+1) = E7(+1) - EO(+1) - Ug

and AE(—1) = E*0(—1) — EO(—1) - Ug (6)

The reaction of the charged monomers to an ap-
plied electric field in fig. 7 confirms that DPPT-
TT is only noticeably affected by applied elec-
tric fields in the x-direction when realistic field
strengths below 2.6¥10° V m~! are considered.
In this range, the energy changes in the edge-on
and face-on oriented polymers are below 0.9 eV
and 0.03 eV, respectively. Even for very strong
gate-induced electric fields of 12.9%¥10° V m™!
the energy changes of 7 eV and 6 eV are rather
small in comparison to the effect on the end-
on oriented DPPT-TT. There the energy changes

AE(£1) (eV)

o 2 4 6 8 10 12 14
£(*10° Vm1)

Figure 7: Electric field influence on the energy of
charged cis monomers (cf. eq. 6). The straight
lines display the positively charged monomers and
the dashed lines the negatively charged monomers.

are nearly 19.7 eV and 17.5 eV for the posi-
tively and negatively charged monomer, respec-
tively. The results also show that the positively
charged monomer is slightly more affected by ap-
plied electric fields, but both charged monomers
display identical trends as the neutral monomer.

We can conclude that to obtain OFETs that can be
tuned via electric fields in gate direction it is neces-
sary to fabricate them with end-on oriented poly-
mers. Further, our results so far indicate that the
electron and hole transport are equally influenced
by electric fields. However, the required strength
of the electric field for noticeable changes is far
above the strength of common gate-induced elec-
tric fields.

Field-effect corrected Reorganization Energy

We calculated the reorganization energy A as de-
scribed in eq. 2. Selected reorganization energies’
are displayed in fig. 8, which demonstrate the in-
fluence of electric fields on the reorganization en-

3We note that switching on electric fields further aggra-
vates the convergence problem one encounters when calcu-
lating the energy of the neutral monomer in the geometry of
the charged monomer and reversed (Ep(+1) and E4(0)).



ergy. The energy changes calculated for the neu-
tral, positive and negative monomers already indi-
cated that DPPT-TT can only be influenced by a
very strong electric field along the x-direction, and
electric fields from the y- and z-direction do not
lead to significant changes. Three major conclu-
sions can be drawn from our obtained results of
the reorganization energy.

350 ' f
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Figure 8: Electric field influence on the reorgani-
zation energy.

(1) In contrast to the results in the previous two
subsections the reorganization energy is already
significantly affected by relatively weak electric
field values (<2.6%10° V. m~!) applied in the x-
direction. In order to increase the transport rate
a decrease of the reorganization energy is neces-
sary. According to our results, this only happens
if the electric field applied in the x-direction has
a strength below 3.9%10°V m~! for the electron
transport or 5.1¥10° V. m~! for the hole transport.
This threshold value for the strength of the elec-
tric field can be reached in the currently fabricated
OFETs. If we exemplarily analyze the changes
to the reorganization energy by electric fields of
2.6%10° V m~!, we find that the reorganization en-
ergy for the hole transport changes from 298 meV
to 182 meV and for the electron transport from
183 meV to 110 meV. If we insert these changes
into eq. 1 and assume that the coupling element
T;; remains constant, then an increase in the hole
transfer rate to about 430 % and in the electron

transfer rate to 280 % are obtained in comparison
with the field-free case.

(i1) Of further interest is the fact that for the end-on
orientation the reorganization energy for the elec-
tron transport first noticeably decreases before it
slightly increases again. At about 3.9%10° V. m~!
the reorganization energy of the electron transport
is lower than the one of the hole transport, mak-
ing electron transport more favorable. However,
once we reach an electric field with the strength
of 5.1%¥10° V. m~!, hole transport becomes favor-
able. This effect can be used to build an OFET
that switches between hole and electron transport
via the gate voltage and thus via the gate-induced
electric field.

(iii) Electric fields in the y- and z-direction, on
the other hand, produce only slight changes to ei-
ther the hole or electron transport’s reorganization
energy. If we again calculate the increase of the
Marcus transfer rate as described in (i) for elec-
tric fields of 2.6¥10° V m~!, we gain small in-
creases of 13 % and 7 % for the hole transport
in edge-on and face-on DPPT-TTs, respectively,
and no changes for the electron transport. Sig-
nificant changes to the reorganization energy are
only observed for electric fields on the order of
10’ Vv m~!. This is above the strength of cur-
rent gate-induced electric fields (-108 V. m~1).30
Thus, we can conclude that in the currently fabri-
cated edge-on and face-on orientated OFETs con-
trolling the transport via the gate voltage and there-
fore, gate-induced electric fields is not possible. In
order to control the transport in edge-on and face-
on oriented OFETSs, the OFETs must become even
smaller while the gate voltage remains constant so
that we reach the necessary electric field strength
of 1010 Vv m~1.

In conclusion, when estimating the transport rate
by Marcus theory (refer eq. 1), the effects of elec-
tric fields on the reorganization energy need only
to be taken into consideration for electric fields in
x-direction.



HOMO and LUMO

The previous section has shown that only an elec-
tric field applied along the x-direction (end-on ori-
entated polymers) is able to influence the reorga-
nization energy of DPPT-TT in such a way that it
significantly influences the transfer rate. From the
experimental point of view, it is more important
to control the transport in the currently produced
edge-on and face-on orientated polymers. Thus in
the following, we investigate the influence of elec-
tric fields on the coupling element 7;;. For this pur-
pose, we study how far the HOMO-LUMO-gap is
influenced by electric fields and show the changes
to the shapes of the HOMO and LUMO in fig. S3
of the SI. It gives a first indication whether the cou-
pling element can be influenced by gate-induced
electric fields along the y- and z-direction. Finally
we determine the dependence of 7;; on an applied
electric field.

HOMO-LUMO-gap

First, we investigate how the HOMO-LUMO-gap
is affected by an applied electric field and if there
is a difference between the cis and trans configu-
ration. In accordance with the study on the reorga-
nization energy we study electric fields along the
x-, y- and z-directions. Fig. 9 shows the HOMO-
LUMO-gap as a function of the applied electric
field.

The most important result is that even for very
strong electric fields ~10'° V m~! applied along
the y- and z-direction the HOMO-LUMO-gap re-
mains essentially unchanged, with a maximum
change of 0.12 eV and 0.06 eV for the cis and
trans configuration, respectively. The HOMO-
LUMO-gap in the x-direction, on the other hand,
is strongly influenced by electric fields above
2.6%10° V m~! (fig. 9a), decreasing from 2.2 eV to
0.9 eV. Here, the HOMO-LUMO-gap of the trans
configuration is more susceptible to the influence
of electric fields than the HOMO-LUMO-gap of
the cis configuration.

In the case of weaker electric fields in the x-
direction (cf. fig. 9b) the cis and trans configu-
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Figure 9: Electric field influence on the HOMO-
LUMO-gap a) Differences between the cis and
trans configuration. b) Zoom into the circled re-
gion of a.

rations show identical trends. Therefore, we as-
cribe the deviations between the two configura-
tions to the strong field. For electric fields below
3%¥10° V. m~! the effect on the HOMO-LUMO-
gap is not as pronounced, but still noticeable with
a minimum HOMO-LUMO-gap of about 1.9 eV
(fig. 9b). Thus, in OFETs with end-on ori-
ented DPPT-TTs it might be possible to influence
the HOMO-LUMO-gap via gate-induced electric
fields.

Coupling element

The coupling element 7;; for holes or electrons can
be related to the splitting of the HOMO or LUMO



of the monomer to HOMO-1 and HOMO or to
LUMO and LUMO+1 of the dimer, respectively
(cf. eq. 3 and fig. 2). For this, we considered a
n-7 stack of two DPPT-TT monomers in cis con-
figuration as shown in fig. 10. The obtained results
are shown in fig. 11 and the following conclusions
can be made:

Figure 10: (Color online) Orientation of the cou-
pling element during the transport of the charge in
z-direction for the (a) face-on, (b) edge-on and (c)
end-on oriented dimers. The curved arrows rep-
resent the charge transport, whereas the straight
arrows show the direction of the applied (gate-
induced) electric field.

(i) The coupling element increases most strongly
for an applied electric field in z-direction. This be-
havior may arise from an enhanced overlap of the
frontier orbitals when the electric field is applied
parallel to the stacking direction (cf. fig. S4 of the
SI). For strong electric fields (>1.5%10° V m™!),
however, estimating the coupling element T;; ac-
cording to eq. 3 might not be applicable. The
HOMO-1 and HOMO 1is concentrated on one
monomer, whereas the LUMO and LUMO+1 is
mainly localized at the other monomer. This leads
to a weak to non-existent overlap between the two
monomers. Therefore, the corresponding symbols
in fig. 11 and fig. 12 are indicated by empty sym-
bols.

If we again calculate the percentage change to the
transfer rate for an electric field of 2.6%10° Vm™!,
we find that, when assuming a constant reorgani-
zation energy, the transfer rate increased to about
700% and 650% of its original value for the elec-
tron and hole transport, respectively. These are
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Figure 11: Electric field influence on the cou-
pling element for the transport of the charge in z-
direction (cf. fig. 10). The empty symbols indicate
the cases of limited applicability of eq. 3.

considerable increases that should be included
when calculating the transfer rate.

(i1) If we regard the effect of an electric field in x-
direction, we see that the hole transport is slightly
more affected by an applied electric field than the
electron transport. This is in accordance with the
effect of the same electric field on the reorganiza-
tion energy. At a field strength of 2.6%10° V m™!
in x-direction the coupling element for the hole
transport will increase the overall transfer rate to
180% of the value without an applied electric field.
However, the identical field will decrease the reor-
ganization energy so strongly that the transfer rate
is increased to 430% of the original value. Thus,
an electric field applied in x-direction affects the
reorganization energy more strongly than the cou-
pling element.

(iii) At about 4*10° V m~! a saturation of the
effect of electric fields on the coupling element
occurs. For the electric field in y-direction, this
means that a maximum increase on the coupling
element of 50% can be reached, leading to a dou-
bling of the transfer rate if both the changes to the
coupling element and to the reorganization energy
are taken into account.

Altogether, we can conclude that the effect of elec-



tric fields (>10° V m~!) on the coupling element
should be taken into account when the Marcus
transfer rate is calculated, independent of the di-
rection of the electric field.

Transfer rate

Finally we insert the obtained results for the re-
organization energy and the coupling element un-
der an applied electric field in eq. 1 to calculate
the transfer rate . We show the result for a tem-
perature of 273.15 K in fig. 12. There it can
be seen that electron transport for face-on DPPT-
TT is most strongly affected by an applied electric
field. As the reorganization energy of the face-on
DPPT-TT was not influenced by an electric field
in z-direction, the increased transfer rate is solely
due to the changes on the coupling element and the
changed overlap of the 7-orbitals.
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Figure 12: Electric field influence on the transfer
rate t. The values were calculated for a tempera-
ture of 273.15 K. The empty symbols indicate the
cases of limited applicability of eq. 3.

With regard to the hole transfer rate, we conclude
that the effect of an electric field applied along
the polymer backbone to the reorganization energy
equals the effect of an electric field in z-direction
on the coupling element. Therefore, one can con-
clude that the Marcus transfer rate under electric
fields in x-direction is dominated by the changes to
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the reorganization energy, whereas Marcus trans-
fer rates for electric fields along other directions
are dominated by the changes to the coupling ele-
ment.

If the transfer rate for other transport directions
than the here studied z-direction are determined,
we find it necessary to study the influence of elec-
tric fields along the transport direction on the cou-
pling element. This would be especially advisable
if charge transport along the x-direction is inves-
tigated. In face-on and edge-on oriented chains,
this is the direction of the of weaker source-drain-
induced electric fields. Here, we estimate that a
significant influence on the coupling element can
be observed from such electric fields.

Conclusions

We studied the effect of electric fields on the
donor-acceptor polymer DPPT-TT with respect to
properties that influence the transport described by
the Marcus equation (cf. eq. 1). For this, we con-
sidered a monomer model rather than the full poly-
mer chain. We demonstrated that the cis and trans
configurations display the same trends regarding
the susceptibility to electric fields concerning the
total energy and the HOMO-LUMO-gap.

For the reorganization energy A, the strongest ef-
fect occurs when the electric field is applied in
x-direction. We observe a decrease of A which
results in an increase of the transfer rate of up
to 430%, assuming that the coupling element re-
mains constant. Based on this, we conclude that
the end-on orientation of DPPT-TT might be most
suited to tune the transfer via a gate voltage by
influencing the reorganization energy. Our in-
vestigation shows that very strong electric fields
(>4¥10° V m~!) in the x-direction promise to
enable gate-induced switching between hole and
electron transport.

Concerning the coupling element, we observe the
strongest effect when the electric field is applied
parallel to the stacking direction. An increase of
the transfer rate up to 700% was noted in case of



an electric field of 2.6%10° V m~!. This might be
one reason why studies without electric fields ob-
serve an underestimation of the mobility compared
to experimental measurements>®. For the direc-
tions perpendicular to the stacking, an increase of
the coupling is noticed as well, but with a much
smaller magnitude. Thus, for tuning the transfer
rate via a gate voltage by controlling the electronic
coupling, the face-on orientation is best suited.

In summary, we conclude that electric fields are
only able to influence the reorganization energy in-
side donor-acceptor polymers if the electric fields
are aligned parallel to the polymer backbone while
the coupling element is mostly affected if the elec-
tric field is applied in stacking direction. For
strong electric fields (>10° V. m~! ) their effect
should be considered when the Marcus transfer
rate is calculated, whereas in the limit of small
field strengths (<10° V m~ 1) a treatment without
an explicit consideration of electric field effects is
sufficient.

Supporting Information

The Supporting information is available free of
charge on the ACS Publication website at DOI:
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