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ABSTRACT: Manipulating the connectivity of external elec-
trodes to central rings of carbon-based molecules in single mole-
cule junctions is an effective route to tune their thermoelectrical
properties. Here we investigate the connectivity dependence of the
thermoelectric properties of a series of thiophene-DPP derivative
molecules using density functional theory and tight-binding mod-
elling, combined with quantum transport theory. We find a signifi-
cant dependence of electrical conductance on the connectivity of
the two thiophene rings attached to the DPP core. Interestingly, for
connectivities corresponding to constructive quantum interference
(CQI) different isomers obtained by rotating the thiophene rings
possess the same electrical conductance while those corresponding
to destructive quantum interference (DQI) show huge conductance
variations upon ring rotation. Furthermore, we find that DQI con-
nectivity leads to enhanced Seebeck coefficients, which can reach
500~700 uV /K. After including the contribution to the thermal
conductance from phonons, the full figure of merit ZT for the CQI
molecules could reach 1.5 at room temperature and it would further
increase to 2 when temperature elevates to 400K . Finally, we
demonstrate that doping with tetracyanoquinodimethane (TCNQ)
can change the sign of the Seebeck coefficients by forming a charge
transfer system with the DPP.

KEYWORDS: molecular electronics, diketopyrrolopyrrole (DPP)
derivatives, quantum interference, thermoelectric properties,
charge-transfer complex

quent work exploring charge transport through single mole-
cules connected to two metallic electrodes?3# has led to the
design of molecular-scale components such as switches*58, rectifi-
ers’, and highly conjugated molecular wires®. A more recent goal

The foundational experiments of Nongjian Tao! and subse-

of this research is the design of thermoelectric materials® or de-
vices!® based on single molecules or self-assembled monolayers'?,
which can convert heat into electricity and contribute to the global
challenge of green energy harvesting. Such organic materials and
devices are potentially light-weight, flexible, environmentally
friendly and cost-effective!?13, Diphenyl- DPP discovered by Far-
num et al. in 1974 has unique properties, such as good conjuga-
tion, the strong electron-withdrawing ability, thermal and photosta-
bility, and the high fluorescence quantum efficiency®1®. It is
widely used as a building block for organic molecules, both for fun-
damental studies of electronic properties and for industrial applica-
tions as dyes and pigments*>7. Furthermore, the DPP-based mole-
cule could be placed between aromatic rings such as the five-mem-
bered heterocycle thiophene,'® which creates the possibility of tun-
ing their transport properties. In this paper, stimulated by measure-
ments of thermoelectricity in bulk DPP-based films, which show
that a thermoelectric figure of merit of ZT = 0.25 could be
achieved,'® we examine how room-temperature quantum interfer-
ence in DPP cores influences their charge and heat transport prop-
erties and assess whether or not DPP derivatives are potential ther-
moelectric materials at the nanoscale.

Figure 1a shows the series of molecules of interest. DPP1, DPP2
and DPP3 contain thiophene rings with different connectivities,
corresponding to inequivalent positions of the sulphur atoms of the
thiophenes. Furthermore, each molecule is found to have two stable
geometries labelled a or b, corresponding to different orientations
of the thiophene rings relative to the DPP core. In what follows, we
shall show that the Seebeck coefficients of DPP2 and DPP3 could
reach 500 — 700 uV/K. After including the contribution of pho-
nons to the thermal conductance, the full ZT for molecules DPP1-
a and -b reach 1.5 at room temperature and it could increase to 2
when the temperature increases to 400K. By exploring the effect
of charge-transfer doping using tetracyanoquinodimethane
(TCNQ), which is a well-known electron acceptor?®2!, we found
that TCNQ can be used to change the sign change of the Seebeck
coefficients.
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Figure 1. Charge transport properties of diketopyrrolopyrrole (DPP) derivative isomers attached to gold electrodes via -SMe anchor
groups. (a) Models of the gold/molecule/gold sandwich junctions. The colors assigned to the atoms are as follows: grey for carbon, yellow
for sulphur, red for oxygen, blue for nitrogen, white for hydrogen and orange for gold electrode atoms. (b) DFT-based transmission spectra
against Fermi energy (Er) in units of the quantum conductance G, = 77uS. DPP1-a, b (blue solid and dashed curves) exhibit constructive
quantum interference (CQI) while DPP2-3, b (red solid and dashed curves) and DPP3-a, b (yellow solid and dashed curves) display destruc-

tive quantum interference (DQI).
Results and discussion

We systematically investigated the electrical and thermoelectrical
properties of gold/ thiophene-diketopyrrolopyrrole (DPP) /gold hy-
brid junctions (figure 1a) using quantum transport theory combined
with the mean-field Hamiltonian of each geometry obtained from
tight-binding binding models of each molecule (see more details in
Methods). The DPP derivative isomers are defined through their
connectivity and orientation of the thiophene rings. To reveal the
effect of these features on transport properties, the a and b contact
geometries between electrodes and molecules were fixed, and
therefore the b geometry is obtained by rotating the linkers and the
electrodes of a relative to the DPP-core by 180° degrees around the
molecule axis. We find the b isomers display very similar transmis-
sion functions before and after their geometrical relaxation (See
figures S1, S2 of Sl). Figure 1b shows that both DPP1-a and DPP1-
b exhibit CQI, signaled by the absence of a dip in their transmission
functions T (E) within the HOMO-LUMO gap, whereas both iso-
mers of DPP2 and DPP3 exhibit DQI signaled by the presence of
such a dip. In all cases, charge transport is mainly LUMO-
dominated.

It is interesting to note quantum interference is sensitive to the di-
hedral angle between the central core and the neighbouring thio-
phenes. To demonstrate this effect, we performed calculations, in
which the two electrode-anchor-phenyl-thiophene sub-structures
are rotated through a dihedral angle 6, as indicated in the figure S8.
Taking DPP2 as an example, figures S8 (b) and (c) show the total
energy against dihedral angle 8 and the corresponding transmis-
sion spectra arising for different values of 8. The two configura-
tions (0° (DPP2-b) and 180° (DPP2-a)) have lower energies. The
former is a global minimum and the latter is a local minimum. By
increasing 6 from 0° (DPP2-b) to 180° (DPP2-a), the destructive
quantum interference dip first moves to right and then moves back.
Therefore, the quantum interference pattern is indeed sensitive to

rotations, with the mid-gap transmission decreasing by almost four
orders of magnitude at the most energetically unfavourable angles.
Rotation-angle sensitivities of this kind have been reported for

other molecules in the literature, examples of which can be found
in31,32.
i3t

The transmission functions of molecules DPP1-a, DPP1-b, which
exhibit CQI (the blue solid and dashed curves) are rather similar.
In contrast, the different isomers of molecules exhibiting DQI pos-
sess significantly different transmission functions. Near their trans-
mission minima, the transmission coefficients of DPP2-a and
DPP3-a (red and orange solid curves) are two to three orders of
magnitude higher than those of DPP2-b and DPP3-b (red and or-
ange dashed curves). These features in transmission functions
could be interpreted from the perspective of the quantum interfer-
ence between the molecular orbitals. From the molecular orbitals
(MO:s) of the gas-phase molecules DPP1, 2 and 3, Table S3 of the
Sl shows that the frontier molecular orbitals of DPP1-a, b are delo-
calized across the molecule, while for DPP2-a, b and DPP3-a, b,
the LUMO is localized on the DPP core. Consequently, the LUMO
of these molecules will not contribute significantly to the transmis-
sion function. Furthermore, from the phases of the MOs on the ter-
minal groups, it is clear that the LUMO+1 and HOMO will inter-
fere destructively according to orbital product rule??23, In contrast,
the delocalized LUMO of DPP1 interferes constructively with the
HOMO, which leads to the higher transmission around Fermi en-
ergy. As indicated by the arrows in Tables S1 and S2, the LUMOs
of DPP2-a and DPP3-a have a larger weight on the terminal groups
than those of DPP2-h and DPP3-b, which contributes to the higher
transmission coefficient within the HOMO-LUMO gap of DPP2,
3-a compared with DPP2, 3-b, shown in figure 1.

The difference between transmission functions of molecules exhib-
iting CQI or DQI is mainly attributed to the connectivity of the thi-



ophene rings. In order to illustrate the dependence of the connec-
tivity on transmission coefficients, it is helpful to understand the
properties of central cores formed from thiophene rings alone. Fig-
ures 2a and 2c show the transmission functions of cores formed
from thiophene monomers and thiophene dimers with different
connectivities. The transmission functions of molecules S2, S2', S3,
S3'in figure 2b and 2d (red and yellow curves) exhibit DQI sig-
nalled by the presence of a dip in the T(E) within the HOMO-

LUMO gap, whereas those of molecules S1 and S1' in figure 2b
and 2d (blue curves) exhibit CQI, signalled by the absence of such
a dip. The qualitative features of this connectivity dependence is
captured by a simple tight-binding models (TBM), in which the &
orbitals are assigned nearest neighbour couplings only. Figure S3
of the Sl shows the numbering system used to label atoms in these
models.
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Figure 2. Comparison of DFT and tight-binding model-based transmission functions for three different connectivities of monomer
and dimer thiophene rings. (a) Junctions formed from thiophene monomers S1, S2, S3 with different connectivities. (b) The corresponding
DFT-based transmission coefficients. (c) Junctions formed from thiophene dimers S1', S2', S3' with the connectivities corresponding to
those of molecules DPP1-a, DPP2-a and DPP3-a in figurela. (d) The corresponding DFT-based transmission coefficients. (e) A tight-binding
model (TBM) consisting of a five-membered ring attached to two semi-infinite one-dimensional chains through weak couplingsa = g =
0.1. The on-site energies of the molecule (red dots) and the leads (blue dots) are € and &, respectively. In the simplest model considered
here, these are all set to zero except for those sites occupied by sulphur (see Methods), which are assigned an on-site energy €. For S1, S2
and S3, the sulphur sites are 4, 1 and 2 respectively and the leads are connected to sites 3 and 5. The hopping integrals between nearest
neighbour atoms are setto —y = —y;, = —yg = —1. (f) TBM transmission functions for S1 and S2, obtained with a sulphur on-site energy
of e, = —2. By symmetry, the transmission function of S3 is identical to that of S2. (g) TBM transmission functions for two thiophene rings
with sites (10, 6) and (1, 7) connected to one-dimensional leads respectively. The TB lattices associated with each curve are indicated by
blue red and yellow arrows and correspond to the connections to the cores of S1’ to S3’ shown in 2(c). For each connectivity, the on-site
energies of both sulphurs have the same value (e, = —2). (h) As for figure g, except the on-site energies of both sulphurs of S2' are changed
to e, = —1.2, to account for the fact that their environments differ from those of S1'. This moves the curves closer to DFT results shown in
figure 2d.

slope of electron transmission coefficient T(E)?4%°. As a conse-
quence, the Seebeck coefficient is higher for molecules exhibiting
DQI (red yellow curves) as shown in figure 3b. We find that the
Seebeck coefficients for DQI molecules DPP2-a, 2-b and DPP3-3,
3-b could reach 400~700 pV /K. Figure 3c shows the thermal con-
ductance k. due to the electrons obtained from the electron trans-

The values used for the site energies of the sulphurs in the tight
binding model of figures 2f and 2h are guided by our DFT calcula-
tions. Comparison between the two approaches show that a TBM
with only a single free parameter (ie the sulphur site energy ;) can
capture the main qualitative features of the much more demanding
DFT simulations. To illustrate the role of this parameter, figure S3

shows how the TBM transmission coefficients would change if
other non-optimal values of €, are chosen. Results are shown for a
series of on-site energies of the sulphurs, ranging from e, = —0.4
to e, = —2 and reveal that the transmission dip moves to lower en-
ergies as €5 becomes more negative.

Starting from the DFT-based transmission functions, we evaluated
thermoelectric properties of the above molecules (see Methods), in-
cluding their electrical conductances G, their Seebeck coefficients
S, electronic thermal conductances k., and electronic figure of
merit ZT,. These are shown in figure 3. The Mott formula S «

— YnTE) |g=g, indicates that a large Seebeck coefficient can be ob-
oE F

tained if the Fermi energy (Er) happens to coincide with a steep

mission functions (see Methods). The heat transport due to elec-
trons for the CQI in figure 3c (blue curve) has the similar shape to
CQI of the electrical conductance in figure 3a, reflecting the
Wiedemann-Franz law. The thermal conductance due to electrons
for DPP1-a and 1-b is in the range between 1~40 pW /K which is
comparable with typical thermal conductances due to phonons
~10 pW /K. The molecules exhibiting DQI possess substantially
lower values of x,. Consequently, their high electronic figures of
merit ZT, do not lead to high values of the full ZT.
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Figure 3. Thermoelectric properties of the thiophene-DPP iso-
mers as the function of the Fermi energy at room temperature
300K. (a) Electrical conductance G(Er). (b) Seebeck coeffi-
cientsS(Er). (c) Thermal conductance k. (Eg). (d) Electronic fig-
ure of merit ZT, (Er).

Figure 4 shows the effect of temperature (T") on the thermoelectric

performance of thiophene-DPP derivatives and reveals that
ZT,(T) increases with temperature up to a maximum value, before
decreasing at higher temperatures. As mentioned above, the elec-
tronic figure of merit ZT,(T) only includes the thermal conduct-
ance k.
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Figure 4. Thermoelectric properties of the molecules as a func-
tion of temperature at Er = 0 eV: (a) Electrical conductance
G(T). (b) Seebeck coefficients S(T). (c) Thermal conductance ..
(d) Electronic figure of merit ZT,(T).

When the thermal conductance due to the phonons k,, is in-
cluded?, the full ZT = S2GT/ (k. + x,y) 2 and only this is phys-
ically relevant. In order to compute the phonon contribution ., to
the thermal conductance, we calculate the transmission coefficient

of phonon T, (Aw) as a function of their frequency w (see Meth-
o0ds). Since the highest ZT occurs when ., is less than or compa-
rable with k., we focus initially on the highest conductance mole-
cule DPP1-a, whose the phonon transmission coefficient and the
thermal conductance due to the phonons are presented in figures 5a
and b. The phonon thermal conductances are found to be
16.9 pW /K and 8 pW /K for DPP2-a and DPP2-b respectively
(see figure S6 of Sl). For DPP1-a figure 5¢ shows the room-tem-
perature full ZT versus the Fermi-energy and demonstrates a high
room-temperature ZT~1.5 is achievable. Figure 5d shows the tem-
perature dependence of ZT for all molecules and reveals that the
ZT of DPP1 can reach ~2 when the temperature increases to 400K .
However, the molecules exhibiting DQI show quite low values of
the full ZT, because that the phonon thermal conductance k,, dom-
inates the electronic contribution. DPP2/3-b have the lowest elec-
trical conductances and the highest Seebeck coefficients. The elec-
tronic figure of merit is ZT, = GS?T/x, and therefore, if phonons
are neglected and provided the Wiedemann-Franz law is valid (ie

Ki = constant), the molecules with the highest S will have the high-

est ZT,. However this means that the low-G molecules have low
values of k., and therefore after including the phonons the percent-
age increase in thermal conductance is greatest for low-G mole-
cules. This is why molecules with high ZT, have a low ZT . More
quantitatively, the thermal conductance due to phonons is of order
kpn = 8pW /K, whereas for the low-G molecules DPP2-b and
DPP3-b, k., ~ 10™*pW /K . Consequently, phonons dominate
their thermal conductance and their full ZT is low. For the CQI
molecules DPP1-a/b where k,, = 11pW /K and k., = 32pW /K,
the full ZT is higher, because phonons have a much smaller effect
on the thermal conductance.

Figure S5 of the SI shows that a similar temperature dependence is
obtained if the Fermi energy deviates from the DFT-predicted value
by —0.1eV.
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Figure 5. Thermoelectric properties of the molecules (a) Phonon
transmission function for DPP1-a. (b) Phononic contribution to the
thermal conductance for DPP1-a. (c) Full ZT as a function of Fermi
energy at room temperature 300 K for molecules shown in figure
la. (d) Full ZT as a function of temperature for molecules shown
in figure la.

Starting from the above molecular junctions, we consider the pos-
sibility of tuning their electrical and thermoelectrical properties, by
doping with TCNQ?.28 to form charge-transfer complexes. Our aim
is to investigate the influence of the presence of TCNQ acceptor



molecule on the transmission coefficient of the DPP derivatives in
figure 1a. As an example, we chose DPP-1, because the un-doped
molecule has the highest T. Starting from this high value, the aim
is to determine if it possible to increase ZT even further. DPP-1a
and DPP1-b have the same central core and will bind to TCNQ in
the manner. The results in figure 6b show that TCNQ gains elec-
trons from the backbone, which induces negative gating on the
backbone DPP1-b. Consequently, spin polarised transport is ob-
served due to the charge transfer from the DPP1-b to TCNQ. In
addition, the two Fano-resonances are generated due to the weak
coupling between the acceptor and donor, so that the acceptor be-
haves like a pendant group?®3°. Then, if we replaced sulphur atom
with oxygen, there is no significant difference in the behaviour of
the transmission coefficient (figure S7). For the DPP1-b+TCNQ
complex, we computed the thermoelectric properties, the electrical
conductance, the Seebeck coefficient and the full ZT by using an
estimated k,, value equal to 10 PWK . In the range between the
two vertical dashed lines in figure 6d, the Seebeck coefficients are
positive, which indicates that the sign is tuned by TCNQ doping.
The full ZT is around 0.1 which is suppressed compared to the un-
doped junction.
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Figure 6. DFT-based transmission functions for DPP1-
b+TCNQ. (a) Configuration of the system containing a single mol-
ecule DPP1 with TCNQ. (b) Transmission coefficients against
Fermi energy Er. Blue curve represents the transmission functions
of DPP1-b while red and yellow curves depict the spin up and spin
down transmission functions of the donor-acceptor charge-transfer
complex respectively. (c) Electrical conductance G. (d) Seebeck
coefficients S. (€) Room-temperature ZT versus Fermi energy.

Conclusion

Based on density functional theory and the quantum transport the-
ory, the electron transport properties have been investigated for thi-
ophene-DPP derivatives (DPP1, DPP2 and DPP3). This work illus-
trates that varying the position of the sulphur atom in thiophene
rings has a significant influence on their electrical and thermoelec-
tric properties. It is further verified by studying the connectivity of

the two-thiophene-ring systems in the absence of DPP-core. In ad-
dition, the rotation of the flanked rings could cause huge variations
in the conductance when inserting the DPP core into the two-thio-
phene system. Furthermore, DQI molecules 2 and 3 systems show
high Seebeck coefficients, which could reach 500~700 uV /K. Af-
ter including the contribution from phonons to the thermal conduct-
ance, we found that due to the presence of CQI, the full ZT of DPP1
reaches 1.5 at room-temperature and it could increase to 2 when
temperature elevates to 400K. Finally, we demonstrated that the
Seebeck could be further tuned by introducing a TCNQ dopant
which could gain electrons from DPP, leading to the sign change
for the Seebeck coefficients even though DPP is a stronger accep-
tor. These results suggest that DPP derivatives are versatile materi-
als for thermoelectric functions, whose performance can be tuned
by varying their connectivity to electrodes, changing the positions
of sulphur atoms and varying the orientation of their thiophene
rings to obtain different isomers.

Methods

DFT calculation:

The optimized geometry and ground state Hamiltonian and overlap
matrix elements of each structure was self-consistently obtained us-
ing the SIESTA® implementation of density functional theory
(DFT). SIESTA employs norm-conserving pseudo-potentials to ac-
count for the core electrons and linear combinations of atomic or-
bitals to construct the valence states. The generalized gradient ap-
proximation (GGA) of the exchange and correlation functional is
used with the Perdew-Burke-Ernzerhof parameterization (PBE)** a
double- polarized (DZP) basis set, a real-space grid defined with
an equivalent energy cut-off of 200 Ry. The geometry optimization
for each structure is performed to the forces smaller than 10
meV/Ang.

Tight-Binding Model:

The Hamiltonian of the simple tight-binding model describes a sin-
gle orbital per atom with nearest-neighbour couplings y = —1. All
site energies are set to zero, except the site energies of sulphurs,
which in figure S3 were chosen to range from —0.4 to —2.

Transport calculations:

The mean-field Hamiltonian obtained from the converged DFT cal-
culation or a tight-binding Hamiltonian (using single orbital energy
site per atom with Hiickel parameterisation) was combined with our
home-made implementation Gollum® to calculate the phase-coher-
ent, elastic scattering properties of each system consisting of left
gold (source) and right gold (drain) leads and the scattering region
(molecule DPP1, DPP2, DPP3). The transmission coefficient T (E)
for electrons of energy E (passing from the source to the drain) is
calculated via the relation:

T(E) = Trace (Tg(E)GR(E)T,(E)GR (E) 1)

In this expression, T, g(E) = i (Z,x(E) — 2, (E)) describe the
level broadening due to the coupling between left (L) and right (R)
electrodes and the central scattering region, X, z(E) are the re-
tarded self-energies associated with this coupling and GR(E) =
(ES — H — X, — ¥5)~Lis the retarded Green’s function, where H
is the Hamiltonian and S is overlap matrix. Using obtained trans-
mission coefficient T(E), the electrical conductance G, the See-
beck coefficient S and the thermal power GS? can be calculated
through the following formula:
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In the linear response the quantity of Lorenz number L, (T, Eg) is
giving by

Ln(T, Ep) = [ dE(E — Ex)* T(E) (- £2) (6)
Where G, = 2e2/h is conductance quantum, e is the charge of an
electron; h is the Planck’s constant; Ep is the Fermi energy;
f(E) = (1 + exp((E — EF)/kgT))™! is the Fermi—Dirac distri-
bution function, T is the temperature, and kz = 8.6 x 107> eV/
K is Boltzmann’s constant.The electronic figure of merit ignores
the thermal conductance ky,, due to phonons, whereas the figure of
merit ZT experimentally is defined by ZT = S2GT/ (k. + kpn),
which includes the thermal conductance due to both phonons and
electrons in the denominator. To calculate the thermal conductance
k,, due to phonons, the force constant matrix, K is obtained by fi-
nite differences:

9%E _ _ Fjp(Qia)—Fjp(=Qia)
arma‘r”g 2Qia

Kia,jﬁ = (7)
Where E is the total energy and r;,(rjg) is the displacement of
atom i(j) in the coordinate direction a(f). The geometry is re-
laxed until the force of each atom is equal to 0.01 eV A~1. By shift-
ing each atom (i) with Q;, = +0.01 A’ in the direction @ = x, y, z
the forces on atom along g = x, y, z direction, where Fz(Q;q) is
calculated. Thus, the dynamical matrix D can be obtained by
Dig,jp/\/mim; , where m; m; are the mass of the atom i and atom
Jj. Then the dynamical matrix is used to compute the transmission
probability of phonons using Gollum transport code with eqn (1).
The corresponding phonon thermal conductance is given by

oo h, afi T
kon(T) = [ 22 Ty (0) 22D aey - (8)

how
Where dfgp(w,T) = 1/[e(m> — 1] is the Bose—Einstein distri-
bution.
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