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ABSTRACT: Biphenylyl/thiophene systems are known for their
ambipolar behavior and good optical emissivity. However, often these
systems alone are not enough to fabricate the commercial-grade light-
emitting devices. In particular, our recent experimental and theoretical
analyses on the three-ring-constituting thiophenes end capped with
biphenylyl have shown good electrical properties but lack of good optical
properties. From a materials science perspective, one way to improve the
properties is to modify their structure and integrate it with additional
moieties. In recent years, furan moieties have proven to be a potential
substitution for thiophene to improve the organic semiconductive
materials properties. In the present work, we systematically substituted
different proportions of furan rings in the biphenylyl/thiophene core and BPIT  BPFIT  BPTFT  BPFFT  BPFTF  BP3F
studied their optoelectronic properties, aiming toward organic light-

emitting transistor applications. We have found that the molecular planarity plays a vital role on the optoelectronic properties of the
system. The lower electronegativity of the O atom offers better optical properties in the furan-substituted systems. Further, the furan
substitution significantly affects the molecular planarity, which in turn affects the system mobility. As a result, we observed drastic
changes in the optoelectronic properties of two furan-substituted systems. Interestingly, addition of furan has reduced the electron
mobility by one fold compared to the pristine thiophene-based derivative. Such a variation is interpreted to be due to the low average
electronic coupling in furan systems. Overall, systems with all furan and one ring of furan in the center end capped with thiophene
have shown better optoelectronic properties. This molecular architecture favors more planarity in the system with good electrical
properties and transition dipole moments, which would both play a vital role in the construction of an organic light-emitting
transistor.

1. INTRODUCTION dipole moments (TDM) in the system, resulting in photo-
luminescence quenching. Thus, better electrical or optical
properties of an organic system is often the trade-off.'’™"
However, considering devices like organic light-emitting
transistors (OLET) or long-sought organic lasers, high
electrical and optical properties are required. Thus, often
systems with high mobility and good PLQY are considered for
such requirements.l“’15

Thiophene/phenylene derivatives have good mobility and
high photoluminescence yield. In particular, due to its

the ideal candidates for future technological endeavors. In fact, synthetic flexibility and strong polarizability, thiophene has

successful commercialization of OLEDs indicates the poten- received much attention for the development of optoelectronic
tiality of research in related regimes.*® devices for over a decade.'®'” The presence of sulfur atoms in

From a structural point of view, rigid planar molecules such

Organic 7-conjugated semiconducting systems are of great
interest due to their tunable charge transfer property, which
can be utilized in technologically important areas such as
organic photovoltaics (OPVs), organic light-emitting diodes
(OLEDs), organic field effect transistors (OFETs), and
sensors. ° Even though these carbon-based systems have
lower durability than their inorganic counterparts, their tunable
structure—property nature along with the flexibility, cost
effectiveness, and ease of fabrication made these materials as

as acenes are often considered for semiconducting devices due Received: November 22, 2021
to their excellent charge carrier transport and mobility. This is Revised:  January §, 2022
due to the fact that the rigidity and planarity give rise to close Published: January 20, 2022
crystal packing and thus reduce the reorganization energy and

improve the charge transfer integrals.” On the other hand,

the close packing leads to strong aggregation of transition
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thiophene’s core gives rise to a strong intermolecular
interaction and yields excellent charge carrier mobility. A a
result, a large number of reports are available on these
derivatives for a multitude of applications ranging from OFETS
to OPVs.'*~*

In the past few years, our group has reported the
experimental and theoretical analyses of these thiophene/
phenylene-based derivatives toward OLET applications.”' ~*’
Our recent theoretical analysis indicated that two derivatives,
5,5”-bis(4-biphenylyl)-2,2":5',2” -terthiophene (BP3T) and
2,5-bis(4-biphenylyl) tetrathiophene (BP4T), have potential
optoelectronic properties.”* BP3T has excellent electronic
properties, whereas BP4T has good emissive properties. Our
current research focused on these two systems and, in
particular, on improving the optical properties in the case of
BP3T.

In this regard, we report on the furan-substituted BP3T in
the context of being an active medium for OLET devices.”
Furan is an analoguous structure to thiophene but with
different physical and chemical properties. Due to their large
electronegativity and weak intermolecular interactions, for long
time these moieties were believed to not be suitable for organic
electronic applications. However, recent reports have dispelled
such misconceptions and showed excellent charge-transporting
behavior in furan systems.”*”” Introduction of furan in a 7
conjugate would result in small torsional angles due to the
small atomic size of oxygen. Such a reduction would improve
the molecular planarity, crystal packing, and overall charge
transport in the system. Further, due to the size of the oxygen
atom, furan does not suffer from the heavy atom effect, an
effect usually observed in thiophene-based luminescent
systems.”® Thus, furans are expected to have a higher
photoluminescence yield than their structural counterpart
thiophene.

On the basis of these facts, in the present work, we
substituted different proportions of furan in the BP3T system
in place of thiophene and studied the structural, electronic, and
optical properties. Since charge transfer in the system heavily
relies on the molecular planarity and rigidity, we focused on
these two properties and correlated them to the system’s
optoelectronic properties.

2. METHODOLOGY

The general molecular structure (BPFT) of the systems
studied in this work is given in Figure 1. The furans are
substituted in a left to right fashion, replacing thiophenes on
each modification. There are two special cases where the
center ring is accompanied by their counterparts on either side.

Figure 1. Molecular structure of the BPFT system. Al and A2 are
bond lengths between the phenylene and the thiophene/furan rings.
B1 and B2 are bond lengths between the thiophene/furan rings. C1
and C2 are bond angles between the phenylene and the thiophene/
furan rings. P—X—P is the dihedral angle with respect to the central
ring.
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Each obtained geometry along with their IUPAC name is given
in Table. 1. These geometries were optimized using density
functional theory (DFT) calculations. The B3LYP functional
with the 6-311G(d,p) basis set was used for the calculations.

After geometry optimization, the nature of the stationary
points was evaluated using vibrational frequencies. In the case
of ionic states, a spin-unrestricted formalism and time-
dependent DFT for the excited states have been used. For
the simulation of the charge transfer properties, we used the
hopping model. According to Einstein’s relation, the mobility
of an organic semiconductor at a particular temperature can be
estimated by’

w= D

kT (1)

where, y is the mobility of the organic semiconductor, e is the
electronic charge, kg is the Boltzmann constant, T is the
temperature, and D is the diffusion coefficient given by

1
D=—

WP
2n :

)
where P; is the hopping probability and r; is the hopping
distance.

For the ith-specific hopping pathway, P; can be written as

b W
XV (3)
where W is equal to
vV =z i A
= —| —— e —_—
n\ kT ) S 4kt @

By solving the above Marcus—Hush equation, the nonadiabatic
electronic hopping rate (W) can be estimated. Here, V is the
electronic coupling between the neighboring molecules and A
is the reorganization energy of the organic semiconductor.
Since the intermolecular reorganization energies of the organic
system are negligible, in the present case, we considered only
the intramolecular reorganization energy, which was calculated
from

Ahole = Ao + 4
= (E5(Q,) — Eo(Qy) + (Ef(Q,) — E(Q)))
(5)
Aelectron = /10 + ’1—
= (Ej(Q.) — Eo(Qy) + (EX(Q,) - E+(Q_))( |
6

where E; and E¥/E* are the energies of the neutral and
cationic/anionic monomers in the optimized neutral geometry
Qo and Ef and E,/E_ are the energies of the neutral and
cationic/anionic monomers in the optimized cationic/anionic
geometry Q,/Q_.

To calculate the intermolecular electronic coupling V, the
following relation was used,

(]ij - 0.5(¢; +¢). Sp)
ij 2
1=

(7)

where S;; is the spatial overlap, J; is the charge transfer integral,
and ¢; and ¢; are the site energies of the donor and acceptor
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Table 1. List of Molecular Systems Used in the Study and Their IUPAC Names

Molecule

IUPAC name

Abbreviated as

5-{[1,1’-biphenyl]-4-y1}-5'-(5-
{[1,1’-biphenyl]-4-y1} thiophen-2-
y1)-2,2’-bithiophene

BP3T

2-{[1,1’-biphenyl]-4-y1}-5-(5"-
{[1,1’-biphenyl]-4-y1}-[2,2’-
bithiophen]-5-yl)furan

BPFTT

5-{[1,1’-biphenyl]-4-y1}-5’-(5-
{[1,1’-biphenyl]-4-y1} thiophen-2-
y1)-2,2’-bifuran

BPFFT

2,5-bis(5-{[1,1’-biphenyl]-4-
yl}thiophen-2-yl)furan

BPFTF

2-{[1,1’-biphenyl]-4-y1}-5-[5-(5-
{[1,1’-biphenyl]-4-yl }furan-2-
yl)thiophen-2-yl]furan

BPTFT

5-{[1,1’-biphenyl]-4-y1}-5’-(5-
{[1,1’-biphenyl]-4-y1} furan-2-y1)-

BP3F

2,2’-bifuran

states, respectively. These values were calculated using the
relation

Table 2. Calculated Geometrical Parameters of the BPFT
System”

e = (Y| HIPsiy;y) (8) system  Al=A2 Bl=B2 Cl=C2 P-X-P (cos’¢h)
BP3T 1.464 1.443 120.50 159.00 0.136

S; = (¥iPsi;) 9) BPFTT 1.451 1.431 120.96 159.03 0.137
BPTFT 1.463 1.437 12143 173.62 0453

J, = (WIHIPsi,) (10) BPFFT 1.451 1.431 120.96 159.03 0.137
BPFTF 1.453 1.437 117.29 13826 0.999
BP3F 1.453 1.432 117.31 164.24 0.408

The quantities, such as the Kohn—Sham Hamiltonian of the
dimer H and ¥,(;) of hole/electron transport in the monomer,
were calculated using the CATNIP program.””*!

3. RESULTS AND DISCUSSION

The calculated geometric parameters of the furan/thiophene-
substituted derivatives are given in Table. 2. BPTFT retains its
planar backbone from BP3T, and for all other systems, the
values vary with respect to the level of furan substitution in the
system. When two or more furan rings are present in the
system, they influence the molecular dihedral angle. Both BP3F
and BPFTF have angles of about 117°. Interestingly, the
dihedral angles of BPFFT and BPFTT are exactly same at
about 120.96°. The calculated bond lengths, bond distances,
and bond length alteration (BLA) values are given in the
Supporting Information (Section 1). It can be seen that with
an increase in the number of furan rings, the BLA values
decreased from 0.08 to 0.03, and BP3F shows the lowest
values, indicating the highest 7 conjugation in the system. Also,
the cationic and anionic forms of the system have lower BLA
values than their neutral forms, indicating that the charged
systems have more efficient conjugation than the neutral ones.

602

“Al and A2 are bond lengths between the phenylene and the
thiophene/furan rings. B1 and B2 are bond lengths between the
thiophene/furan rings. C1 and C2 are bond angles between the
phenylene and the thiophene/furan rings. P—X—P is the dihedral
angle with respect to the central ring. (cos® @) is the degree of
backbone twisting.

To explicitly extract the molecular planarity, we measured
the bond angles and bond lengths between the phenylyl rings
and the center molecules (independent of whether furan or
thiophene). BPTFT shows the highest planarity followed by
BP3F, BPFTT, and BPFFT. In the case of dihedral angles, up
to 0.72° variation has been observed (Table. 2). BPFTT and
BPFFT show the highest and BP3F shows the lowest ¢ value,
indicating a decrease of the planarity in the BP3F system. A
similar trend is observed in the case of the anionic and cationic
forms of the system. However, the only variation observed is
that the anionic form is more planar than that of the cationic
form.

Since the planarity and backbone twisting of the system are
crucial requirements to understand the functionality of the

https://doi.org/10.1021/acs.jpca.1c09977
J. Phys. Chem. A 2022, 126, 600—607
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system, we have calculated the de§ree of backbone twisting by
estimating the (cos’¢p) values.”” This value is a better
predictor of backbone twisting than the usual lowest energy
dihedral angles due to the fact that the twisted molecule could
be statistically more planar than the optimized state. The value
can be calculated using the equation

<cosz¢> = fom P(7)cos® ¢ d¢//(;2” P(z)d¢ ()

where (cos® ¢)) is an empirical parameter to represent the
planarity and orbital overlap, P(z) is the probability
distribution calculated from the Boltzmann equation, and ¢
ranges from 0° to 180° (for s-trans and s-cis conformations),
and the corresponding values are given in Table. 2.

Considering the case of BPFTF, the dihedral angle values
are about 6.353°, showing the planar nature of the system. On
the other hand, low (cos* ) values indicate that there is a
higher degree of rotational disorder along the conjugated
backbone in the system. Similarly, the lower (cos” ¢) values of
BPFTT and BPFFT indicate the smaller repulsion between the
moieties in the system, whereas in the case of BPFTF,
attractive noncovalent interactions contributed to the planarity
of the system. For BPTFT, the variation with respect to BP3F
and BP3T is due to the increase in conjugation length leading
to more resonance stabilization.

In the case of BP3F, since furan has higher aromaticity than
the thiophene moiety, its planar conformation and backbone
planarization have been minimized.

The calculated frontier molecular orbitals and energy gap of
the systems are given in Figure 2. The pristine BP3T system
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Figure 2. Electronic properties.

has a HOMO value of about 4.912 eV, LUMO value of about
1.989 eV, and energy gap of about 2.92 eV.>* In all cases, in
both the HOMO and the LUMO the electron density is
distributed to the entire system. However, major localization
and delocalization can be observed in the thiophene and furan
rings of the systems. The charge distribution over the entire
system can be attributed to the high degeneracy of the

molecular orbitals, and it is advantageous in the case of the
charge mobility of the system.””** The band gaps of the
systems vary with respect to the furan substitution. BPFTF has
the highest energy gap of 3.681 eV, and BPFFT has the lowest
value of about 2.946 eV. It can be seen that the higher the
(cos® ) values, the higher the band gap values. An increase in
LUMO and decrease in the HOMO is a common trend
expected in any conjugation system due to the weak bonding
and antibonding on the inter ring bond.**

Electron affinity (EA) and ionization potential (IP) values
can be used to represent the oxidation and reduction
capabilities of a molecule.’**° In the present work, these
values for the BPFT systems were calculated using the
following relations

IP =E —E

neutral

E

anion

cation

EA=E

neutral

where E, .y Ecation a0d E, o are the energies of the neutral,
cationic, and anionic forms of the each molecular system, and
the corresponding calculated values are given in Table. 3.
Considering the OLET device architecture, the electron
affinity can be related to the air stability of the system and
the ionization potential can be related to the hole
injection.””** Often for a p-type system lower IP values are
expected.”” It can be seen that with the substitution of the
furan rings it would be hard to achieve an ambipolar nature in
the system. In particular, BP3F shows smaller IP values
compared to the other systems with the thiophene rings. On
the other hand, the EA values decrease with an increase in the
number of furan rings, indicating the air-stable nature of these
molecules.

Computed reorganization energy (1) values are given in
Table. 3, and these values could be used to understand the
charge transfer in the system by the electronic coupling
between the adjacent molecules.””*" In crystalline structures,
these values can be used to estimate the geometry relaxation
and electron—phonon coupling. A values are inversely
proportional to the mobility of the system. Thus, systems
like BP3F have higher mobility values than other systems. For
most of the systems the hole reorganization values are one
order higher than the electron reorganization energies. Further,
the increase in reorganization energy values are in line with the
increase of nonplanarity in the molecular systems. The charge
transfer integral (CTI) values of the systems were calculated
using cofacial dimers, and the corresponding values are given
in Table. 3. Since planar structures are more favorable to use in
an OLET device, we performed only the vertical charge
transitions and excluded the tilt angle measurements. In such a
case, a zero net polarization would result due to the face-to-
face orientation. However, due to molecular twisting there is
slightly distorted stacking. From the obtained values (Table. 3)
it can be seen that the values increase with the incorporation of

Table 3. Calculated Electronic and Charge Transfer Properties of the System

system 1P EA Jet

BP3F 0.0045 0.0229 —0.644
BPFTT 0.3212 0.0620 —1.198
BPFFT 0.4227 0.1582 —-1.325
BPFTF 0.2151 0.0282 —-0.815
BPTFT 0.2173 0.0306 —-1.267
BP3T 5.9705 1.1510 —0.016
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Ahole Actec Hrole Helec
8.72 0.95 5.4700 0.8830

43.6 2.31 0.1922 0.0076

82.8 2.75 1.8239 0.0111
4.36 1.83 0.8892 0.0029
4.36 0.78 2.1483 1.3156
0.10 0.96 0.8122 0.1702

https://doi.org/10.1021/acs.jpca.1c09977
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Figure 4. Emission spectrum of pristine and furan-substituted BPFT systems.

furan, and BP3F shows the highest CTI values. The
reorganization energy and CTI values are used to calculate
the charge transfer mobility of the system (Table.3). All of the
systems exhibit a hole transfer mobility that is one order of
magnitude higher than the electron transfer mobility. Also, in
both cases, BPFTT shows the lowest mobility values among
other furan-substituted systems.

The absorption spectra of the BPFT systems are given in
Figure 3. The spectra are similar to our previous report on the
BP3T system with a shoulder peak around 300 nm and a major
absorption peak around 480 nm. Interestingly, in our previous
study, we observed a reasonable red shift with respect to the
number of thiophene rings in the BPT system.”* However, in
the present study, even though a slight variation in the
shoulder peak has been observed, the spectra are consistent for
the different systems. This can be understood from the frontier
molecular orbitals. Since the charge delocalization is almost the
same for all of the systems, similar optical properties have been
observed. However, the slight variation in the shoulder peaks
could be attributed to the planarity of the system.”* Lower
(cos® @) values slightly increase the absorption in the shoulder
peak region. The simulated emission spectra are shown in
Figure 4, and the corresponding oscillator strengths (f,,.) are
given in Table. 4.

Table 4. Calculated Optical Parameters of Pristine and
Furan-Substituted BPFT Systems

system E (em™) fose 7 (us) TDM (au?)
BP3F 23053.3 2.5818 1.092 36.869
BPFTT 20423.8 2.988 4 1.202 48.170
BPFFT 19516.7 3.1447 1.251 53.045
BPFTF 22407.1 2.4438 1.221 35.905
BPTFT 22275.1 2.7581 1.095 40.764
BP3T 19492.0 2.3931 1.648 40.419
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The emission peaks are assigned to # — #* transitions
arising from LUMO — HOMO transitions. In all of the
systems, the major emission is a S; — S, transition, and
tweaking the photoluminescence quantum yield (PLQY) can
be done by modifying this transition. Using the energy gap and
fosc Values, we calculated the exciton binding energy values, and
they are in the order of BP3F < BPFTT, indicating the higher
exciton binding energies for more than one thiophene ring-
substituted systems. Thus, it is easy to destroy an electron—
hole pair with more furan rings, and a higher emission is
possible in these systems.

In optoelectronic systems, radiative lifetime values could be
used to estimate the emission efficiency of the system. It can be
calculated using the relation

1.499
T= 2
f osc E

where E is the excitation energy, and the corresponding
calculated values are given in Table 4. Almost similar values
indicate the strong emissive nature in all of the systems.
However, the decreasing 7 values of the BPFT systems with
respect to the pristine system can be attributed to the
molecular planarity. It can be further explored using the
transition dipole moment calculations (see Supporting
Information section 3). Since the maximum efficiency can be
obtained with the perfect alignment of the dimers, in the
present work, TDM calculations were carried out along with
vibrational analysis, and the obtained spectra are given in
Figure 5.*** The corresponding data can be obtained from
the Supporting Information (section 2). Similar to the
absorption and emission spectrua, the vibrational spectrum
of the system is in accordance with the BP3T results. A note of
warning is that in the present case we have considered only the
molecular aspect of the furan substitution in the biphenylyl/
thiophene system. However, experimental realization of the

https://doi.org/10.1021/acs.jpca.1c09977
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Figure S. Vibrational frequencies and transition dipole moments of BPFT systems.
same material could be affected by a multitude of factors transport result in lower O 4 values for the BPFTT and BPFFT

ranging from crystal/thin film growth to the device fabrication systems.

and characterization methods. Thus, the significance of the

reported data is that it could act as a potential starting point for 4. CONCLUSION
the fabrication of prototypes and allow one to easily explore

the role of intermolecular forces in such devices. Furan-substituted biphenylyl/thiophenes were optimized using
Finally, in order to compare all of the results, we formulated density functional theory with the B3LYP functional and 6-
an empirical entity (O,;) which is the ratio between the 311G(d,p) basis set. It was found that with the substitution of
product of the mobilities and (cos’¢) and the product of furan rings the molecular planarity significantly varies. Thus,
TDM and (cos® ¢b). This entity is derived from the fact that the variation in the optoelectronic properties of the system has
ambipolar charge transfer and the transition dipole moment been observed. In terms of the electronic distribution, we
are related to the planarity of the molecular system, and these observed that for all of the molecules the HOMO and LUMO
values could be used as an estimation for the efficiency of a were evenly distributed to the molecule, independent of the
molecular system for organic light-emitting transistors. The molecular substitution. On the other hand, substitution altered
obtained values are given in the Supporting Information the energy gap between the HOMO and the LUMO, and they
(section 4) and depicted in Figure 6. Compared to pristine are the in the range between 2.946 and 3.681. The charge
transfer integral of the system decreases with respect to the

0.9 number of furan rings, whereas the reorganization energy
08 greatly depends on the molecular planarity. With the
07 substitution of furan, the electron mobility is reduced by one
06 fold whereas the hole mobility is greatly improved. This along
o5 with the lower IP value indicates the high atmospheric stability

of this material. In the case of the optical properties, furan

0.4 o . .

I substitution does not greatly alter the absorption region of
03 BP3T, and the corresponding oscillator strengths are also
0.2

similar to the pristine system. However, the transition dipole

01 T moments significantly varied, and the systems with either
= double furan or double thiophene substitution show higher
values. The radiative lifetime values decrease with a decrease in

Figure 6. Comparison of all of the derivatives used in the present the molecular rotational disorder, ie., the more Planar the
study. molecule the higher its 7 values. The empirical entity O
values of the BPFT systems show that BP3F has the highest
value followed by BPTFT. Surprisingly, BPFTT, BPFFT, and
BPFTF are lower performing than the pristine BP3T system

BP3T BPFTT BPTFT BPFFT BPFTF BP3F

BP3T, a system with all furan moieties, BP3F has the highest due to the higher (cos*¢) values. In summary, the results
O, values. This is mainly due to the higher hole transfer confirm the potential of complete furan substitution in the
mobility and the lower degree of rotational disorder in the BP3T system. However, considering the effectiveness toward
system. This was followed by BPTFT, with values between OLETs, selected area substitution like BPTFT in the present
BP3T and BP3F. In this case too, reasonable mobility with case could be the optimal choice for real-life applications.

lower nonplanarity contributes to the better Oy values. It is

worth noting that BPTFT is the system with the highest B ASSOCIATED CONTENT

electron mobility in the present study. These materials could

be a better choice than BP3F, where the material’s ambipolar © Supporting Information

transport really matters. Also, BPFTT, BPFFT, and BPFTF The Supporting Information is available free of charge at
have lower O, values than the other three systems. In the case https://pubs.acs.org/doi/10.1021/acs.jpca.1c09977.

of BPFTF, a very strong rotational disorder highly limits these o ) o o
molecules for the consideration of OLETs. On the other hand, thlmlzed geometries, \{11.)rat10nal sPectra, .transmon
even with higher TDM values, lower values of carrier charge dipole moments, and empirical calculation details (PDF)
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