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Density functional theory and time-dependent density
functional theory studies on optoelectronic properties of
fused heterocycles with cyclooctatetraene
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Abstract

We establish a structure-property relation for the system having a cyclo-
octatetraene (COT) ring fused with four five-membered heterocyclic rings. The
two five-membered heterocycles selected are furan and selenophene and their
fused structure with COT is known as cyclooctatetrafuran (COF) and
cyclooctatetraselenophene (COSe), respectively. We found 15 geometrical iso-
mers of each COF and COSe and their structural stability and optoelectronic
properties have been evaluated by quantum chemical simulations. The density
functional theory (DFT) and time-dependent DFT simulations were employed
for a systematic review of all isomers. Electronic excitations, hole reorganization
energies, electron reorganization energies, ionization potentials, and electron
affinities, of all the isomers, were reported. Based on our comparative study, it
is shown that one of the isomers is suggested as a better charge transport
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INTRODUCTION to the saddle-shaped geometry of tetraphenylene and its

With the continuously growing demand for molecules hav-
ing remarkable functions, the n-conjugated skeleton due to
its dynamic molecular motion has been studied widely.
The well-reported molecules showing a dynamic n-system
are corannulene and sumanene having a bowl-to-bowl
inversion behavior." In continuation to this corannulene
and sumanene, cyclooctatetraene (COT) having flexible
n-conjugated frameworks is studied both experimentally
and theoretically. The D,y symmetry with nonplanar
saddle-shaped or tub-shaped geometry results in angle
strain and antiaromaticity in COT.*”” However, its planar form
is obtained by oxidation and reduction reaction which follow
the Huckle rule of aromaticity. These COT-based materials
are showing fascinating behavior in design and synthesis as
cavity size control cage molecules, buckycatchers, molecular
tweezers, and electromechanical actuators.®'°
Tetraphenylene is a widely studied and well-reported
molecule that has four benzene rings fused with COT. Due

derivatives, they find applications in helical framework,
molecule clathrates, and catalysts.”''"'> Yamaguchi et al.
reported the thiazole fused with COT and showed that the
tub-shaped backbone is changing to planar via reduction
and oxidation.'® There are reports in the literature on
cyclooctatetrathiophene (COTh) where thiophene fused
with the COT framework.'” It is also reported that with the
presence of electron-rich thiophene on the boundary and
having flexible n-conjugated skeletons, COTh has promi-
nent applications in optoelectronics."*'”~"° Considering
the connectivity of thiophene, COTh has 15 isomers, and
four of them were synthesized and reported by Wang
et al.'” The different connectivity of thiophene in synthe-
sized isomers of COTh is confirmed by single-crystal analy-
sis.”2?2 In our previous work related to thiophene-based
organic materials, we have performed a computational
study on benzothiophene (BTT) isomers and its oligo-
mer.>?* The theoretical study on the seven possible iso-
mers reveals that the isomers of BTT are better candidates
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FIGURE 1

as hole and electron transport materials.>** Further study
is extended for comparative study of BTT isomer with dif-
ferent fused heterocycles such as pyrrole (BTP), furan (BTF),
and selenophene (BTSe).?

One of our recent works has shown that the COTh has
15 possible isomers and out of these 15 isomers, only five
isomers have a synthesis route.”” The calculated UV-visi-
ble absorption obtained from time-dependent density
functional theory (TDDFT) simulations are reproducing
the experimental absorption of known isomers. The previ-
ous study also reveals that out of 15 isomers, one of the
COTh isomers is showing better reorganization energies
than the standard materials.”’ Herein, we investigated
and compared the optical and charge transfer properties
of all the isomers of cyclooctatetrafuran (COF) and
cyclooctatetraselenophene (COSe) with those of cyclo-
octatetrathiophene isomers (COTh).

COMPUTATIONAL METHODS

All the isomers of COF and COSe (Figure 1) are fully opti-
mized using Gaussian 16 software with B3LYP functional
in conjunction with the 6-3114G(d,p) basis set.?” The fre-
quency analysis confirmed that the energy-minimized
structures have no imaginary frequency. The UV-visible
absorption spectra are simulated using TDDFT formalism
with B3LYP functional at the same level of theory as used
in the optimization.

According to the Marcus Hopping’s model, the elec-
tron/hole transport process is an electron/hole transfer

Molecular structures of 15 possible isomers of COF (X is O), COTh (X is S), and COSe (X is Se) molecules

reaction between the neighboring molecules®® and the
hole transfer can be defined as,

Q+Q"—Q"+Q (1)

where Q™ is the cationic state and Q is the neutral state
of the molecule. The Marcus equation of rate constant
(K) for the charge transfer process is,

472 2 )
K= (=5 ) Ak (amikeT) 2ep(ar)  (2)

where h is the Planck’s constant, AH is the transfer
integral, A is the reorganization energy, k, is the
Boltzmann constant, and T is the absolute temperature.
From Equation (2), it is clear that the K depends on A
and it is inversely proportional to A.>° The hole and
electron reorganization energies (1, and A.) can be
calculated from Equations (3a) and (3b),2>72%*° and
the detailed procedure is given in the supporting
information S1.

In =51+ 6, = [E* (Mo) — £ (M.)] + [E° (M) — E°(Mo)]
(3a)

de=083+84=[E"(Mo) —E~(M_)] + [E°(M_) — E°(Mo)]
(3b)
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FIGURE 2 Optimized structures and important dihedral angles of the most stable isomer of COF, COTh, and COSe
Also, we have calculated adiabatic and vertical ionization 10
potentials (IP, and IP,), and adiabatic and vertical electron ol —e—COTh
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stable isomer in each series are shown in Figure 2. . . )
FIGURE 3 Relative energies of the 15 isomers of COTh, COF, and

Among the COF series, the isomer COF3 is found to
be more stable than the other isomers by 0.5-10 kcal/
mol. It is found that the isomer with a greater number of
exocyclic double bonds is more stable than that of a
smaller number of exocyclic double bonds. The most sta-
ble isomer (COF3) and the second most stable isomers
(COF9 and COF6) have eight and six exocyclic double
bonds, respectively. The relative energies of COF9 and
COF6 are 1.73 and 3.88 kcal/mol, respectively. Similarly,
the COF isomers without any exocyclic double bonds
(COF1, COF2, COF4, and COF5) have relative energies of
more than 5 kcal/mol. Also, a similar trend in the stability
of the COSe isomers has been observed. However, in the
case of the COSe series, the difference in the energy
between the most and least stable isomers is smaller than
5 kcal/mol and this small energy difference can be attrib-
uted to the large size of the selenium. Interestingly, the
COF and COSe isomers followed the same stability order of
3>9>6>7>8>10>11>13>12>14>15>4>2>
5> 1 which is also the order of decreasing numbers of
exocyclic double bonds. The relative energies of COTh,
COF, and COSe isomers are plotted and shown in Figure 3.

The dihedral angles observed in COF3 and COSe3 are
46.22° and 56.95° are also the highest dihedral angle in
their respective series. As shown in Figure 2, the dihedral

COSe. The energy of Isomer 3 in each series is considered 0.0 kcal/mol.

angle increased with a rise in the heteroatom size
(O — S — Se). Interestingly, similar is the case for other
isomers, where an increase in the size of heteroatom
increased dihedral angle. The optimized geometries of all
the isomers of COF, COTh, and COSe with their relative
energies and dihedral angles are given in Table S1.

Electronic excitations

As we have already shown in our previous studies of COTh
isomers, five isomers are experimentally reported with
their absorption properties and our theoretical results
reproduced the experimental absorption. Herein, we eval-
uate the UV-visible absorption properties of COF and
COSe isomers with the same methodology. The first three
electronic excitations of all the isomers of COF and COSe
are summarized in Tables 1 and 2 along with the other
optical data, whereas similar data of COTh isomers are
shown in Table S2. The optical properties, especially, the
vertical excitation energies are more susceptible to the
computational method employed. Therefore, it s



KUMAR €T AL

TABLE 1

Isomer

COF1

COF2

COF3

COF4

COF5

COF6

COF7

COF8

COF9

COF10

COF11

COF12

COF13

COF14

COF15
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Computed lowest electronic excitations (Ac,), oscillator strength (f), major transition (MT), and % weight of C; of COF isomers obtained at
TD-B3LYP/6-311+G(d,p) level

Excitation state
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3

Acal (nm)

292
272
262
440
293
263
247
241
232
418
307
270
436
302
281
307
299
276
306
297
273
315
283
276
272
268
259
315
276
273
310
286
271
363
309
278
371
305
276
371
317
278
375
312
277

0.026
0.001
0.001
0.036
0.030
0.104
0.001
0.001
0.021
0.011
0.027
0.648
0.021
0.034
0.025
0.040
0.015
0.010
0.007
0.020
0.005
0.257
0.001
0.028
0.049
0.173
0.010
0.153
0.028
0.020
0.049
0.026
0.043
0.049
0.010
0.331
0.119
0.023
0.194
0.010
0.010
0.345
0.042
0.007
0.306

MT
H—L
H—L+3
H—L+4
H—L
H-1 — L
H2— L
H-2—L
H2 —L+1
H2 —L+1
H—L
H-1— L
H—L+1
H—L
H-1—L
H2 —L+1
H—L
H1—L
H1—L+1
H-1—L
H—L
H—L+1
H—L
H—L+1
H—L+1
H—L
H—L+1
H-1—L
H—L
H-1 — L
H—L+2
H—L
H—L+1
H2— L
H—L
H-1— L
H—L+1
H—L
H1— L
H—-L+1
H—L
H—L+1
H1— L
H—L
H1—L
H—L+1

%C;

929
56
96
99
72
65
88
49
36
99
66
66
929
68
65
98
60
97
97
64
96
97
51
50
48
47
37
94
75
48
92
920
87
97
55
50
97
64
53
98
56
50
98
51
46
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TABLE 2 Computed lowest electronic excitations (Ac,), oscillator strength (f), major transition (MT), and % weight of C; of COSe isomers obtained
at TD-B3LYP/6-311+G(d,p) level

Isomer

COSe1

COSe2

COSe3

COSe4

COSe5

COSe6

COSe7

COSe8

COSe9

COSe10

COSe11

COSe12

COSe13

COSe14

COSe15

Excitation state
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3

Acal (NM)

382
320
297
387
328
321
277
273
265
384
328
318
385
326
320
312
307
306
308
303
299
329
304
298
300
292
287
320
308
295
314
304
289
345
327
311
354
332
315
334
328
303
342
326
307

0.064
0.026
0.038
0.022
0.014
0.067
0.068
0.034
0.060
0.010
0.010
0.039
0.014
0.020
0.062
0.048
0.005
0.006
0.028
0.020
0.010
0.118
0.018
0.088
0.065
0.066
0.004
0.086
0.007
0.020
0.058
0.017
0.002
0.040
0.011
0.086
0.065
0.002
0.117
0.019
0.024
0.040
0.028
0.012
0.129

MT
H-1—1L
H3—1L
H2—L
H—L
H-1—=L
H-2—L
H—L
H-1—1L
H2—-L+2
H—L
H-1—L
H2—L
H—L
H-1—1L
H2—1L
H—L
H-1—L
H—L+1
H—L
H1—-L+2
H-1—L+1
H—L
H-1—L
H2—L
H—L
H—L+1
H—L+1
H—L
H—L+1
H-2—L
H—L
H—L+1
H—L+2
H—L
H—-L+1
H-1—L
H—L
H—L+1
H-1—1L
H—L
H—L+1
H-1—L
H—L
H—L+1
H-1—=L

%C;
86
87
65
98
59
86
94
91
31
99
69
65
929
65
69
86
62
68
69
83
55
95
96
81
75
72
88
95
86
85
97
920
93
96
79
73
97
64
60
86
85
85
97
80
74
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FIGURE 4 Simulated UV-visible absorption spectra of COF3 and

COSe3
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important to employ various types of density functionals
to predict the optical properties.'?? Further, to validate
our methodology, different functionals were used in the
evaluation of the absorption properties to choose the best
among fitted functional for absorption. The UV-visible
absorption was simulated with different density func-
tionals, which include hybrid GGA (BH and HLYP, B3LYP,
and PBEO), meta-hybrid GGA (M06), and long-range
corrected hybrid (CAM-B3LYP and ®B97XD) functionals at
a 6-3114+G(d,p) basis set to investigate the effect of func-
tionals on the electronic excitations. To the best of our
knowledge, Humayun Kabir and Miura synthesized the
COF3 isomer*® and no other isomer of COF is synthesized
yet. Asit and Wijsboom synthesized the COSe3 and also
reported UV-visible absorption data.** Only one isomer in
each series of COF and COSe was reported experimentally,
whereas five isomers (Isomers 1, 2, 4, and 5) in the COTh

TABLE 3 Calculated HOMO, LUMO energies and energy gap (HLG), ionization potentials (IP), electron affinities (EA), and reorganization energies
(A and Ae) at B3LYP/6-311+G(d,p) level of theory

Isomer HOMO (eV)
COF isomers

COF1 —5.28
COF2 —5.34
COF3 —6.33
COF4 —541
COF5 —5.34
COF6 —5.87
COF7 —5.87
COF8 —5.70
COF9 —5.90
COF10 —5.67
COF11 —5.70
COF12 —5.55
COF13 —5.16
COF14 —5.51
COF15 —5.51
COSe isomers
COSe1 —5.83
COSe2 —5.81
COSe3 —6.22
COSe4 —5.81
COSe5 —5.82
COSe6 —5.99
COSe7 —6.03
COSe8 —5.94
COSe9 —6.05
COSe10 —5.96
COSe11 —5.93
COSe12 —5.89
COSe13 —5.88
COSe14 —5.91

COSe15 —5.90

LUMO (eV)

-1.73
—-1.74
—0.72
—1.67
—-1.71
—-1.09
-1.09
—-1.26
—0.90
—-1.21
—1.15
—-1.45
—1.53
—143
—1.49

—1.86
—1.89
—1.81
-1.85
—1.87
—143
-1.37
—1.60
-133
—1.48
—1.42
—1.64
—-1.74
—-1.52
—1.62

HLG (eV) IPa (eV)
3.55 6.47
3.60 6.51
5.61 774
3.74 6.59
3.63 6.53
4.78 7.20
4.78 7.20
444 6.96
5.00 7.26
446 6.96
4.55 7.00
4.10 6.81
3.63 6.76
4.08 6.80
4.02 6.75
3.97 6.90
3.92 6.89
441 7.44
3.96 6.89
3.95 6.89
4.56 7.19
4.66 7.19
4.34 7.04
4.72 7.20
448 7.07
4.51 7.09
4.25 7.00
4.14 6.97
4.39 7.03
4.28 7.00

IPv (eV) EAa (eV) EAv (eV) An (meV) Ae (MeV)

6.79 0.66 0.25 560 698
6.84 0.63 0.26 584 680
7.83 —0.47 —0.62 197 298
6.92 0.57 0.19 609 706
6.85 0.62 0.24 588 700
7.35 —0.10 —0.36 322 486
7.35 —0.09 —0.36 319 498
7.22 0.08 —0.22 469 553
748 —0.31 —0.56 447 553
7.19 0.06 —0.25 429 578
7.23 0.02 —0.20 430 518
7.07 0.31 —0.02 476 594
7.02 0.36 0.07 470 534
7.03 0.31 —0.04 427 625
6.99 0.34 0.02 436 580
7.16 0.83 0.57 480 503
7.14 0.87 0.58 471 556
7.54 0.06 —0.06 185 233
7.14 0.84 0.56 464 536
7.14 0.85 0.57 472 540
7.38 0.30 0.15 339 307
7.35 0.25 0.08 309 344
7.28 0.54 0.29 451 508
7.44 0.22 0.03 436 429
7.30 0.44 0.22 433 461
7.31 0.36 0.16 405 412
7.22 0.60 0.34 420 502
7.21 0.71 0.44 438 524
7.24 048 0.22 405 524
7.23 0.57 0.34 426 462
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series have been synthesized and experimentally
reported.”® We compared the experimental UV-visible
absorption of five COTh isomers with the TDDFT absorp-
tion maxima and the results are in great agreement. As
shown in Table S3, the B3LYP functional is reproducing
the experimental absorption for five COTh isomers with
good accuracyzs; hence, further discussion for COF and
COSe isomers is based on only B3LYP functional.

As shown in Tables 1 and 2, the first three excitations
of COF and COSe isomers are in the range of 250-450 nm.
As COTh isomers are discussed in our previous work, here
we mainly focus on COF and COSe isomers. Among all iso-
mers of COF and COSe, Isomer 3, the most stable isomers
(COF3 and COSe3) are showing the lowest absorption
value of 241 and 271 nm, respectively. Isomer 2, COF2 is
showing the highest absorption of 440 nm and it arises
due to HOMO — LUMO transition. Similar is the case for
the COSe2 isomer, it is showing the highest absorption of
387 nm in the COSe series. In comparison with the COTh
isomers, it is observed that the replacement of sulfur either
with oxygen or with selenium results in a bathochromic
shift. For instance, the calculated absorption of COTh7 is
showing a 10-12 nm hypsochromic shift as compared to
those of COF7 and COSe7. The simulated UV-visible
absorption spectra of COF3 and COSe3 are depicted in
Figure 4, whereas the UV-visible absorption spectra of the
COF, COSe, and, COTh isomers are shown in Figure S1.

Frontier molecular orbitals

The eigenvalues of the frontier molecular orbitals and
HOMO-LUMO gap (HLG) are summarized in Table 3. The
highest HLG is observed for Isomer 3 of each series and
their HLGs are 5.61 eV and 4.41 eV for COF3 and COSe3,

0.0+ - "

0.5 -

-1.0 :
?:, 15
? :Z - ]6_1 5.32 ale
a2 | _L s

6.5 o

-7.0 4

-7.5 4

-8.0

COF3 COTh3 COSe3

FIGURE 5 Isodensity surfaces of frontier molecular orbitals with the

corresponding energy gap of the most stable isomer of each series

respectively. In Figure 5, the comparison of the energy
gap of the most stable isomers in each series is shown
with their molecular orbitals. Interestingly, the HOMO
levels of COF3 and COSe3 are close with HOMO energies
of —6.33 and —6.22 eV, respectively. However, furan as
heterocycle results in destabilization of LUMO level, which
in turn increases the HLG of COF3 by 0.29 eV. On the
other hand, with selenophene heterocycle results in stabi-
lization of LUMO resulting in a significant lowering in HLG
of COSe3 by 0.91 eV.

The calculated HLG of COF1 and COSe1 are 3.63 and
3.92 eV, respectively, and are the smallest among isomers
of respective series. Figure 6 depicts the electron density
distribution and comparison of the HLGs for the COF and
COSe isomers with the smallest, largest, and intermediate

nergy (eV)

E

1
~
1

Energy (eV)

),

COSel COSe3 COSel3

FIGURE 6 Isodensity surfaces of frontier molecular orbitals with the
corresponding energy gap of isomers 1, 3, and 13 of COF (top) COSe
(bottom)
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FIGURE 7 Calculated hole (top) and electron (bottom)
reorganization energies of COTh, COF, and COSe isomers

HLGs, whereas a similar comparison of the three COTh
isomers is shown in Figure S2.

lonization potential, electron affinity, and
reorganization energy

The ionization potential (IP) and electron affinity
(EA) are two important factors in the charge injection
phenomenon. A low IP and high EA favor the perfor-
mance of an optoelectronic device. The calculated IPs
and EAs of COF and COSe isomers are shown in Table 3
(COTh data in Table S4). The Isomers 1, 2, 4, and 5 of
each series have shown small adiabatic and vertical IPs.
However, furan fused COT isomers are showing smaller
IPs as compared to those of thiophene and selenophene
fused COT isomers. The smaller IPs of the COF isomers
indicate that it is easy to create a hole in the COF isomer
as compared to the corresponding COTh and COSe

KOREAN CHEMICAL SOCIETY

isomer. On the other hand, the EA of the COSe isomer is
higher than the corresponding COF or COTh isomer
suggesting it is easy to inject electrons into the COSe
isomer.

It is evident from Equation (2), the smaller reorgani-
zation energy leads to a higher rate constant which
favors the charge transport. The simulated hole (4,) and
electron (1,.) reorganization energies of COF and COSe
isomers are summarized in Table 3 (COTh data in
Table S4). It can be observed from Table 3 that the iso-
mers showed high reorganization energies (4, and 4.)
ranging from 200 to 600 meV. The third isomer of each
series showed the smallest hole reorganization energy
and electron reorganization energy in their respective
series. The hole and electron reorganization energies of
COTh, COF, and COSe isomers were plotted and shown
in Figure 7. The calculated hole reorganization energies
of COTh3, COF3, and COSe3 are 283, 197, and 185 meV,
respectively, and are smaller than that of the TPD mole-
cule,® a typical hole transport material with a hole reor-
ganization energy of 290 meV. Similarly, the calculated
electron reorganization energy for COTh3, COF3, and
COSe3 are 263, 298, and 233 meV, respectively, and are
comparable to or smaller than that of Alg3,>” a typical
electron transport material with an electron reorganiza-
tion energy of 276 meV.

CONCLUSION

A detailed comparative theoretical investigation on pos-
sible isomers of COF, COTh, and COSe has been carried
out employing DFT and TDDFT simulations. Among
15 isomers, Isomer 3 of each series is the most stable
isomer and this stability is attributed to the maximum
number of exocyclic double bonds. The simulated UV-
visible absorption spectra are in excellent agreement
with the absorption range of experimentally reported
isomers. Within each series, the second and third iso-
mers are showing the highest and the lowest absorp-
tion, respectively. The replacement of thiophene with
furan (selenophene) shows destabilization (stabilization)
of LUMO, which increased (decreased) HLG. Smaller
hole and electron reorganization energies of the third
isomer of each series than that of standard materials
show that the studied isomers are better hole and elec-
tron transport materials. The investigated isomers in this
study may expand the COT family for both organic syn-
thesis and organic electronics.
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