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This paper investigates the sensitivity of the luminescent thieno[2,3-b]thiophene-based covalent organic
framework (TT-COF) towards the formaldehyde using the density functional theory and time-dependent
method. The hydrogen bonding dynamics is explored by comparison of geometries, electronic transition
energies, binding energies, UV—vis, and infrared spectra. Frontier molecular orbitals examination, natural
population analysis, and plotted electron density difference map describe the quenching process
explicitly via electron density distribution. The MOMAP program illuminates the quenching owing to TT-
COF-HCHO complex radiative rate constant. Furthermore, the S1-T1 energy gap describes the facilitation
of the luminescence quenching through the intersystem crossing. Above all results elaborate the TT-
COF's potential to detect the formaldehyde.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Intermolecular hydrogen bonding results from the specific
interaction between a hydrogen atom of a molecule or a molecular
fragment with a highly electronegative atom or group of atoms from
another molecule [1,2]. These relatively robust types of dipole-dipole
forces are as the site-specific interactions of a hydrogen donor and
acceptor molecules in gaseous or solution phase [3—5]. The phe-
nomenon of hydrogen bonding plays a pivotal role, having signifi-
cant impacts on the photophysics and photochemistry of
chromophores. Thus, it provides a major insight into the in-depth
understanding of the microscopic structure and function of various
molecular systems [6]. Therefore scientists have been widely
acknowledged its importance in chemistry, physics, biology, material
sciences, and chemical physics disciplines and inter-disciplines.
Moreover, theoretical and experimental investigations have exten-
sively been made regarding the nature of hydrogen bonding in
biological and organic molecules for electronic excitation states.
Amongst those devoted endeavors, the Zhao and Liu work is
considered as a significant breakthrough, mainly, the hydrogen
bonding dynamics and influence on deactivation process [7]. The
theoretical and experimental study by Han et al. validated the
facilitation of nonadiabatic processes, i.e., internal conversion (IC),
intersystem crossing (ISC), photoinduced electron transfer (PET),
twisted intramolecular charge transfer, site-specific solvation via
electronically excited intermolecular hydrogen bonding dynamics
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[8—10]. Hao et al. have theoretically investigated the hydrogen
bonding interactions for many systems, e.g., metal-organic frame-
works, organic supramolecular systems, and COFs with various sol-
vents, analytes, pollutants, nitroaromatics and other aromatic
explosives in the electronic excited state [11—13].

Thus, the comprehensions of hydrogen bonds' dynamics can be
expended for the luminescent COFs with the promising availability
of functionals having the potential to act as photochemical sensors.
Based on, COFs extra stability, high porosity, low-density, and high
conjugation architecture together endow them with noteworthy
applications, i.e., in gas storage, chemo-sensing and separation
[14—16]. For the investigation of noncovalent interactions, the more
straightforward and robust tools like DFT and TD-DFT quantum-
chemical methods can successfully be employed [17]. Thereby, the
current research of hydrogen bonding between COF and organic
pollutant has accomplished via DFT and TD-DFT approaches. In this
context, we first time utilized the TT-COF synthesized by Knochel
et al. through the co-condensation of thieno[3,2-b]thiophene-2,5-
diyldiboronic acid (TTBA) and the polyol 2,3,6,7,10,11-hexahydrox-
ytriphenylene (HHTP) to get insights into the electronically excited
state hydrogen bonds' nature. Luckily, TT-COF displays the periodic
pattern, high surface area, well organized porous crystallinity,
robust thermal stability, and boronate ester functionality; endow
with high charge-carrier mobilities as well as the significant pho-
toresponsive character [18].

Similarly, the selected formaldehyde analyte is known as the
primary indoor pollutant and quite hazardous for human eyes and
respiratory system. Owing to its high concentrations and upon
prolonged exposure can lead to leukemia. Also, the formaldehyde is
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Fig. 1. Optimized structures. (a) Representative TT-COF fragment. (b) TT-COF-HCHO complex.
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the level 1 carcinogen, causes nasopharyngeal carcinoma [19—21].
Additionally, according to the formaldehyde structure, the elec-
tronegative oxygen atom of carbonyl functional contains two free
lone pairs of electrons can behave as hydrogen acceptor with
hydrogen donor luminescent chromophore due to the presence
boronic ester group to the aromatic system of HHTP skeleton.
Hence, we assume that photoexcited hydrogen bonding can bring
new understandings of the TT-COF sensitivity.

2. The computational details
2.1. Computational model

For all theoretical computations, the selected truncated frag-
ment represents the entire TT-COF system shown in Fig. 1a. This
star type fragment is containing three thieno[3,2-b]thiophene
moieties linked to the triphenylene unit directly via a boronic ester
linkage to form the 2D periodic layers. Then, to get the saturation
on truncated terminals, added hydrogen atoms are presented in
Fig. 1a. Similarly, the formaldehyde was introduced to investigate
the hydrogen bonding and the resulting influence on the lumi-
nescent behavior. Amongst various optimized hydrogen-bonded
complexes, the most stable isomer with minimum energy was
designated for further calculations. In Fig. 1b the hydrogen bonded
dimer adequately denotes its atomic locations.

2.2. Computational methods

The Gaussian 09 program suit was employed to perform the
electronic geometry calculation [22]. Where the SO optimization, IR
frequencies, and NBO analysis were carried out using B3LYP in
combination with 6-31G-+(d) basis set [23]. However, the TD-DFT at
B3LYP/6-31G+(d) level was used to estimate the UV—vis, electronic
transition, excitation state optimization, and other S1 state com-
putations. Moreover, by the ADF 2012 program, we calculated the
electronic configurations with the B3LYP hybrid functional and TZP
basis set [24,25]. Similarly, the binding energy was determined
from the counterpoise method, as follows [26]:

Epinding = ETr—cor-HcHO complex — ETr—coF — Encro + Epsse

Additionally, the electron density difference map was plotted by
the multifunctional program, the Multiwfn [27]. To gain insights
into the quenching trend used the TD-DFT method for T1 optimi-
zation and determined the S1-T1 energy gap difference [28]. By
MOMAP program developed by Shuai's research group estimated
the fluorescence rate constant [29].

3. Results and discussion
3.1. Structure optimization

According to the provided results in Table 1, the computed ge-
ometry parameters including required bond lengths, bond angles,
vibration frequencies, and emission spectrum are entirely
compatible with the corresponding crystal structure of the selected
TT-COF [18]. The computed UV—Vis absorption 347 nm, as seen the
black line spectrum in Fig. 2 compared to the experimental spec-
trum (red line) of 360 nm value. Therefore it can conclude that the
B3LYP/6-31G+(d) approach is a better choice for the investigation
of hydrogen bonding. This consistency in results further confirms
the viability of a truncated fragment as representative of the whole
periodic framework.

Table 1
Comparison of theoretical and experimental geometry parameters and vibration
frequencies for TT-COF.

Parameter Exp. [18] DFT
Bond length/A C39-540 1.71 1.76
B38—-C39 1.46 1.53
B34—-038 1.42 1.40
C37-034 132 1.38
C37—-C35 1.37 1.37
C35—H56 1.00 1.08
Bond angles/® C39-540—-C41 89.7 914
C39-B38-034 126.6 124.8
B38—-034—-C37 104.2 105.1
034—-C37-C35 128.3 129.2
C37—C35—-H56 115.0 119.1
Vibration frequencies/cm™! C-S stretch 660 654
B—C stretch 1020 1014
C—0 stretch 1235 1283
B—O stretch 1395 1318
C=C for aromatics 1487 1487
C=C for fused aromatics 1561 1564
Emission spectrum/nm 475 450

3.2. Frontier molecular orbitals analysis and electronic
configuration

Molecular orbitals analysis (MOs) is an intuitive way to get deep
understandings of the nature of the excitation state related prop-
erties [30,31]. Owing to the Kasha's rule, the lowest excitation state
of a given multiplicity is the most suitable for photon emission with
a considerable quantum yield [32]. Therefore only the lowest
excitation state S1 and the singlet state SO were considered. In this
context, the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO), as well as the elec-
tronic configuration for both TT-COF and TT-COF-HCHO complex,
are described in detail. The electron density distribution on con-
cerned molecules infers the possible effect on luminescence
property. It is explicitly observed in Fig. 3a that LUMO electron
density is mainly on thieno[3,2-b]thiophene boronic ester legend of
TT-COF while for HOMO it is mostly distributed to HHTP moiety and
also a small density portion is located on two of the attached
boronic ester linkages. However, in the TT-COF-HCHO complex, the
electron density distribution of LUMO is accumulated to the
formaldehyde. On the contrary, the HOMO electron distribution
seems further enriched on HHTP region same as the HOMO of TT-
COF but alters both spin direction and color very clearly.

From frontier MOs evaluation, it can conclude that the non-
covalent interactions significantly change the electron density dis-
tribution and may proceed the luminescence quenching accordingly.
The luminescent property is delineated further, via electronic
configuration from each atomic orbital. The LUMO electronic

347 nm
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360 nm

T T T
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Fig. 2. Comparison of UV—Vis absorption. (Black line) representative computational.
(Red line) for experimental (ref 18).
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LUMO

HOMO

Fig. 3. The frontier molecular orbitals of (a) TT-COF and (b) TT-COF-HCHO complex.

configuration is comprised of P orbitals of C atoms (72.11%) and 9.79%
O atoms respectively, whereas the C atoms (77.93%) P orbitals of HHTP
and O atoms (8.66%) of boronic ester make the HOMO of TT-COF as
mentioned in Fig. 4b. In the TT-COF-HCHO complex, the LUMO is
made up of mainly P and S orbitals of C (62.08%), and P orbitals of
oxygen (30.16%) while H, only (4.22%) atoms were of P orbitals
respectively. Similarly, the HOMO consists of P orbitals, e.g., including
C(77.16%)and O (7.24%) respectively. Thus, from the assessment of the
MOs and electronic configuration, it is cleared that the encapsulated
formaldehyde influences the electron density distribution effectively
and enhances the contribution of hydrogen and oxygen atoms in
robust intermolecular hydrogen bonded complex to change in lumi-
nescence consequentially.

3.3. Natural population analysis (NPA) analysis and electron
density difference (EDD) map

In the noncovalent interacted complex, the charge transfer and
polarisation can often occur. Therefore the electrons transfer and
electron density polarisation are essential to investigate. In this
context, NBO analysis can use to examine the weak interactions
where electron distribution trend may be beneficial to describe the

transferring mechanism [33,34]. In this context, the net charges on
desired atoms (H55, H56, and 070) are designated by NPA analysis
for TT-COF, TT-COF-HCHO, and HCHO molecular systems, as shown
in Table 2.

From Table 2, it is evident that the hydrogen bond formation
brings a change in net charge on H55 and H56 for SO states of TT-
COF-HCHO compared to free TT-COF unit is account for the
strengthening of the hydrogen-bonded complex. In the SO hydrogen-
bonded complex, the total charge on donor H55 changes from 0.248
to 0.253 of 0.005 charge while for H56 the net charge difference is
0.016 due to change from 0.236 to 0.252, respectively. Meanwhile, a
further change occurs in S1 hydrogen bond complex for hydrogen
atoms H55, H56, like a 0.10 change in natural charge from 0.248 to
0.348 and 0.112 from 0.236 to 0.348 net charge respectively which
describe the strengthening nature of hydrogen bonds.

Similarly, in Table 2, the net charge difference for 070 atom of
the TT-COF-HCHO in the ground and excited states changes
remarkably compared to free formaldehyde molecule. This charge
change on 070 is —0.013 (from —0.519 to —0.532) while —0.372
change occurs (—0.519 to —0.891) for the S1 state. Therefore, both
results agree with the strengthening nature of the hydrogen bond
may cause the charge transfer.
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Fig. 4. The electronic configuration of (a) TT-COF and (b) TT-COF-HCHO complex.

Another intuitive way to delineate the charge transfer via
electron density variation for the weak interactions is the plotting
EDD map using the Multiwfn software [27]. In Fig. 5, the EDD map is

Table 2 having positive (greenish) and negative (bluish) regions for TT-COF-
The NPA charge difference for selected atoms of TT-COF, TT-COF-HCHO, and HCHO HCHO complexes in the ground and excited states, respectively. In
molecule. Fig. 54, it is prominent that the positive charge located to hydrogen
Atom TT-COF TT-COF-HCHO HCHO bonding region between hydrogen donor and hydrogen acceptor
155 0248 0253 (0.348) ~ moietie's. The excitation §tate bifur.ca'lted' hydrogen bgnd indiFaFes
H56 0.236 0252 (0.348) _ the noticeable accumulation of positive isosurface to its proximity

070 - —0.532 (—0.891) -0.519 Fig. 5b. However, the negative density region is distributed
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Fig. 5. The positive (greenish) and negative (bluish) regions in EDD map for (a) ground state and (b) excitation state.

uniformly to both TTBA legends. Moreover, thus, the EDD map can
indicate the interaction and its effects explicitly; the strengthening
hydrogen bond can give a basis for density variation in the inter-
acted complex and the quenching also [35].

3.4. Electronic transition energies

Strong hydrogen bonds cause a redshift and affect the lumines-
cence property [36]. Zhao et al. have summarised the electronically
excited state hydrogen bonded complexes show a remarkable in-
fluence on transition energies [8,37,38]. According to Table 3, the first
ten vertical transition energies for TT-COF and TT-COF-HCHO follow
the Zhao et al. rule. The TT-COF-HCHO complex showed the redshifts
and lower excitation energies compared to the isolated TT-COF,
which further elucidate the strengthening behavior.

3.5. The behavior of the hydrogen bond in the electronically excited
state

The hydrogen bonding dynamics in the excitation state can be
elucidated by assessing the bond lengths, and binding energies. The
given Table 4 lists the bond lengths for H55—070 and H56—070 of TT-

Table 3
Electronic transition energies for TT-COF and TT-COF-HCHO.

Excitation states TT-COF/eV TT-COF-HCHO/eV
S1 3.57 3.43
S2 3.59 3.46
S3 3.63 3.52
S4 3.67 3.54
S5 3.65 3.58
S6 3.71 3.62
S7 3.71 3.66
S8 413 3.72
S9 4.16 3.98

S10 4.24 4.10

COF-HCHO. The H55—070 bond distance is shortened by 0.8 A from
2.67 Ato 1.87 A.Similarly, the bond length of H56—070 is also reduced
by 0.52 A, e.g., from2.38 A to 1.86 A, respectively. The shortening bond
distance for both H55—070, and H56—070 reveals the furcated
hydrogen bond is explicitly enriched in the excitation state.

Another convenient way to monitor the hydrogen bonds
strength is binding energy because the strong hydrogen bonds
show the lower energy compared to weak hydrogen bonds [11]. In
this context, it was observed that the binding energy in SO
was —7 kcal mol~! while in the S1 state it was further decreased
to —21.53 kcal mol~. This noticeable change in binding energy also
indicated the enhancement of the hydrogen bonds. Similarly, vi-
bration frequency modes further, explain the nature of the
hydrogen bonding dynamics. The strengthening of the hydrogen
bonds causes redshifts in excitation state vibration modes in
characteristic hydrogen donor and acceptor moieties [7,8]. The
strengthening hydrogen bonding was estimated through the
comparing of IR spectral changes from SO to S1 states.

The prominent characteristic vibrational stretching modes,
including symmetrical and antisymmetrical stretching, were thor-
oughly studied. The relevant bonds and their spectra are listed from
left to right in Fig. 6. The frequency mode of C67=070 remarkably
decreased from 1812 cm™! (S0) to 1529 cm ™' (S1) with 283 cm ™! of
redshift, whereas the vibration mode appeared on 3236 cm™! (S0)
was the antisymmetric stretching mode of C3—H55 and C35—H56
bonds which apparently decreased to 3001 cm~! (S1) state showed

Table 4
The calculated hydrogen bonds and binding energy of TT-COF-HCHO complex in the
SO and S1 states.

Parameter SO S1

Bond length/A H55-070 2.67 1.87
H56—-070 2.38 1.86

Binding energy/kcal mol~! -7.10 —21.53
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Fig. 6. Stretching vibration frequency of C677=070 and C3—H55, C35—H56.

235cm™! redshift. Interestingly, this symmetric stretching fre-
quency spectrum for both chemical bonds showed the same order
from 3261 cm~! (SO) to 3068 cm~' (S1) by 193 cm™. Based on
characteristic stretching frequencies of redshifts from the SO to S1
state further manifested the strengthened hydrogen bonds.

3.6. Hydrogen bonding dynamics and radiationless processes

By a useful computational tool, the MOMAP, the luminescence
and mobility properties of the organic materials can easily mea-
sure. This molecular property prediction package, MOMAP is more
convenient to determine the optical spectra, fluorescence, phos-
phorescence, and radiative constants, IC, and ISC processes [29].
Additionally, this program satisfactorily evaluates the decaying
mechanism with time-dependent perturbation and the Fermi
Golden rule [39].

Herein, the calculated fluorescent rate constants for simulated
TT-COF and TT-COF-HCHO complex are 1.16x 10%3s~! and
1.45 x 10°s~! respectively in Table 5. The lower radiative decay
constant demonstrates the influence of the encapsulated formal-
dehyde on the luminescence of the TT-COF molecule, which con-
cedes the strengthening nature of S1 hydrogen bonds. This program
has successfully been used by Hao et al. to calculate the fluorescent
rate constants of MOFs and COFs systems [13,40].

For further investigation of the quenching mechanism, we car-
ried out the calculation for the S1-T1 energy gap because the
radiationless process happens by involving the intersystem
crossing, which may enhance the quenching [28,41]. The provided
Table 5 denotes that the TT-COF-HCHO is having lower energy gap
0.32 eV relative to the isolated TT-COF molecule 1.00 eV. Thus, the
hydrogen-bonded complex would show electronic coupling and
thereby the maximum possibility of ISC. It is evident that the results
of quenching constants, as well as the energy gap upon formalde-
hyde encapsulation, support the TT-COF is a promising
chemosensor.

4. Conclusion

Keeping in view the understanding of the strengthening
hydrogen bond results in the luminescence quenching, we

Table 5
The calculated fluorescent rate constant and S1-T1 energy gap difference for isolated
TT-COF and TT-COF-HCHO complex.

TT-COF TT-COF-HCHO
Fluorescent rate constant/s ' 1.16 x 108 145 x 10°
S1-T1 energy gap/eV 1.00 0.32

discovered the sensing potential of TT-COF for the indoor pollutant
formaldehyde with employed DFT and TD-DFT methods as new
dimensions in applications. From allover estimations; the bond
lengths, electronic transition energies, binding energies, infrared
spectra, UV—Vis and emission spectral shifts were pretty helpful to
describe the strengthening nature of intermolecular hydrogen
bonds.

From the frontier molecular orbitals, electronic configuration
analysis, NPA analysis, and EDD map results confirmed apparently
that the TT-COF luminescence mechanism became explicitly
changed due to the formaldehyde induction. Furthermore, the
performed fluorescent rate constants calculations also verified the
quenching phenomenon for TT-COF-HCHO complex. The reason for
the hydrogen bonding is due to the boronic ester functionality,
which activates the C—H donor of the aromatic system and even-
tually causes significant hydrogen bonding. Results reveal that the
TT-COF exhibits the remarkable sensitivity towards the formalde-
hyde pollutant. This intriguing and intuitive way can further use for
sensing applications, particularly organic molecules, solvents, and
various nitroaromatics and nitro explosives as well, to reveal their
real-world uses.
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