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It is of important theoretical significance to research the mechanism of luminescent covalent organic frameworks
(LCOFs) for detecting nitro-explosives. The interaction between LCOF-BTT1 and nitrobenzene has been in-
vestigated by DFT and TDDFT methods. By studying electronic configurations and frontier molecular orbitals,
the luminescence mechanism of LCOF-BTT1 has changed due to the hydrogen bonding formed between LCOF-
BTT1 and nitrobenzene (Complex 1). Further study of electronic transition energies, hydrogen bond lengths, 'H
NMR and IR spectra of Complex 1 reveals that hydrogen bonding is stronger in the excited state than in the

ground state, indicating fluorescence quenching. Furthermore, the fluorescence rate coefficient and the internal
conversion rate coefficient of Complex 1 are correspondingly decreased and increased, indicating that the in-
crease in the strength of hydrogen bonding in the excited state is beneficial to the non-radiative transition and is
not conducive to the radiation transition.

1. Introduction

It is of great significance to develop accurate and rapid detection
methods for nitro-explosives [1]. Current detection technologies of
nitro-explosives include plasma desorption mass spectrometry (PDMS)
[2], surface-enhanced Raman spectroscopy (SERS) [3], ion mobility
spectrometry (IMS) [4], energy dispersive X-ray diffraction (EDXRD)
[5] and so on. In recent years, high-sensitivity, high-selectivity, simple
and quick fluorescence detection methods have attracted widespread
attention [6-9]. It is worth noting that luminescent covalent organic
frameworks (LCOFs) have great application prospects in fluorescence
detections due to their strong fluorescence, porosity, good gas perme-
ability, and multiple binding sites [10]. At present, it has been con-
firmed by experiments that LCOFs can be used to detect substances such
as nitro-explosives [11-14], ammonia [15], heavy mental ions [16-18].

However, the mechanism of LCOFs detection for nitro-explosives
has not been clearly understood. The causes of fluorescence quenching
or enhancement of LCOFs are interactions with substances. When the
fluorescence quenching or enhancement effect of the system is re-
versible, the mechanism of detection is weak interaction such as hy-
drogen bonding or m-; stacking. Generally, the main interaction be-
tween LCOFs and nitro-explosives is hydrogen bonding [19-21]. Many
studies have shown that hydrogen bonding is related to the fluorescent
properties of luminescent materials [22,23]. The hydrogen bonding not
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only affects the ground state properties of the material, but also governs
the excited state properties of the material. Therefore, the hydrogen
bonding behavior in the electronically excited state may have an effect
on fluorescent properties of LCOFs. At present, the method of studying
excited state hydrogen bonding system in experiment is the time-re-
solved ultrafast spectroscopy technique [24], whereas this method is
difficult to clearly explain ultrafast excited-state processes. In theory,
photophysical and photochemical processes of hydrogen bonding sys-
tems can be researched by quantum chemical calculations and elec-
tronic excited-state hydrogen-bonding dynamics. Under photoexcita-
tion, owing to the difference in charge distributions between different
electronic states, the structure of system will be readjusted and the
hydrogen bonding system will undergo charge rearrangement, which
dynamic process is the electronic excited-state hydrogen bonding dy-
namic [25]. Zhao et al. [26] elaborated on the study of excited state
dynamics of hydrogen-bonding. The time-dependent density functional
theory (TDDFT) [27] using in this study has been widely used to cal-
culate excited states of medium molecular systems and is a very reliable
method to solve the problem of excited state hydrogen bonding dy-
namics.

Bojdys et al. [28]used melamine chloride and benzotrithiophene to
synthesize LCOF-BTT1 which showed strong blue-green fluorescence
under photoexcitation. And the fluorescence of LCOF-BTT1 is quenched
when it interacts with nitrobenzene, which has been confirmed by
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experiment. Nitrobenzene is a model molecule of nitro-explosives that
can be used to study the interaction between LCOF-BTT1 and nitro-
explosives. In this research, we have used density functional theory
(DFT) and TDDFT to study the difference of luminescence mechanism of
LCOF-BTT1 and the hydrogen bonding system (the complex of LCOF-
BTT1 and nitrobenzene), to explore the behavior of electronic excited-
state hydrogen bonds in the hydrogen bonding system, and explain
relationships between electronic excited-state hydrogen bonding be-
haviors and fluorescent properties of LCOF-BTT1, aiming to understand
the mechanism of the fluorescence detection for nitrobenzene by LCOF-
BTT1.

2. Computational details

Gaussian16 program package [29] were applied to calculate geo-
metry optimization, frequencies, UV-vis spectra, fluorescence emission
spectra, electronic transition energies and 'H NMR. The ground state
(Sp state) and the excited state (S; state) of two structures were in-
vestigated with DFT and TDDFT methods, respectively. All the com-
putations of two structures were calculated by hybrid ex-
change-correlation B3LYP-D3 (B3LYP with Grimme's DFT-D3
correction) [30,31] functional and 6-31G(d, p) [32]basis set. In addi-
tion, there is a scaling factor of 0.961 for IR spectra [33].

Amsterdam density functional (ADF 2012) program suit [34] was
used to obtain frontier molecular orbitals and electronic configurations
of two structures with B3LYP-D3 [35] functional and TZP [36] basis set.

MOMAP program developed by Shuai's research group [37] was
employed to acquire fluorescence rate coefficients and internal con-
version rate coefficients.

3. Results and discussion

3.1. Representative structure of LCOF-BTT1 and hydrogen bonding
structure

There is no method that can accurately calculate excited-state per-
iodic systems such as COFs crystals. Hence, we truncated the re-
presentative fragment from periodic structure of the 2D LCOF-BTT1 in
Fig. 1(a) and truncating bonds were saturated by hydrogen atoms for
further desired calculations. The optimized representative fragment
structure of LCOF-BTT1 named as Motif is shown in Fig. 1(b). If cal-
culated results of the intercepted structural primitive are consistent
with the experimental data of the periodic structure, the reliability of
the representative structural Motif can be determined. The structure of
the Motif is geometric optimized, and parameters of the structure are
listed in Table S1, and IR spectra, UV-Vis spectra and fluorescence

(b)

Journal of Luminescence 215 (2019) 116733

(a)
— Exp.
—— Cal.
=
@
£
]
E
1 1 1 1 1
3500 3000 2500 2000 1500 1000
Wavenumber / cm”
() (©
— Exp.
—Cal.

Intensity
Intensity

1 1 1 1 1 1 1 1 1 1 1 1
500 800 700 800 900 400 450 500 550 600 650 700 750
Wavelength / nm Wavelength / nm

Fig. 2. Comparisons of experimental and computational IR spectra (a), UV-Vis
spectra (b) and fluorescence spectra (c) for LCOF-BTT1.

spectra are shown in Fig. 2(a), Fig. 2(b) and (c), respectively. The
calculated IR spectra, the maximum absorption peak of UV-Vis spectra
and the maximum emission peak of fluorescence spectra are in good
agreement with the corresponding experimental data. The consistency
of vibrational structures and electronic structures indicates the Motif is
reliability and can instead of the periodic LCOF-BTT1 for further cal-
culations.

Addition of a molecule of nitrobenzene to Motif results in a hy-
drogen bonding system. As a result of there being multiple potential
sites in the truncated structure of LCOF-BTT1 at which hydrogen
bonding could form, we assembled several different structures and got
three different hydrogen bonding complexes shown in Fig. S2. Com-
paring energies of these different complexes (Table S2), we labelled the
most stable of these as Complex 1 which is shown in Fig. 1(c) as the
computational model.
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Fig. 1. (a) The periodic structure of LCOF-BTT1 where truncated by the red dotted lines; (b)The optimized geometric structure of Motif; (c) The most stable hydrogen
bonding system donated as Complex 1 which is formed by LCOF-BTT1 and nitrobenzene. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 3. Electronic configurations and frontier molecular orbitals of (a) Motif
and (b) Complex 1, respectively.

3.2. Electronic configurations and frontier molecular orbitals

According to the Kasha's rule [38], appreciable fluorescence
quantum yields only occurs in the lowest excited state (S; state).
Therefore, exploring electron transition from the S; state to the Sy state
via electronic configurations and frontier molecular orbitals of Motif
and Complex 1 (Fig. 3) investigates the influence of hydrogen bonding
on this system. Fig. 3(a) reveals that, with respect of Motif, electron
density distributions of LUMO and HOMO are predominantly localized
on the cyanuric group and benzotrithiophene group, respectively.
LUMO is mainly composed of 72.4% carbon atoms and 27.6% sulphur
atoms; HOMO mainly consists of 73.4% carbon atoms, 23.4% sulphur
atoms and 3.2% nitrogen atoms. From this, we can conclude that the
luminescence mechanism of LCOF-BTT1 should be attributed to ligand-
to-ligand charge transfer (LLCT).

The calculated electronic configurations and frontier molecular or-
bitals of Complex 1 show in Fig. 3(b). LUMO of the Complex 1 is mainly
composed of 42.2% oxygen atoms, 32.0% carbon atoms and 25.8%
nitrogen atoms in nitrobenzene; HOMO mainly consists of 73.4%
carbon atoms, 23.4% sulphur atoms and 3.2% nitrogen atoms. It can be
seen that electronic density distributions of HOMO locate on ligands
whereas those of LUMO locate on nitrobenzene. This demonstrates that
the luminescence mechanism of Complex 1 is ligand-to-guest charge
transfer. We can conclude that the formation of hydrogen bonding
between nitrobenzene and LCOF-BTT1 has significance influence on the
luminescence properties of the LCOF-BTT1.

3.3. Electronic transition energies

Hydrogen bonding interaction has a significant impact on the
electron excitation process. After photoinduced electron excitation,
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Table 1
Calculated electronic transition energies of Motif and Complex 1 in different
excited states.

Excited states Motif / eV Complex 1 / eV
Sy 3.08 2.30
S, 3.13 2.34
S3 3.13 2.45
S4 3.17 2.50
Ss 3.17 2.66
Se 3.19 2.71
S; 3.21 3.08
Ss 3.21 3.12
So 3.22 3.15
S10 3.25 3.16

hydrogen bonding systems have obvious difference about electronic
density distributions in different electronic states, thereupon the ex-
citation energy of each electronic state also changes. Therefore, changes
of electronic transition energies can illustrate hydrogen bonding be-
haviors in the excited state. When the electron spectrum is red-shifted,
it reveals that hydrogen bonding is enhanced in the excited state. On
the contrary, the blue-shifted of the electron spectrum indicates that the
hydrogen bonding is weakened in the excited state [26,39]. Electronic
transition energies of Motif and Complex 1 are listed in Table 1. It
clearly shows that transition energies of Complex 1 are lower than
Motif. Thus, we speculate that the hydrogen bonding is strengthened in
the S; state.

3.4. The behavior of hydrogen bonding in the S; state

There are some criteria to demonstrate the hydrogen bonding be-
havior via changes of hydrogen bond lengths, hydrogen atom chemical
shifts and vibrational frequencies of hydrogen donor and acceptor
groups from the Sy state to the S; state. If the hydrogen bond lengths
become shorter, 'H NMR of the hydrogen proton donors moves to up-
field and vibration frequencies of hydrogen donor and acceptor groups
are red-shifted, these illuminate that the electronic excited-state hy-
drogen bonding is strengthened [26,40-42].

We calculated geometry optimization, frequencies and 'H NMR of
the hydrogen bonding Complex 1 in the Sy state and S; state, respec-
tively. Hydrogen bond lengths and hydrogen atom 'H NMR of Complex
1 in the Sy state and S; state are listed in Table 2. Comparing the
geometry optimization of Complex 1 in the S, state and S; state, the
length of hydrogen bond N18-019..-H16—-C2 (HB-1) shortens evidently
from 2.39A to 1.96A and the length of hydrogen bond
N18-020---H17-C11 (HB-2) shortens from 2.36 A to 2.28 A. It means
that hydrogen bonds of Complex 1 are strengthened in the S; state.
Furthermore, hydrogen atom chemical shifts associate with changes of
hydrogen bonds. From Table 2, 'H NMR of H16 decreases from
23.40 ppm to 22.67 ppm and "H NMR of H17 decreases from 21.64 ppm
to 21.38 ppm in the S, state. Since the H16 and the H17 chemical shifts
decrease evidently from the S, state to the S; state, shielding effect is
strengthening and charge densities around hydrogen nucleuses are in-
creasing. It illustrates that hydrogen acceptors are closer to H atoms and

Table 2
Calculated hydrogen bond lengths and hydrogen atom chemical shifts of
Complex 1 in the S, State and the S; State.

So S
HB length / A
HB-1 (N18-019---H16-C2) 2.39 1.96
HB-2 (N18-020---H17-C11) 2.36 2.28
'H NMR / ppm
H16 23.40 22.67
H17 21.64 21.38
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Fig. 4. Stretching vibration frequencies of (a) N=0O and (b) C2-H16 and
C11-H17 in the S, state (black) and S; state (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

excited-state hydrogen bonds of Complex 1 are strengthened.

The changes of hydrogen bond strength lead to chemical bond
strength of hydrogen donor and acceptor groups changing which is
related to vibration frequencies. Therefore, hydrogen bonding beha-
viors can be studied through comparing the characteristic vibration
frequencies of hydrogen donor and acceptor groups in the ground state
and the excited state. If the vibration frequencies of hydrogen donor
and acceptor groups in Sy state are red-shifted relative to the S; state,
the excited-state hydrogen bonds are enhanced. On the contrary, if the
characteristic vibration frequencies of hydrogen donor and acceptor
groups in Sy state are blue-shifted relative to the S; state, it shows that
the excited-state hydrogen bonds are weakened [26]. Fig. 4(a) and (b)
display the vibrational regions of the N=0O and C-H stretching fre-
quencies coming from IR spectra of Complex 1 in the S, state and S;
state. It is obvious that there are red-shifts of C2-H16 stretching fre-
quency from 3096 cm ™! to 2998 cm ™! and C11-H17 stretching fre-
quency from 3113cm™! to 3046 cm™'. Moreover, N=O stretching
frequency also displays a red-shifted from 1550 cm ™! to 1355cm ™.
Consequently, red-shifted of N=0O and C-H stretching frequencies in
the S; state reveal that the excited-state hydrogen bonding of Complex
1 is strengthened.
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Fig. 5. The schematic diagram of the relationship between hydrogen bonds
strengthening and luminescent properties of LCOF-BTT1 in the excited state.

3.5. The relationship between the hydrogen bonding behavior and
fluorescence of LCOF-BTT1 in the excited state

From the above, results of electronic configurations and frontier
molecular orbitals indicate that hydrogen bonding between LCOF-BTT1
and nitrobenzene influences the luminescence mechanism of LCOF-
BTT1. Moreover, decreases of hydrogen bond lengths, upfield shifting
of hydrogen atom 'HNMR and red-shifts of hydrogen donor and ac-
ceptor groups vibrational frequencies demonstrate that hydrogen bonds
are strengthened in the excited state. Comparing electronic transition
energies of Motif and Complex 1, excited state hydrogen bonds
strengthening causes energy level in the S; state lower than in the S,
state (AEgs > AEgs). Thereby, the electronic transition energy of hy-
drogen bonding Complex 1 is below than hydrogen bond-free Motif
(AEgp < AEggfree), as shown in Fig. 5. Thus, strengthening of excited-
state hydrogen bonds leads to electron coupling enhancement between
nitrobenzene and LCOF-BTT1, which is beneficial to the occurrence of
photoinduced electron transfer and enhancing of internal conversion
between the S, state and the S; state (k(IC)yg > k(IC)up.pree) [43].
Furthermore, non-radiative transition internal conversion and radiative
transition fluorescence competes with each other and the enhancement
of internal conversion results in fluorescence weakening. Consequently,
strengthening of hydrogen bonding in the excited state leads to fluor-
escence weakening or quenching of LCOF-BTT1.

Since the calculated fluorescence rate coefficient can correspond to
the experimentally measured fluorescence intensity, we calculated
fluorescence rate coefficients and internal conversion rate coefficients
of Motif and Complex 1, respectively. Basing on the Fermi's Golden rule,
quantum chemical calculations can be employed to predict rate coef-
ficients of various deactivation processes such as fluorescence and in-
ternal conversion. Taking time-dependent perturbation theory and
Franck-Condon approximation into account, the fluorescence rate
coefficient (kr) [44] can be expressed as

+0o0
43
ke= [ o Tl 2, B (1) KOsy 100)P8 (i 5y — @) .
0

In addition, the rate coefficient of internal conversion (kic) [45] can
be expressed as

27

2
ke="0 2, B ‘Zn (s 1B |19 X O oy 1@, | 8 (B = Eyoy)

n
(2)

In equation, w is the angular frequency; v is vibrational mode; ¢ is
light speed in vacuum; 7, is the electronic transition dipole moment; T
is temperature; P,,,(T) represents the Boltzmann distribution function
of the initial vibronic manifold; i and f represent the initial and final
states, respectively; § is Dirac operator; @ and @ represent vibrational
and electronic wave functions, respectively; n is the index of normal
mode and B, represents the momentum operator of the n th normal
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Table 3
Calculated fluorescence rate coefficients (kp) and internal conversion rate
coefficients (kic) of Motif and Complex 1.

Rate coefficients Motif Complex 1
ke /s7! 1.36 x 10° 8.44 x 10*
kic /7! 5.16 x 10° 1.00 x 10"

mode in the final electronic state.

As shown in Table 3, the kr of Complex 1 is less than Motif and the
conversion rate kic of Complex 1 is more than Motif. The calculated
fluorescence rate coefficient of the complex of LCOF-BTT1 and ni-
trobenzene is reduced by half. This is consistent with the experimen-
tally measured decrease in fluorescence intensity, so the experimental
results can support computed results. The calculations also present that
internal conversion of Complex 1 plays a main role in the process from
the S; state to the Sy state and the process of fluorescence is weakened
or quenched. Thus, excited-state hydrogen bonds strengthening can
influence on fluorescence properties of LCOF-BTT1.

From the qualitative and quantitative analysis, all of conclusions
demonstrate the luminescence mechanism of LCOF-BTT1 changes fun-
damentally after hydrogen bonding with nitrobenzene and hydrogen
bonds strengthening results in internal conversion enhancing which is
the essence of fluorescence weakening or quenching. Therefore, it il-
luminates that the enhancement of electronic excited-state hydrogen
bonding is the fundamental reason why LCOF-BTT1 can detect ni-
trobenzene.

4. Conclusion

We report a new understanding of the fluorescence detection me-
chanism for nitro-explosives by LCOF-BTT1. From detailed theoretical
investigation of the hydrogen bonding interaction between ni-
trobenzene and the representative fragment of LCOF-BTT1 crystal, the
following important conclusions are obtained: (1) Analysis of the
frontier molecular orbitals and electronic configuration indicates that
changes in luminescence should be attributed to hydrogen bonding. (2)
The calculated electronic transition energies of Complex 1 are lower
than Motif, indicating that the hydrogen bonding between nitrobenzene
and LCOF-BTT1 is strengthened upon excitation. (3) Comparison of
bond lengths, 'H NMR chemical shifts and vibrational frequencies in
the Sy and S; states indicates that the intermolecular hydrogen bonds
HB-1 and HB-2 are strengthened in the S; state, which is likely to in-
duce fluorescence quenching. Therefore, hydrogen bonding is enhanced
in the electronic excited state which is beneficial to the non-radiative
transition and not beneficial to the radiation transition, explaining the
mechanism for detecting nitro-explosives by LCOF-BTT1. Our work also
provides a potential approach for controlling of luminescent properties
of LCOFs by hydrogen bonding, and further studies should be launched
in this area to promote practical applications of luminescent COFs.
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