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Abstract

Benzothidiazole dibenzoic acid derivative (BTDB) is a well-known organic linker in various
metal-organic framework structures as well as a fluorescent probe in biological systems. Here, we
demonstrate that the radiative and non-radiative decay channels of BTDB can be interplayed and
precisely controlled through concentration and hydrogen bond interactions as directly evidenced
experimentally and theoretically. This leads to excited-state structural changes that significantly
suppress the torsional motion around the Benzothidiazole moiety, leading to an enormous increase
in the emission quantum yields from ~1% to 70%. These changes are associated with the existence
of two equilibria where dimers and small-oligomers form in dimethylformamide (DMF), with high
formation constants of 18,000 M and 1.2 x 103 M3, respectively. These evolving species, i.e.,
the dimers and oligomers, are formed via hydrogen bonds between carboxylic acid groups present
at the far-edge of the rod-like BTDB molecules. The estimated repeating number for this small-
oligomer formation via bonded monomers is eight in DMF, as shown by emission spectra analysis.
With deprotonation as a control experiment, these associated species can easily collapse to the
initial monomer species, confirming the role of the hydrogen-bond formation on the observed
phenomena. Theoretical studies and NMR experiments not only confirm the existence of the
dimers, but also demonstrate the important role of the hydrogen bonds on the excited-state
dynamics. These new findings provide a better understanding of the photophysical behaviors of

organic linkers used in a wide range of chemical and biological applications.
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Introduction

Organic molecules have an enormous range of applications in various fields such as fluorescent
probes,! photovoltaics>?, transistors*, supramolecular electronics’, white-light generation®”, and
metal-organic frameworks (MOFs).®!° Many fundamental photophysical and photochemical
properties of organic molecules including charge transfer, charge separation and charge
recombination are well understood in several chemical systems using time-resolved laser
spectroscopy.” "' On the other hand, most of those organic molecules exhibit very low
photoluminescence quantum yields (PLQY) especially in liquid phase, depending on the active
non-radiative deactivation channels present such as torsional/twisting motions, excited state
structural changes and ultrafast internal conversion.'>!® For instance, torsional motions are
commonly known as a very efficient non-radiative deactivation mechanisms for organic molecules
upon photon-excitation in a wide range of fields including biological and chemical systems as well
as solid-state photovoltaic materials.'®® It should be pointed out that torsional or twisting motions
can lead to cis-trans isomerization process, twisted-intramolecular charge transfer, and population
of conical intersections due to the strong electronic coupling between the ground and excited state
levels.!7-18.23-24. 2930 A]] these evolving photoinduced processes can be very beneficial in many
research areas of significance including protein relaxation®’ and DNA protection.?! They can also
be detrimental and crucial steps in solar cells applications.!®!* However, torsional motions, on the
other hand, can lead to ultrafast deactivation of the excited state molecules and strongly compete

with other processes such as product formation and radiative recombination processes. !

To significantly suppress such non-radiative twisting motions and subsequently enhance the
fluorescence quantum yields of such organic molecules, several chemical and material approaches
have been established and developed, such as forming aggregation/suspensions at relatively high
concentration in the presence of solvent mixtures, producing solid-state forms, constructing thin-
films, incorporating heavy metal atoms, and embedding them in polymer chains.!>16 32-33
Nevertheless, these new approaches can induce other nonradiative processes, such as energy
transfer, charge transfer, and defect states, that lead to different deactivation pathways of the

excited state of the targeted molecules. ! !1- 8. 30.34-47

In this paper, we show for the first time that relatively low concentrations (nano- to micromolar

scale) of a soluble organic linker with double carboxylic groups can form distinct species with



different emission peaks, different excited state lifetimes, and exceptionally high PLQYs. The
evolving species are formed through hydrogen bonds at the carboxylic acid of the organic linker.
The presence of distinct species at different concentrations is fully supported by theoretical
calculations and various spectroscopic experiments including steady-state absorption and emission
spectra, lifetime measurements, PLQY, and NMR. These species include dimers and small-
oligomers, with high formation constants for both species. The organic molecule used herein is
Benzothidiazole dibenzoic acid derivative (BTDB), which is commonly used as a linker in MOF

synthesis*s+’

and as a fluorescent probe in biological applications due to its high n-conjugation,
molar extinction coefficient, and high photostability.>® The outcome of this study reveals simple
and novel approaches to obtain high PLQY and tunable emission spectral ranges in the liquid phase

by optimizing the structural design of organic molecules.

Experimental Section:

Dimethylformamide (DMF), ethanol (EtOH), and Tetrahydrofuran (THF) were purchased from
Aldrich, and used without further purification. The synthesis procedure for the linker 4,4'-
(benzoic]il,2,5]thiadiazole-4,7-diyl) dibenzoic (BTDB) is shown in the supporting information
along with the NMR data; see Figure S1 and Figure S2. The organic linker purity was confirmed
by mass spectrum and thin layer chromatography (TLC) tests, as well as the steady-state absorption
and emission spectra of the starting materials, as shown in Figure S3 and Figure S4. Details about
steady-state, time resolved measurements, and density functional theory calculations are found in

the supporting information.

Results and Discussion

Figure 1A shows the normalized absorption spectra for the BTDB linker at concentrations of 3-
1000 uM in DMF (see the chemical structure of BTDB in the inset of Figure 1A). With increasing
BTDB concentration, a slight blue spectral shift of ca. 12 nm is observed in the S| band, where 3
uM has an absorption maximum of 390 nm, and the highest concentration reaches a maximum of
378 nm. It should be noted that the S absorption band is slightly red-shifted with 4 nm in the same
range of concentration. In contrast, the corresponding concentrations show dramatic changes in
the emission spectra upon 380-nm excitation light (Figure 1B). At a low concentration of 0.1 uM,
a broad emission peak at 485 nm is observed. The emission peak systematically intensifies and

broadens at 3 uM, then splits into two distinctive emission peaks located at 420 nm and 620 nm at
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64 uM (Figure 1B). To rule out solvent contribution for the spectral changes with concentration,
various solvents with different properties were tested such as DMSO, EtOH, and THF, and similar
emission trends are observed (see Figure S5). Such spectral changes in absorption and emission
measurements could be attributed to aggregation or dimerization equilibrium.'® 3! Thus, density
functional theory (DFT) calculations were performed to clarify the origin of the spectral changes.
The DFT results show a calculated absorption spectrum of BTDB molecules in DMF with two
excited states at 412 and 320 nm (Figure 1C). For the lowest excited state transition, Si, the
electronic densities in the ground and excited states, HOMO and LUMO, show similar
distributions with an optimized dihedral angle for the ground state geometry of ca. 37.5° present
around the Benzothidiazole moiety; see Figure 1C and Figure S6. The calculated emission
spectrum shows an emission maximum of 535 nm with an optimized dihedral angle of ca. 18.2°;
see Figure 1D. The change in the dihedral angle with the observed calculated Stock’s shift of ca.
5580 cm™! highlights the role of torsional processes such as isomerization and twisting motions in

relaxing/deactivating the excited state of BTDB, as shown previously for other organic dyes.!”*

21-22,24
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Figure 1: (A) Normalized absorption spectra of BTDB linker in DMF at various concentrations with the
linker chemical structure inside. (B) Scaled emission spectra of linker in DMF at a low range of
concentrations (0.1-64 uM) showing the splitting of the emission band into two emissive states at two
different energy levels, representing the first equilibrium; see text for more information. (C) Calculated
absorption spectrum of BTDB molecule in DMF with the optimized dihedral angle structure in the inset.
The optimized electronic distributions of the ground and excited states are shown in the inset, HOMO and
LUMO. (D) Calculated emission spectrum of BTDB molecules in DMF with the excited state geometry in
the inset, showing an optimized dihedral angle of 18.2°.

For further correlation between the calculated emission and the dihedral angle, Figure S7 shows
the dependence of the emission maximum on the variation of the dihedral angle around the
Benzothidiazole moiety, where angles larger than the optimized angle value show blue shifted
emission spectra. This result highlights the dependence of the emission maxima on the thermalized

dihedral angle. To differentiate between the aggregation and dimerization equilibria, two possible
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structures of BTDB were optimized through DFT along with their calculated emission spectra.
Figure 2 shows the possible aggregation structure due to parallel n-n stacking of two molecules of
BTDB and a possible dimer structure through hydrogen bonds at the carboxylic acid groups
between two monomers. The emission spectrum calculated for the aggregate form has a
blueshifted spectrum of ca. 60 nm with respect to the monomer case (Figure 2). Nevertheless, the
dimer form presents two emission peaks with similar trends to those observed in the experimental
data; see Figure 1B and Figure 2. Interestingly, the optimized dihedral angle in the dimer form is
different from the monomer case, which indicates a change in the excited state lifetime and the
emission quantum yield, as shown in a later section. Also, it is worth mentioning that the slight
increase in oscillator strength upon dimerization could be attributed to the increase in the
probability of excited electrons to switch back to the orbitals in the ground state because of various

molecules and their orbitals are close to each other upon dimerization.
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Figure 2: Calculated emission spectra of BTDB monomer, aggregated form and dimer in DMF solvent
with their optimized dihedral angles to the right side.

Beyond the 64 uM concentration, the emission spectra evolve further, with the two distinctive
emission peaks approaching each other and eventually merging into one broad peak centered at
480 nm at a concentration of 1.0 mM (Figure 3A). These emission spectral changes with
concentration from 0.1 to 1000 uM could be attributed to the presence of two equilibrium
constants. We postulate that the first equilibrium is for dimer formation in the concentration range

of 0.1-64 uM. Then, at a higher concentration range, another equilibrium is present where the



dimers form a small size "oligomer"-like structure. The following equations represent these
proposed mechanisms, where M, D and O represent monomers, dimer, and oligomer species,
respectively, K, is the oligomer formation constant, and 19, is the oligomer emission at a specific

wavelength:
KD
M+M<SD

The monomer-dimer equilibrium constant K}, equals:

The total concentration of BTDB in solution, Cy, can be expressed as follows™>: 40- 42 52;

Co

I
=
+
\]
S,
c

The total emission intensity, 1834, is the sum of the emission of the monomer ( I24,) and the

dimer (I2,,) normalized to their fractional concentrations in solution:

[M] 2[D]
Iggfal = Iévlnc_ + Ié)m C_ ............................................... (3)
0 0

By solving equations 1, 2, and 3 together, the following expression can be obtained:

total — M
Iem —(Iem

— b );4_
€M ([BKeqCo+1+1)

By using the nonlinear least squares fitting method with equation 4 and knowing the total
concentration and the total emission intensity at 680 nm, the dimer formation constant is found to
be 18,000 M™! (see Figure 3B). Such a high equilibrium constant has been reported previously for

carboxylic dyes.®
Similarly, at higher concentrations, the dimers tend to form small-sized oligomers. In this case, the
following equation can be used:

P

K&q
D 5 0. 5)

where n is the number of dimer species needed to form one small size oligomer, which cannot be

estimated from our experiments. By repeating the same derivation for the dimer formation, the



following equation is derived and relates the total emission intensity to the concentration used at

the higher concentration range:

) 1
(nKeqlCo/(n+1)I""1+1)

total _— D 0
Iem - (Iem - Iem

Considering the assumption that [D] = C,/(n+ 1), the absorptivity is unchanged at this
concentration regime (32 uM-1 mM); see Figure S8. Equation 6 fits the extracted data for the
oligomer formation well, with an n parameter of ca. 4, and a formation constant of ca. 1.2 x1013
M- (Figure 3B). This result means that at least four dimers need to bind together to form the small

oligomer with the characteristic emission spectrum through hydrogen bonds.

Additionally, DFT calculations show that by increasing the number of associated monomers
through hydrogen bonds until a tetramer is formed, the calculated double emission peaks start to
change, and one emission peak minimizes while the other maximizes; see Figure S9. Thus, with
eight associated monomers, only one broad emission peak predominates, as shown experimentally.
In addition, H-NMR measurements of BTDB at concentrations of 64 uM and 1000 uM
demonstrate this result as well the change of the hydroxyl group environment at the carboxylic
acid, where the FWHM increases from 0.084 ppm to 0.144 ppm in the aforementioned
concentrations due to extensive hydrogen bonding interactions; see Figure S10. To the best of our
knowledge, this is the first reported emission data for the formation of dimers and small oligomers

from dissolved small organic molecules at such low concentrations.
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Figure 3: (A) Scaled emission spectra of linker in DMF at higher range of concentrations (64-1000 uM)
showing the merging of two emission bands into one emissive state at intermediate energy level,
representing the existence of the second equilibrium; see text. (B) Plots of total emission intensity at 680
nm versus the concentration of BTDB organic molecules in DMF with the fittings obtained. Using
equations 4 & 6, the formation constants for the dimer and oligomer species can be extracted. (C)
Normalized absorption spectra of 64 uM and 1 mM of linker in DMF in the absence and presence of organic
base. (B) Scaled emission spectra of 64 uM and 1 mM of linker in DMF in the absence and presence of
organic base with scaled emission from 0.1 uM, showing the similarities of emission from different
concentrations with the addition of organic base. Legend is shown in the inset of (D). The excitation was
380 nm.

The mechanism proposed herein for dimerization and oligomerization depends on the existence of
carboxylic groups at both sides of the molecule, making them capable of reaching up to four
attached dimers, “eight monomers”, when forming this small soluble oligomer, as shown in Figure
3B. Dimerization through carboxylic acids has been discussed previously in the literature for

molecules with one carboxylic group.®>*? Carboxylic acids tend to associate by forming hydrogen



bonds between their hydroxyl and ketone groups. However, most of the molecules investigated
have small dimerization constants*!, with rare exceptions that have high dimerization values.** The
capability of BTDB dye molecules to form such long chains through hydrogen bond formation
stems from the presence of two carboxylic acid groups at the two ends of the rod-like molecules,
as shown in the structure in Figure 1. To further prove the contribution of the hydrogen bond to
the BTDB behavior, an organic base (diethyl amine) was added to two different concentrations of
BTDB, 64 uM and 1.0 mM, corresponding to the dimers and oligomers, respectively. The organic
base tends to deprotonate the carboxylic group present in the BTDB. Both the absorption and
emission spectra of the two concentrations transformed into the corresponding spectra of the
monomer, as shown in Figure 3C-D, confirming the contribution of hydrogen-bond formation
through carboxylic acid groups to the formation of dimers and small oligomers of BTDB in
solution. Additionally, the ester form of the BTDB molecules (see Figure S1) has the same
emission spectra at the same working range of concentrations from 0.1 uM to 1 mM, illustrating

the importance of carboxylic acid on the observations seen herein; see Figure S11.

Moreover, BTDB species have different excited state dynamics. Figure 4A shows the time-
resolved photoluminescence (TRPL) kinetics of BTDB at various states of different
concentrations, 0.1 uM (monomers), 64 uM (dimers), and 1 mM (small-sized oligomer). All the
kinetics could be fitted via a global fitting procedure using exponential decay equations, giving
one primary component of 8.3 ns with different amplitudes for each species (Table 1). The
oligomer concentration at 1 mM shows only single exponential decay of 8.3 ns. By decreasing the
concentration to 64 uM, for the dimer species, fitting the emission decays at 420 nm and 660 nm
shows similar trends, with the lifetime of the primary component ca. 5 ns and a shared lifetime of
8.3 ns; see Table 1. The presence of at least two forms of dimers is also verified by collecting
excitation spectra at each emission wavelength, 420 and 580 nm, where two excitation spectra are
found, indicating different geometries of dimer species in the ground state prior to excitation; see
Figure 4B. Interestingly, the low concentration of 0.1 uM that presumably corresponds to the
monomer species shows a fast emission decay with a dominant lifetime of 0.95 ns; see Table 1.
Nevertheless, even at such low concentration, a minority of dimer species are present, which is

reflected in the blue shift observed in the emission spectra at lower concentrations; see Figure S12.
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The photoluminescence quantum yield (PLQY) measurements show a consistent trend with the
emission lifetime measurements, as shown in Table 1. A low PLQY value for the monomer species
(~ 1.2%) and a higher one for the oligomer species (~ 69%) were measured (see Table 1 and Figure
S13). These data emphasize that monomer species have at least one dominant nonradiative decay
channel, minimizing the PLQY and emission lifetime. In contrast, upon increasing the
concentration and consequentially forming the dimer and oligomer species, this nonradiative
channel is significantly suppressed, increasing the amplitude of the longer lifetime, 8.3 ns, as well
as the PLQY (Table 1). One possible nonradiative decay channel is the presence of isomerization
or torsional motion in the excited state, which has been observed for similar organic molecules,
making the excited state lifetime shorter with low PLQY.!""!%:3 To suppress such channels, plastic
polymer matrix (PMMA) was used with BTDB at various concentrations; see Figure 4C. Across
all the concentrations, the use of PMMA makes the emission spectra and the lifetime similar to
those of the oligomer; see Figure 4D. This result confirms the contribution of torsional processes
to the excited state and the PLQY. Thus, PMMA suppresses the torsional motion present in the
monomer species with similar mechanisms as those in the oligomerization process. Also, the
disappearance of double emission peaks for 64 uM observed in solution, when embedded in
PMMA, highlights the contribution of excited state torsional motions prior to emission in liquid

phase.
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Figure 4: (A) Normalized time-resolved emission for linker in DMF at various concentrations, IRF ~500
ps, excitation wavelength was 400 nm. (B) Normalized time-resolved emission for linker in DMF at low
concentrations and two different emission wavelengths as shown in the legend. (C) Normalized emission
spectra of linker in PMMA at various concentrations showing one emissive band. (D) TRPL for linker in
DMF with 1 mM concentration and low concentration embedded in PMMA.

In addition, the DFT calculations show that dimer, trimer, and tetramer species have similar
extended dihedral angles to those of the monomer species in the ground state, illustrating that these
species formed in the excited state suppress the torsional motion around the Benzothidiazole
moiety shown for the calculated geometry for the excited monomer; see Figure 1, Figure 2, and

Figure S9.
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Table 1: Photophysical properties of BTDB species at different concentrations with the emission fitting

parameters from global fit using the exponential equation A;e~%™ + A,e~%/2, The excitation wavelength

was 380 nm.
) Emission wavelength . Emission lifetimes, ns
Concentration Quantum yield .
(M) (nm) (@) (%) (amplitude %)
1 (%) 2 (%)
0.1 -—-- 1.2 £0.8 0.95 (94) 8.3 (6)
64 (dimer 1) 420 5340 1 4.7 (66) 8.3 (34)
64 (dimer 2) 660 - 5.3(72) 8.3 (28)
1000 - 69 +3 --- 8.3 (100)
1000 with base -—-- 1.6 1 0.6 (99) 8.3 (1)

All the excited state processes observed for the BTDB molecules in DMF can be summarized as
follows. With excitation of the monomer species at low concentration, the molecule is thermalized
and emits light at approximately 480 nm. However, for the excited monomer state, an active
nonradiative channel leads the excited molecule to reach a conical intersection through large
torsional motion around the Benzothidiazole moiety. This active conical intersection leads to low
PLQY (~1-2%) and short excited state lifetime. Upon dimerization through hydrogen bonds, the
potential energy surface in the excited state appears to change; the conical intersection is weakly
active, leading to double thermalized states with two emission wavelengths at 420 and 620 nm,
possibly due to different forms of dimers. The high PLQY in the dimer concentration range, ~58%,
is likely due to presence of other species such as trimer, tetramer, or oligomer species at low
concentrations. In the oligomer case or in PMMA, the two excited energy minima merge into one
energy minimum where the excited state has a high activation energy for torsional motions, leading

to central emissions at 480 nm with a high PLQY (~70%).

Conclusions

In this work, we demonstrate for the first time how simple organic linkers terminated with
carboxylic acid groups can associate through hydrogen-bond formation at low concentrations,
creating dimer and small oligomer species that have very distinct emission properties. We have
also found that these dimers and oligomers exhibit almost 70 times higher emission quantum yields
than that of the monomer. This result could be attributed to a significant reduction of the
nonradiative-decay channels due to the suppression of twisting motions around the

Benzothidiazole moiety as shown theoretically and experimentally. This study opens new frontiers
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for deep understanding of the photophysical behaviors of organic linkers commonly used in a wide
variety of chemical and biological applications. In addition, we show that highly emissive organic
molecules can be obtained in liquid phase at considerably low concentrations with optimized

molecule structure.

Supplemental Information Description
The supporting information contains information about the instrumentations used in details and
the synthetic procedure used for the organic linker. Supplementary figures from S1 to S13 and are

also provided.
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