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Direct observation of adsorption kinetics on clays
by cation—r interaction-triggered aggregation
luminescencet

Jinpan Zhong,% Xingyu Cui,t Weijiang Guan 2 and Chao Lu‘2*

Luminescence quenching of organic molecules in an aggregation state has become a long-standing
challenge for further imaging applications. Inspired by recent research on cation—=n interaction triggered
luminescence, we designed and synthesized an organic cation, E-4-formyl-styryl-pyridinium salt (FSPH),
with strong fluorescent emission in the aggregation state. The formation of the FSPH dimer replaces
weaker n—n interactions with stronger cation—n interactions to trigger the aggregation luminescence.
The excellent optical performances of FSPH in the aggregation state show promise in elucidating the
adsorption kinetics of clays because the aggregation of adsorbates during clay adsorption is inevitable.
Expectedly, the complete adsorption kinetics of FSPH on clays was visualized by virtue of an in situ
fluorescence imaging technique. The subsequent fluorescence intensity quantification revealed that the
adsorption kinetics of FPSH on clays could be divided into three stages: molecular aggregation at the
edge, formation of a block layer, and molecular invasion from the edge to the center. The discovery of
the formation of a block layer not only identifies a previously unknown source of the lower adsorption
capacity with larger particle sizes of clays, but also inspires the great passion of scientists to study the
adsorption kinetics of other adsorbents by employing cation—n interaction-triggered aggregation

rsc.li/materials-c luminescence.

Introduction

It has been widely reported that the strong electrostatic attrac-
tion between the negatively-charged m-electron cloud and a
positively-charged cation could generate cation-n interaction.”
Over the past few decades, cation-n interaction has played a
dominant role in many forefront areas of modern chemistry,
from materials design to molecular biology.>”® Recent research
studies reported that the intermolecular cation-m interaction
between an amine cation and tryptophan could trigger visible
absorbance and fluorescence.”® This discovery is considered to
have great potential in the imaging field. However, the reported
systems usually require the cation-n interaction to be between
two types of molecules, limiting their practical application. In
addition, the low quantum yield of solid-state fluorescence of
these systems is difficult to detect using the existing imaging
techniques. Therefore, the design and synthesis of novel mole-
cules with strong solid-state luminescence triggered by cation-n
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interactions are regarded as the most promising solution.
Herein, we synthesized E-4-formyl-styryl-pyridine (FSP) through
a one-step reaction.”'® Once FSP gets protonated into the
E-4-formyl-styryl-pyridinium salt (FSPH) via simple acidifica-
tion, highly-efficient blue emissions were observed in the aggre-
gation state as a result of the replacement of weaker m-n
interactions by stronger cation-m interactions. Such strong
solid-state fluorescence makes FSPH an ideal cationic dye for
imaging applications.

A clear understanding of adsorption kinetics has become a
long-term challenge because direct visualization of adsorption
processes is hard to achieve. The major obstacle for the
visualization of adsorption by luminescence is the inevitable
quenching of traditional dyes in the aggregation state.''™?
Therefore, the design of a specific adsorption process involving
the strong fluorescence of FSPH in the aggregation state is
considered to be a rational solution. For adsorption of cationic
dyes, the most suitable host material is a negatively charged
clay, due to its chemical stability, high surface area and large
cation exchange capacity.'*™"” Typically, electron microscopy
and X-ray diffraction patterns are suitable for describing the
final state of an adsorption process."®"® In addition, molecular
dynamics simulation is applied to interpret the interlayer inter-
action at the molecular level and the thermodynamic process of
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the simulated system.”®>* Although these methods could pro-
vide some information about the adsorption process of the clay,
the precise adsorption mechanism is poorly understood due to
the lack of direct observation of adsorption kinetics. Therefore, it
is highly significant to establish an in situ visualization method
for adsorption processes of clays. It is anticipated that FSPH
could act as an ideal cationic dye for investigating adsorption
kinetics on clays through real-time recording.

Confocal laser scanning microscopy (CLSM) allows the
ultrafast and real-time observation of the chemical reaction
process and dynamic structural transition, benefiting from its
non-invasive, macroscale and high-contrast scanning.>*"*® This
simple and powerful technique of CLSM inspired us to observe
the in situ adsorption process of FSPH on clays. The invasion of
FSPH dye from the edge to the center of the clay was directly
observed during the adsorption process. The subsequent time-
varying fluorescence intensity quantification demonstrated
that the adsorption process of FSPH could be divided into
three stages: molecular aggregation at the edge, formation
of a block layer, and molecular invasion from the edge to the
center. More importantly, we found that a larger particle size of
the clay could lead to a lower adsorption efficiency. Our
established method presents direct evidence for the adsorption
mechanism.

Results and discussion

The most common interaction of organic dyes in the aggrega-
tion state is the n—n interaction between conjugated segments.
This n-n interaction usually results in the aggregation-caused
quenching (ACQ) of fluorescence.>" As depicted in Fig. S1
(ESIT), FSP was easily synthesized via a one-step Heck coupling
reaction between 4-vinylpyridine and 4-bromobenzaldehyde.
The pyridine group in FSP was easily cationized by adding an
excess of acid to form FSPH. The molecular structures of FSP
and FSPH were verified by 'H nuclear magnetic resonance
(NMR) spectroscopy (Fig. S2 and S3, ESIt) and mass spectro-
scopy (Fig. S4, ESIt).

There is only one cation difference in the molecular struc-
tures of FSP and FSPH, but their fluorescence behaviours in the
aggregation state were completely different. As shown in the
inset of Fig. 1, upon photoexcitation by ultraviolet light at
365 nm, the drop-cast film of FSPH could generate intense
fluorescence, while the FSP film showed faint fluorescence.
In addition, Fig. 1 indicates that two weak emission peaks at
430 and 460 nm were detected in FSP. On the other hand, FSPH
displayed a 6-fold increase in luminescence intensity with a
single peak at 485 nm. Moreover, to remove the effect of the
film thickness on the fluorescence intensity, the fluorescence
quantum yields of FSP and FSPH films were also determined
using a steady-state fluorescence spectrometer with an inte-
grating sphere. It was found that the quantum yields of FSPH
and FSP were 19.60% and 2.23%, respectively, which was
consistent with their fluorescence intensities. Therefore, it
can be concluded that the introduction of cations could lead
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Fig. 1 Fluorescence spectra of FSP (black line) and FSPH (blue line) films.

Inset: Fluorescence photographs of FSP and FSPH films under a UV lamp
at 365 nm.

to a significant improvement in the aggregation-state lumines-
cence efficiency.

The electronic transitions from the molecular ground states
to the excited states of FSP and FSPH were studied in detail
using their UV-visible absorption spectra in dilute tetra-
hydrofuran solutions and solid films, respectively.>* As shown
in Fig. 2a, the solutions of FSP and FSPH displayed an absorp-
tion peak at 324 nm. Unlike the case of the absorption spectra
in solutions, the maximum absorption wavelength of the FSPH
film was obviously red-shifted in comparison with that of
the FSP film (Fig. 2b). In order to explain this difference, the
electronic energy states were further investigated by calculating
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of SPH and FSPH in the
ground state.*** As depicted in Fig. 2¢, the HOMO and LUMO
of FSPH monomer were partially localized on the benzaldehyde
group and the pyridinium group.**® The formation of FSPH
dimers in solid films could reduce the energy gaps of the FSPH
monomers in solutions from 2.20 eV to 2.05 eV. The decreased
energy gaps would induce the red-shift of absorption in the
solid films. These results were in good agreement with those
obtained by the measured absorption wavelengths. In conclu-
sion, the electronic energy state of the FSPH solid film is greatly
different from that of its solution, resulting from the much
stronger interactions in the aggregation state.

The intermolecular stacking in the solid state was investi-
gated by the characterization of single crystals of FSP and
FSPH, respectively. A single crystal of FSP was obtained from
previous references, and the FSPH single crystal was cultivated
by slow evaporation of its ethanol solution (Tables S1-S7,
ESI1).>* Fig. 3a shows that FSP molecules were packed in a
face-to-face parallel alignment with a large 6 angle of 76°,
leading to a strong n— interaction. In contrast, FSPH molecules
could form a head-to-tail packing structure through the strong
cation-n interaction between pyridinium cations and phenyl
rings (Fig. 3b). The distance between pyridinium cation and
aromatic ring in the FSPH single crystal was d = 3.5299 A.
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Fig. 2 (a) Absorption spectra of 50 uM FSP and 50 puM FSPH in tetra-
hydrofuran solution. (b) Absorption spectra of films of FSP and FSPH.
(c) Calculated HOMO and LUMO of FSPH monomers and FSPH dimers
in the ground state. Calculated using TD-DFT, B3LYP/6-31G**, and the
Gaussian 09 program.

d=3.5299 A

Fig. 3 Intermolecular stacks of (a) FSP and (b) FSPH. Blue, red, grey, and
white balls represent N, O, C, and H atoms, respectively.

In combination with the efficiency of its solid-state lumines-
cence, it was concluded that stronger cation-r interactions could
replace weaker m-n interactions in the solid state, achieving a
better aggregation-state luminescence efficiency. In conclusion,
the combination of fluorescence, UV-visible absorption, single
crystal and electronic energy state data indicated that the organic
aggregation-state luminescence efficiency could be modulated
by tuning intermolecular cation-n stacking interactions.

The cation-r interaction-induced fluorescence enhancement
in the aggregation state makes FSPH an ideal indicator for in situ
visualization of adsorption kinetics of clays. Montmorillonite
(MMT), a clay with layers composed of one alumina sheet
sandwiched by two silica sheets, was applied for the adsorption
of FSPH." 100 pL of a supernatant stock solution (10 mg of MMT
dissolved in 5 mL of methanol) was dropped into a confocal dish.
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Fig. 4 A 12-minute video of 200 pM FSPH adsorbed by MMT was recorded.
(a—j) Time interval between two images is 77.25 seconds. (k and 1) Brightfield
and overlay images of (j), scale bar: 50 pm, object lens: 20, excitation laser
diode: 405 nm. Red circle: large MMT platelets, yellow circle: small MMT
platelets.

Upon evaporation of methanol at 60 °C, the individual MMT
platelets were distributed in the dish without aggregation. The
cation exchange capacity of MMT was 80 mequiv per 100 g and
thus the exchangeable molar quantity of cations was around
0.16 pmol. For observation of the complete adsorption of MMT,
the excess loading of 1.0 mL of FSPH solution (200 puM) was
added into the confocal dish. The injection of FSPH solution was
performed using a micro-syringe along the lateral wall in order to
keep the MMT platelets immobile as much as possible. Once the
MMT platelets were wetted by the FSPH solution, the video
recording was started using CLSM.

As shown in Fig. 4a, the green fluorescence of FSPH was
immediately generated once the FSPH solution reached the
edge of MMT. Negatively charged MMT layers could adsorb the
FSPH cations from the solution by electrostatic interaction,
resulting in the rapid aggregation of FSPH. Therefore, the
turn-on green fluorescence was observed along the edge of
MMT because of the cation-rn interaction-triggered molecular
stacking. From Fig. 4a—j, the invasion of green fluorescence from
the edge to the center of MMT was observed with increasing
loading time. Such a phenomenon illustrated the in situ adsorp-
tion process of FSPH cations into MMT from the edge to the
center. However, the adsorption rate obviously varied for MMT

This journal is © The Royal Society of Chemistry 2018
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with different particle sizes. For example, the adsorption time
of the MMT platelet in the red circle (12 minutes) is nearly twice
that in the yellow circle (6 minutes). Swelling in water is an
inherent property of montmorillonite, leading to the expansion of
interlayer spacing. For larger MMT platelets, the swelling process
is more difficult because the penetration of water molecules is
limited. Therefore, adsorption of FSPH dissolved in water prefer-
entially occurred at the edge of MMT. In addition, the distance
between the edge and the center is longer for larger MMT
platelets, and thus FSPH takes a longer time to reach the center.

To investigate the intrinsic adsorption kinetics of MMT,
time-resolved fluorescence analysis was obtained by quantifica-
tion of the video frame-by-frame. As shown in Fig. 5a, a gradual
invasion of fluorescence signals from the edge to the center of
MMT was observed over time. All the MMT platelets remained
immobile during the video recording and therefore the time-
varying fluorescence intensity of selected locations could be
exported. A straight line was drawn from the edge to the center
of MMT and ten locations (L) with equidistance were selected
along this line (Fig. 5b). Subsequently, the time-varying fluores-
cence intensities of the corresponding ten locations in Fig. 5b
were exported via CLSM (Fig. 5c¢). Interestingly, if the fluores-
cence intensity variation of the ten locations was studied as a
whole, the total adsorption of FSPH could be divided into three
stages (Fig. 5d1-d3). In the first stage of molecular aggregation,
the fluorescence intensity of L1, L2 and L3 at the edge of the
MMT platelets increased sharply with the increase of time

H

2 3 4
X (um)

Fig. 5 (al-al2) Time-varying fluorescence distribution of FSPH within
MMT, scale bar: 10 um. (b) Selected locations along the straight line from
the edge to the center for the quantification of fluorescence intensity;
enlarged image of the red square in (al2), scale bar: 2 um. (c) Time-varying
fluorescence intensity of the numbered locations in (b), time interval
between two dots: 12.875 seconds. (d1-d3) Three stages of time-varying
fluorescence intensity of ten locations along the x-axis in (b), time interval
between two curves: 12.875 seconds.
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(Fig. 5d1). Once the FSPH solution reached the edge of MMT,
the exchangeable sodium ions diffused into water instantly,
leading to the expansion of interlayer spacing. Then, a large
number of FSPH molecules adsorbed at the edge of MMT by
electrostatic interaction, compensating for the sodium ions. As
the degree of swelling decreased from the edge to the center,
the increasing rate of fluorescence intensity decreased from
L3 to L6. This phenomenon indicated that most of the FSPH
molecules aggregated at the outermost edge at the first stage of
adsorption. In addition, the observation of molecular aggrega-
tion at the edge was consistent with the results from former
research.'®?>*° In the second stage of the formation of a block
layer, the fluorescence intensity of L3 gradually decreased while
the fluorescence intensity of L4 reached maximum. Afterwards,
the fluorescence intensity of L4 slightly decreased and the
fluorescence intensity of L5 reached maximum. Meanwhile,
an increase of fluorescence intensity was observed from L6 to
L10. This unusual process indicated the existence of a unique
molecular movement during the clay adsorption of organic
cations. When FSPH cations adsorbed into the interlayer of
MMT through electrostatic interactions, a block layer with FSPH
cations formed at the same time. This block layer performed as a
barrier to prevent the entrance of water because of the strong
hydrophobicity of the organic matter. Therefore, further adsorption
of the rest of the dissolved FSPH in the solution was inhibited by the
block layer. In the third stage of the molecular invasion from the
edge to the center, the fluorescence intensity from L2 to L6 decreased
while the fluorescence intensity from L7 to L10 increased. The
reduced fluorescence intensity of L2 and L3 demonstrated that FSPH
molecules were re-dissolved from the edge of MMT into the solution,
and thus the adsorption of FSPH from the solution finished. Mean-
while, the aggregated FSPH in the block layer gradually invaded into
the center of MMT and finally reached a balance. This stage is in
accordance with the previously reported diffusion process of adsor-
bates during clay adsorption.>**!

The effects of platelet size on the adsorption kinetics were
examined (Fig. 6 and Fig. S5, S6, ESIT). As shown in Fig. 6a, the
invasion of FSPH from the edge to the center of MMT was no
different from the process given in Fig. 5a. However, the image
of the final state indicated that the fluorescence intensity of the
center was much weaker than that of the edge. Accordingly, the
same quantification process was applied to explain this differ-
ence. As shown in Fig. 6d1-d3, the three stages of adsorption
were also similar to those of the MMT platelets of smaller
particle size. The only difference was that the final fluorescence
intensity from L14 to L28 was much lower than the fluorescence
intensity from L8 to L10. This difference could be explained by
the established model of a block layer. The block layer of FSPH
in the second stage could prevent further adsorption of FSPH
from the solution. Then, in the third stage, FSPH cations could
move from the block layer at the edge to the center. For larger
MMT platelets, the distance between the edge and the center is
much longer and thus the amount of FSPH in the block layer is
unable to fill up the interior part of MMT. As a result, a gradual
decrease of fluorescence intensity was observed from the edge
to the center. In conclusion, MMT platelets with larger sizes
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Fig. 6 (al-al2) Time-varying fluorescence distribution of FSPH within MMT,
scale bar: 20 pm. (b) Selected locations along the straight line from the edge to
the center for quantification of fluorescence intensity; enlarged image of the
red square in (al2), scale bar: 10 pm. (c) Time-varying fluorescence intensity of
the numbered locations in (b), time interval between two dots: 12.875 seconds.
(d1-d3) Three stages of time-varying fluorescence intensity of fourteen loca-
tions along the x-axis in (b), time interval between two curves: 12.875 seconds.

have a lower adsorption efficiency because the interior part
could not be completely utilized.

Conclusions

In conclusion, the high luminescence efficiency of the as-prepared
FSPH is achieved by replacing weaker n-r interactions with stronger
cation-r stacking, leading to the formation of dimers with a higher
rigidity in the aggregation state. The in situ adsorption kinetics of
FSPH on clays was directly visualized by video-recording of CLSM.
The detailed adsorption kinetics was interpreted by quantification
of the time-varying fluorescence intensity of FSPH in the interlayer
of MMT. The concept of a block layer was proposed to explain the
unique phenomena in the adsorption mechanism. Subsequent data
analysis revealed that clay platelets with smaller particle sizes could
lead to higher adsorption efficiency because the block layer hampers
the invasion of FSPH to the center of the clay. Therefore, the design
and synthesis of novel cationic dyes with strong luminescence
triggered by cation-n interactions and the establishment of a
corresponding imaging strategy could open new opportunities
and provide inspiration for visualization of more sophisticated
chemical reaction processes.

Experimental section

Chemicals and materials

4-Bromobenzaldehyde and palladium diacetate (Pd(OAc),)
were purchased from SA EN Chemical Technology Co., Ltd

13222 | J. Mater. Chem. C, 2018, 6, 13218-13224
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(Shanghai, China). 4-Vinylpyridine and anhydrous potassium
phosphate were obtained from Alfa Aesar, Thermo Fisher
Scientific Inc. (Shanghai, China). Anhydrous dimethyl forma-
mide (DMF) was supplied by J&K Chemical Ltd (Beijing, China).
Tetrahydrofuran (THF), 37% hydrochloric acid (HCl), dimethyl-
sulfoxide (DMSO), dichloromethane (DCM), petroleum ether (PE),
methanol, ethanol, acetone, trifluoroacetate, and anhydrous
sodium sulfate were analytically pure and purchased from Beijing
Chemical Reagent Company (Beijing, China). Deionized water
was freshly prepared from a Millipore Milli-Q system with
18.2 MU cm ™' resistivity (Barnstead, CA, USA). Sodium mont-
morillonite (Na*-MMT) with a cation exchange capacity value of
145 meq per 100 g (from Nanocor, PGW grades) was used
without further purification.

Synthesis of E-4-formyl-styryl-pyridine (FSP)

4-Bromobenzaldehyde (1.11 g, 6.0 mmol), Pd(OAc), (0.12 g,
0.5 mmol), and anhydrous potassium phosphate (3.82 g,
18.0 mmol) were put into a two-necked flask (100 mL) with a
magnetic stir bar and a condenser tube. The flask was evacu-
ated using an oil pump and purged with nitrogen gas three
times. Dry anhydrous DMF (40 mL) was then added under a
nitrogen atmosphere and the mixture was dissolved comple-
tely. When the temperature of the oil bath reached 125 °C,
4-vinylpyridine (1.51 g, 14.4 mmol) was injected dropwise and
reacted for 12 h. Upon cooling down to room temperature, the
reaction solution was extracted three times using DCM (40 mL).
The organic layers were collected and washed with deionized
water thrice, and further dried by anhydrous sodium sulfate.
Finally, the crude product was purified using silica-gel chromato-
graphy: the eluent was a mixed solution of PE and acetone
(v/v 4:1), and pure FSP was obtained with a yield of 0.48 g.
'H NMR (400 MHz, DMSO-dg, 8): 10.01-10.02 (s, 1H), 8.57-8.61
(d, 2H), 7.93-7.98 (d, 2H), 7.86-7.91 (d, 2H), 7.63-7.69 (d, 1H),
7.59-7.63 (d, 2H), 7.44-7.51 (d, 1H).

Synthesis of E-4-formyl-styryl-pyridinium salt (FSPH)

To obtain the protonated products of FSP, pure FSP (0.10 g) was
weighed and put into two 3 mL vials separately. Then, an excess
amount of HCI (1.0 M, 1 mL) was added to dissolve and react
with FSP at room temperature for 4 h. When the residual HCI
was removed by vacuum-rotary evaporation, SPH and FSPH
could be obtained with a high yield of over 90%. '"H NMR of
FSPH (400 MHz, DMSO-d,, §): 10.05-10.07 (s, 1H), 8.88-8.93 (d,
2H), 8.24-8.31 (d, 2H), 8.07-8.14 (d, 1H), 8.00-8.05 (d, 2H),
7.95-7.99 (d, 2H), 7.00-7.09 (d, 1H). MS of FSPH: m/z: 210.0921
(IM — CIJ", calculated for C,,H;,NO, 210.0919).

Sample characterization

Proton nuclear magnetic resonance (‘H NMR) spectra were
recorded by using a 400 MHz Bruker spectrometer (Germany).
Mass spectroscopy (MS) was accomplished using a Waters Quattro
microtriple quadrupole mass spectrometer (USA). The UV-vis
absorption spectra were recorded using a Shimadzu UV-3600
spectrophotometer (Japan). Fluorescence spectra were measured
using a Hitachi F-7000 fluorescence spectrophotometer (Japan).

This journal is © The Royal Society of Chemistry 2018
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The excitation and emission slits were both set at 5.0 nm with a
scanning rate of 1200 nm min . X-ray diffraction intensity data
were collected on a Rigaku-Oxford Gemini E diffractometer.
Fluorescence images and intensity quantification data were
obtained using a Leica TCS SP8 confocal laser scanning micro-
scope (Germany). The quantum yields were recorded on an
Edinburgh FLS 980 steady state spectrometer equipped with an
integrating sphere.

Computational details

Theoretical calculations were carried out using TD-DFT, B3LYP/
6-31G**, and the Gaussian 09 program package.’*?>*>™
Monomers and dimers used to do the ground-state calculations
were obtained from the crystal structures of SPH and FSPH.
Excited-state simulation for SP and FSP was performed in the
gas phase.
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