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Electronic interactions between a quaternary
pyridyl-p-diketonate and anionic clay nanosheets
facilitate intense photoluminescencey

Tomohiko Okada, 2 **® Yoko Miyamoto,” Haruka Kurihara,®
Yoshifumi Mochiduki, (2 © Shiho Katsumi (2 < and Fuyuki Ito (= ©

Electrostatic interactions between a quaternary pyridyl-p-diketonate and anionic charged nanosheets
were observed to produce a highly emissive dispersion in a rich water solution. A greater fluorescence
quantum yield of approximately 50% was obtained when a luminogenic B-diketonate, 1-(4-methoxyphe-
nyl)-3-(3-hydroxyethyl-pyridinium bromide)-1,3-propandione (prepared by the Claisen condensation
reaction and subsequent quaternization), was molecularly dispersed and enclosed by a couple of atomic-
ally flat ultrathin (approximately 1.0 nm) silicate sheets of anionic layered clay. By accommodating
B-diketonate into a narrow interlamellar space (approximately 0.4 nm distance), the molecular motion
was suppressed, as confirmed by a smaller non-radiative relaxation rate constant, which was obtained by
time-resolved luminescence and quantum yield measurements. Because the dense packing of
B-diketonate quenched the excited state, the isolation of luminogens by the co-adsorption of photoche-
mical inert cations (tetramethylammonium and benzylammonium) was prevented by concentration
quenching. A lower quantum yield was obtained by expanding the interlayer distance above 1.0 nm by
co-adsorbing a photo-inactive water-soluble polymer, poly(vinylpyrrolidone). Therefore, the fixation and
spatial separation of p-diketonate in the narrow interlayer space was determined to be essential for

rsc.li/pps obtaining strong emission.

1.

The development of highly emissive solids (in particular in
aqueous phase and solid state) is crucial for photochemical
and optical applications. Robust and stable assemblies of
luminophores are required to obtain strong and efficient emis-
sion. Aggregation-induced emission (AIE: highly emissive
when clustered as aggregates in poor solvents or in the solid
state) is a typical example because it is based on the restriction
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f Electronic supplementary information (ESI) available: 'H NMR (Fig. S1) and
MS spectra of BDKPy'Br~ (Fig. S2), absorption spectrum of BDKPy Br~ (Fig. S3),
absorption spectra of BDKPy'-S0.1 in water, methanol, acetonitrile, tetrahydro-
furan, and chloroform (Fig. S4), absorption spectra of BDKPy™-Sn in a water/
ethanol mixture (Fig. S5), photoluminescence spectra of BDKPy' Br~ in water,
methanol, acetonitrile, tetrahydrofuran, and chloroform and that (Fig. S7) of
mixed solution (water/ethanol = 9: 1) of BDKPy'Br~, and absorption spectra of
BDKPy'-S0.1-PVPn in a water/ethanol mixture (Fig. S8). See DOIL: 10.1039/
dopp00166]
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of molecular motion in the assemblies."” Coordination to
metal cations and hybridization of luminophores on solid sur-
faces are other methodologies to produce strong emission
(fluorescence). In particular, the phenomenon occurring on
solid surfaces has been recently referred to as “surface-fixation
induced emission (S-FIE)”.>”®> Chemical stability against
decomposition and elimination is essential to create emissive
materials.

Dibenzoyl and dinaphthoyl p-diketones have been exten-
sively studied in luminophores as part of metal-organic com-
plexes, AIE luminogenic dyes, and hybrids with solid surfaces
or matrices. Many reports on lanthanide-organic complexes
have shown that these complexes are adequate ligands
because B-diketonates protect lanthanide ions from vibrational
coupling and increase the light absorption cross section (i.e.,
antenna effect) owing to their Lewis basic nature, proximity,
and planarity.>” Through coupling with functional groups, the
molecular design of p-diketonates has improved luminescence
efficiency and sensitivity toward target molecules.®'> Boron
(or difluoroboron) has been coordinated to p-diketonates as a
pinning substituent to restrict intramolecular rotational
motion, which resulted in good AIE characteristics."* >
However, the performance of hydrolysis to eliminate difluoro-
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boron deactivates except for coupling with poly(lactic acid) in
water."® Although fluoroboron-free p-diketonate (dinaphthoyl-
methane f-diketonate) itself exhibits the AIE phenomena,*"*?
luminophores, which are emissive under moderate packing,
become dark in a dense face-to-face packing structure owing to
aggregation-caused quenching or concentration quenching.*!

Fluoroboron-free f-diketonates that are sensitive to chemi-
cal environments have been dispersed in lanthanide-doped
sol-gel glasses,?™>* periodic porous silica-based materials,*
multi-walled carbon nanofibers,”® and polymers.>®>” The
optical transparency in ultraviolet (UV) and visible light range
is advantageous for evaluating the optical properties of dyes
and for applying them to the fabrication of photochemical,
optical, and bioimaging materials. We are interested in enhan-
cing emission using a specific interaction with optically trans-
parent solid surfaces for organizing p-diketones in a controlled
manner (e.g., location, orientation, and packing). The electro-
static interactions of negatively charged layered silicate were
used to direct molecular organization.>® Hydrothermally syn-
thesized layered silicate (Sumecton SA, synthetic saponite, a
smectite group of layered clay minerals) was used; an ultrathin
(1.0 nm) crystalline silicate layer was superimposed by
hydrated exchangeable cations, which compensate for the
negatively charged silicate layers. Cation-exchangeable layered
silicates (mainly smectites) have been intensely investigated
for the organization of various cationic dyes for photochemical
and optical functional hybrid applications.>*** Owing to
strong dye-layered silicate interactions, several cationic species
were tightly immobilized with the planar conformation in
interlayer spaces.****” The restriction of molecular motion
has resulted in the appearance of strong emission even at
ambient temperature (S-FIE).> In other cationic dye-silicate
systems, the isolation of proximal dyes has been effective in
avoiding concentration quenching by the co-insertion of
photo-inactive species in interlayer spaces.>*™**

Here, we report the enhanced emission of a cationic fluoro-
boron-free B-diketonate, which occurs by tight binding and
molecular isolation with the aid of electrostatic dye-silicate
interactions. Quaternary pyridyl-p-diketonate (BDKPy'Br~;
Scheme 1) employed in this study compensates part of the per-
manent negative charge in layered silicate via cation-exchange
reactions. Another part of the negative charge will be compen-
sated by photo-inactive cations (e.g., tetramethylammonium
and benzylammonium) for the adjusted packing of the
BDKPy' luminogen. A water-soluble polymer, poly(vinylpyrroli-
done), will be forced to surround BDKPy' in close contact in
sterically limited interlayer spaces; otherwise, the expansion of
the interlamellar space will result in a release from tight

OH

Scheme 1 Molecular structure of BDKPy*Br~.
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binding by the large quantities of intercalated poly(vinylpyrro-
lidone). We will discuss emission efficiency in relation to the
interlayer expansion of layered silicate (Sumecton SA) and the
packing density of BDKPy".

2. Experimental

Reagents and materials

Sodium hydride (NaH, M,, = 24.00 ¢ mol™", Fuji Film Wako
Pure Chemical Ind., Ltd), 4"-methoxyacetophenone (CoH;,0,,
M,, =150.18 g mol ™', Tokyo Chemical Industry Co., Ltd), ethyl
isonicotinate (CgHoNO,, M,, = 151.17 g mol ™", Tokyo Chemical
Industry Co., Ltd), 2-bromoethanol (C,HsBrO, M,, = 124.97 g
mol™!, Tokyo Chemical Industry Co., Ltd), sodium sulfate
(Na,S0,, M,, = 142.04 g mol ™', Fuji Film Wako Pure Chemical
Ind., Ltd), ethyl acetate (C4HgO,, M,, = 88.11 ¢ mol™", Kanto
Chemical Co. Inc.), toluene (dehydrated, Fuji Film Wako Pure
Chemical Ind., Ltd), and tetrahydrofuran (THF, dehydrated,
stabilizer free, Kanto Chemical Co. Inc.) were used without
further purification. Layered silicate (Sumecton SA, JCSS-3501;
hereafter abbreviated as SA; (Nag40Cag.14)" [(Mgs.0,Al0 03)
(Siy.20Alg.50)020(OH),4]*””~, supplied by Kunimine Ind. Co.,
Ltd) is a synthetic saponite, which is the reference clay sample
of the Clay Science Society of Japan. The ¢ potential of pristine
SA is negative in the higher pH region (4 to 9), indicating that
a permanent charge is dominant on the surfaces.*? The cation-
exchange capacity (CEC) of SA is 0.71 mEq g™ " of clay. Ethanol
(99.5%), tetramethylammonium chloride (abbreviated as
TMA'CI7), and poly(vinylpyrrolidone) (abbreviated as PVP)
were purchased from Fuji Film Wako Pure Chemical Ind., Ltd.
Benzylamine hydrochloride (abbreviated as BA-HCI) was pur-
chased from Merck Schuchardt OHG (Germany). These
materials were used as received.

Synthesis of 1-(4-methoxyphenyl)-3-(3-hydroxyethyl-pyridinium
bromide)-1,3-propandione (BDKPy'Br~) by Claisen
condensation*?

Sodium hydride (0.51 g, 20 mmol) was added to the solution
of ethyl isonicotinate (0.61 g, 4 mmol) and 4-methoxyaceto-
phenone (0.15 g, 11 mmol) dissolved in dry THF (10 mL), fol-
lowed by refluxing for 6 h at 339 K. After the Claisen conden-
sation reaction, as shown in Scheme 2, the reaction was
quenched by cooling to room temperature using 20 mL of a
saturated NaHCO; aqueous solution; the solvent was evapor-
ated under reduced pressure. The product dissolved in ethyl
acetate was washed with brine and dried over anhydrous
sodium sulfate. After the insoluble fraction in the organic
phase was separated by filtration, crystallization from the

Tetrahydrofuran
Y o + _erehyeorEn N
‘ y Reflux for ‘ /
N o 6hat393K N o
BDK

Scheme 2 Synthesis of BDK via the Claisen condensation reaction.
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Scheme 3 Synthesis of BDKPy*Br~ via the quaternization of BDK.

resulting organic supernatant was performed by evaporation
under reduced pressure, which produced a crystallized powder
of 1-(4-methoxyphenyl)-3-( pyridine-3-yl)-propane-1,3-dione
(abbreviated as BDK).

The quaternization of BDK (Scheme 3) was conducted by
refluxing a mixture of 2-bromoethanol (0.26 g, 2 mmol) with
BDK (0.26 g, 1 mmol) dissolved in 10 mL of dry toluene at
383 K for 24 h. After cooling to room temperature, the filtered
solid was washed with toluene to remove unreacted BDK and
2-bromoethanol to obtain BDKPy'Br~ as a powder (0.34 g,
0.89 mmol) in 90% yield. The structure of BDKPy Br~ was ana-
lyzed by "H nuclear magnetic resonance (NMR; see the ESI,
Fig. S11) and mass spectrometry (MS; Fig. S21). 'H NMR
(400 MHz, DMSO-dg): 9.70 (s, 1H, Py H), 9.25 (d, J = 8.3 Hz,
1H, Py H), 9.17 (d, J = 6.0 Hz, 1H, Py H), 8.35 (dd, J = 8.1 and
6.1 Hz, 1H, Py H), 8.25 (d, J = 8.9 Hz, 2H, Ar H), 7.55 (s, 1H,
enol CH), 7.17 (d, J = 8.9 Hz, 2H, Ar H), 5.28 (t, 1H, OH), 4.80
(t, 2H, Ar H), 3.94 (t, 2H, Ar H), and 3.90 (s, 3H, ~-OCH,).** MS
(m/z): [M + H]' caled for Cy;HoNO,4", 301.13; determined,
301.20.

Cation-exchange reactions of SA with BDKPy"

After the dissolution of BDKPy'Br~ in a mixed solvent of water
and ethanol (9:1 in volume), 0.1 g of SA was allowed to react
under magnetic stirring at room temperature for 24 h. The
resulting solid was recovered by filtration (Omnipore 0.1 pm
polytetrafluoroethylene membrane) and dried at room temp-
erature. Hereafter, dried solids are designated as BDKPy'-Sn (n
= 0.05, 0.1, 0.2, 0.3, 0.5, and 1), in which the amount of
BDKPy'Br~ added to the solution was 0.05, 0.1, 0.2, 0.3, and
0.5 times the CEC of SA, respectively, in addition to the
amount equivalent to CEC. The volume of solvent varied in the
range of 5.9 mL to 118 mL, whereas the concentration of the
BDKPy 'Br~ solution remained constant (6.0 mM). The amount
of adsorbed BDKPy'Br~ on SA was determined from the
change in the concentration of the supernatant before and
after adsorption using a visible absorption spectrophotometer
(Aabs = 365 nm).

Co-adsorption of photo-inactive species

After 0.1 g of SA was mixed with a 6.0 mM BDKPy'Br~ solution
(11.8 mL; the amount of included BDKPy'Br~ was equivalent
to 0.1 CEC) under magnetic stirring at room temperature, PVP
was immediately added to the mixture and allowed to react for
24 h. The amount of added PVP varied from 1 mg to 100 mg
relative to that (0.1 g) of SA. The resulting solid was collected
using filtration and subsequent drying at room temperature.
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Hereafter, dried solids are designated as BDKPy'-S0.1-PVPm (m
= 0.01, 0.10, 0.15, 0.25, 0.5, and 1.0) according to the mass
ratio of PVP to SA.

Instead of PVP, cationic species (TMA'CI™ and BA-HCI)
were also used by changing the amount toward that of pre-
adsorbed BDKPy' on SA. Particularly, a mixture was prepared,
which contained 0.1 g of SA and a 6.0 mM BDKPy'Br~ solution
with an appropriate volume (in the range of 11.8-59.0 mL, in
which the amount of included BDKPy'Br~ was in the range of
0.1-0.5 CEC, respectively), and then TMA'CI~ or BA-HCI were
added to the mixture in the range of 0.1-0.5 CEC. After mag-
netic stirring at room temperature for 24 h, centrifugation and
the subsequent drying of the precipitate at room temperature
produced powder samples. Dried solids are designated as
BDKPy'-Sn-TMAx and BDKPy'-Sn-BAx (n and x = 0.1, 0.2, 0.3,
0.4, and 0.5).

Equipment

'H NMR (400 MHz) spectra were recorded using a JEOL
JNM-EX400 spectrometer in deuterated dimethyl sulfoxide
(DMSO). Mass spectra were recorded using a Bruker Autoflex
Speed spectrometer. UV-Vis spectra were recorded on a
Shimadzu UV-2450PC spectrophotometer. Steady-state fluo-
rescence spectra were recorded using a Shimadzu RF-5300PC
fluorescence spectrophotometer. Quantum yield measure-
ments (solid state and solution) were performed using a
Hamamatsu photonics C9920-02 instrument. XRD patterns
were obtained using a Rigaku RINT 2200 V/PC diffractometer
(monochromatic Cu Ka radiation) operated at 20 mA and 40
kv. Fluorescence decay profiles were measured using the time-
correlated single-photon counting (TCSPC) technique. A pico-
second light pulse with the wavelength of 375 nm (LDB-160C,
Tama Electric Inc.) was used as the excitation light source.
Fluorescence from samples was passed through a visible band-
pass filter (center wavelength of 500 + 2 nm, FWHM = 10 +
2 nm, FB500-10, Thorlabs) and detected with an avalanche
photodiode (SPD-050-CTE, Micro Photon Device). TCSPC
traces were recorded with a counting board (SPC-130, Becker &
Hickl GmbH).

3. Results and discussion
Cation-exchange reactions of SA with BDKPy Br~

The adsorbed amount of BDKPy' on SA from an aqueous solu-
tion is summarized in Table 1. Owing to strong electrostatic
interactions between BDKPy' and anionic silicate layers of SA,
all BDKPy' applied to SA adsorbed on SA within the CEC
(0.71 mEq g~' SA). The XRD patterns of the resulting solids
(BDKPy'-Sn) are shown on the left side of Fig. 1 together with
that of pristine SA. A poor crystallinity of SA yielded to a low
intensity of diffraction. The expansion of the interlayer space
of SA by BDKPy" (intercalation) was confirmed by the shifting
of the (001) diffraction peak to a lower 20 region with an
increase in the amount of BDKPy'. The basal spacing of pris-
tine SA (1.23 nm) slightly increased to the values listed in
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Table 1 List of the adsorbed amount of BDKPy* on SA, basal spacing, and optical properties

Adsorbed amount [mEq g~'] Basal spacing [nm] Aem” [nmM] Quantum yield® [%]
Solution — — n.d.? 0 4
BDKPy*-50.05 0.035 1.32 491 38 (—)
BDKPy'-S0.1 0.070 1.33 495 40 (47)
BDKPy*-50.2 0.14 1.33 492 32 (50)
BDKPy*-50.3 0.21 1.35 492 19 (47)
BDKPy*-50.5 0.35 1.36 499 (7 4)
BDKPy'-S1 0.68 1.39 500 A4 (—)

“ Photoluminescence maximum (excited at 365 nm). ” The luminescence was extremely weak.

“Measured as powder for intercalation compounds;

the value in parentheses designates a dispersion in a water/ethanol mixture of 9:1 = v/v.

4(001) = 1.23 nm BDKPy'-Sn
#=0.05
/ \ n=0.1
\ n=0.2
n=03
\ n=0.5

\\ P

ristine SA

Intensity (a.u.)

d(001) = 1.39 nm

Normalized PL Intensity (a.u.)

4 5 6 7 8 9 10 400 450 500 550 600 650 700
20 /degree (Cu Ka) Wavelength /nm

Fig. 1 XRD patterns of BDKPy*-Sn and pristine SA (left), and the nor-
malized photoluminescence (lex, = 365 nm) spectra of BDKPy*-Sn
(right).

Table 1 and finally to 1.39 nm for the BDKPy'-S1 sample. The
interlayer space determined by subtracting the thickness of
silicate layer (0.96 nm) from the observed basal spacing was
0.4 nm. This value was in agreement with the size of methyl-
ene groups, which indicated the monomolecular coverage of
adsorbed BDKPy' with their molecular plane parallel to the
silicate layer.

A transparent supported film was obtained by depositing
the dispersion (BDKPy'-S0.1) on a quartz substrate, as shown
in Fig. 2. The absorption band maximum (at 380 nm) in the
spectrum was located in the longer wavelength region com-
pared with that of the dilute solution (0.03 mM) of BDKPy'Br~
(at 365 nm). Owing to its large dipole in the ground state, the
position of the maximum in solution shifted to a longer wave-
length with a decrease in solvent polarity (the absorption
spectra in water, methanol, acetonitrile, tetrahydrofuran, and
chloroform are shown in the ESI, Fig. S31) and was in the
range of 365-385 nm. In addition, a variation in solvent
polarity affected the absorption maximum for interlayer
BDKPy' in SA silicate layers, which was in the range of
370-400 nm (the absorption spectra of BDKPy'-S0.1 in various
solvents are shown in the ESI, Fig. S4t). Thus, the bathochro-
mic shift observed for BDKPy'-S0.1 was presumably attributed
to a change in the 7 orbital of BDKPy' by approaching the
negatively charged oxygen 6-membering ring of the siloxane
surface of SA in the ground state. Regardless of the variation
in the adsorbed amount of BDKPy", the position of the absorp-
tion maximum did not change (Fig. S5 in the ESIf).
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Fig. 2 Absorption spectra of an aqueous solution of BDKPy"Br~
(0.03 mM; ¢ = 2.0 x 10* mol™ L cm™) and the BDKPy*-S0.1 cast film
that was prepared by depositing a dispersion on a quartz plate
(photograph).

The normalized photoluminescence spectra of BDKPy'-Sn
are shown on the right side of Fig. 1. The photoluminescence
maximum A, was located at approximately 500 nm (Table 1).
When BDKPy Br~ was dissolved in solvents (e.g., water, metha-
nol, acetonitrile, tetrahydrofuran, and chloroform), the
location of A, at approximately 500 nm did not change, irre-
spective of the solvents used (the photoluminescence spectra
are shown in the ESI, Fig. S67). This means that the dipole in
solutions became small in the excited state. As shown in
Fig. 3, a strong bluish-green emission emerged immediately
after the immersion of the SA powder into the solution of
BDKPy'Br~ under UV light irradiation; whereas negligible
emission was observed for the water/ethanol (9:1) solution
(the photoluminescence spectrum is shown in the ESI,
Fig. S71). The enhanced emission induced by SA was rep-
resented by the fluorescence quantum yield (¢¢) in the solid
state (in the range of 0.044-0.40), which was considerably
different from that (<0.01) for BDKPy'Br~ in solution (Table 1).
The ¢; value saturated when the amount of adsorbed BDKPy"
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Fig. 3 Photograph of a 0.6 mM solution of BDKPy*Br~ (left) and the
mixture with SA (right).

was 0.070 mmol g~' (BDKPy'-S0.1), whereas concentration
quenching occurred at the high loading of BDKPy' on SA,
which resulted in a decrease in ¢ The result of equivalent ¢¢
(0.47 for BDKPy'-S0.1) to the powder sample (¢ = 0.40)
showed that solvent molecules in the dispersion did not cause
quenching of the excited state. The time-resolved fluorescence
spectrum measurement of BDKPy'-S0.1 in solution afforded a
decay curve that could be fitted to a single exponential decay
(the excitation lifetime 7y was determined to be 2.2 ns in ey, =
500 + 2 nm).

High luminescence efficiency indicates restricted intra-
molecular motion (e.g., rotation and vibration), which can be
dictated by a non-radiative deactivation rate constant for fluo-
rescence (k) given by ¢ (0.47) and z¢ (2.2 ns), according to
eqn (1).*

kor = (1 — ¢¢) /¢ (1)
The calculated k,, value was 0.23 x 10° s™'. This value
should be smaller, considering the smaller ¢¢ value of 0.0040
in the solution (the excitation lifetime was not measured
owing to extremely weak emission). The crucial role of
nanosheets in dye binding has been demonstrated as “surface-
fixation induced emission (S-FIE)”,* as has been proposed by
Takagi et al. They have reported emission enhancement of
various cations by SA nanosheets on the basis of the k,, value
and ¢ ratio with/without SA (Table 2). The suppression of
non-radiative deactivation has been explained in terms of the

Photochemical & Photobiological Sciences

restriction of vibrational motion using a planar dye on flat sili-
cates without aggregation.*3%3”

Table 2 summarizes the photoluminescence efficiency for
the BDKPy' system on the basis of the k,, value and ¢y ratio
with/without SA. Because these values are comparable to those
reported for polyvalent cation systems, the silicate layers of SA
also participate in suppressing the intramolecular vibrational
motion of BDKPy", which was confined in narrow two-dimen-
sional nanospaces (the interlayer distance of 0.4 nm) in dis-
persion. However, as described above, a dense packing (n >
0.2) resulted in the degradation of luminescence efficiency
(¢p¢). The threshold of packing density presumably allowed to
enhance emission, according to the literature on primary pyri-
dinium diketonate-incorporated layered silicate (SA).®

Co-adsorption of photo-inactive species

We focused on the basal spacing (interlayer space) and
packing density of BDKPy" in SA. First, we will discuss the
effect of the interlayer space (distance) on luminescence
efficiency; therefore, the co-adsorption of a water-soluble
polymer (PVP)*° was employed to consider the interlayer
expansion. We prepared samples, which included BDKPy' in
an amount that was equivalent to that of the PVP-free sample
(BDKPy'-S0.1). Table 3 shows the basal spacing of the powder
products and the photochemical properties (Aem, 75, ¢, kt, and
knr) of their dispersions. A gradual increase in the basal
spacing is indicative of the intercalation in response to the
applied amount of PVP. When the amount of PVP was
increased up to 0.25 versus 1 g of SA, the fluorescence
quantum yield ¢ was approximately 50%. The intramolecular
motion is also restricted when the PVP amount is less than
0.25, judging from the comparable values of k,, to that of the
PVP-free sample (0.23). However, above 0.5 g of PVP, the
quantum yield ¢¢ dropped, and the &, value increased. Fig. 4
shows the relationship between the interlayer space with the
fluorescence quantum yield ¢y (Fig. 4a) and the non-radiative
deactivation rate constant k,, for fluorescence (Fig. 4b).
Considering an increase in the interlayer distance from
1.05 nm to 1.88 nm (an increase in the basal spacing from
2.01 nm to 2.84 nm), the restricted intramolecular motion will
be relaxed by the interlayer expansion. A spectral blue shift in

Table 2 Comparison of photoluminescence efficiency enhanced by SA depending on adsorbed cations

Surface density of cation®

¢¢ ratio on SA/in

Cations State [¥107> nm™?] kor [¥10° 5] solution Ref.
BDKPy' (10% CEC) Dispersion in water/EtOH (90%) 0.23 1.2 x 10° This study
BDKPy' (10% CEC) + 0.15 g PVP per g Dispersion in water/EtOH (90%) 0.15 1.3 x 107 This study
BDKPy' (50% CEC) + TMA (50% CEC) Dispersion in water/EtOH (90%) 30 0.35 83 This study
BDK' (primary) Powder” 10 1.0 1x10° 28
Porphyrazine®* Dispersion in water 0.1 0.24 (stacked) 19 4

0.90 (exfoliated) 10
Boron subporphyrin®* Dispersion in water 0.06 0.04 1.3 37
p-Substituted triphenylbenzene®* Dispersion in water 0.19 5.5 36

“Calculated by dividing the amount of cations on SA by the ideal surface area of SA (690 m> g™'), when measuring the excitation lifetime.

b Dispersion in water was non-emissive.
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Table 3 List of basal spacing (interlayer distance) and optical properties in the presence of PVP

Basal spacing [nm] Jem * [nm)] oe” [%] 7¢” [ns] kor [ns™1] k€ [ns™"]
BDKPy*-S0.1 1.33 (0.37) 495 47 2.2 0.23 0.21
BDKPytSO.l-PVP0.0l 1.34 (0.38) 495 52 2.9 0.17 0.18
BDKPy*-S0.1-PVP0.10 1.52 (0.56) 495 50 2.9 0.17 0.17
BDI(Py+—SO.1—PVPO.15 1.63 (0.67) 495 53 3.1 0.15 0.17
BDKPy+—SO.1—PVPO.25 2.01 (1.05) 495 49 2.2 0.23 0.22
BDKPytSO.l-PVPO.SO 2.57 (1.61) 485 32 2.4 0.29 0.13
BDKPy'-S0.1-PVP1.0 2.84 (1.88) 485 18 2.7 0.30 0.066
BDI(Py+—SO.1—TMAO.1 1.33 (0.37) 487 57 2.5 0.17 0.23
BDKPy+—SO.1—BAO.1 1.36 (0.40) 485 59 3.3 0.12 0.18
BDKPytSO.Z 1.33 (0.37) 492 50 3.1 0.16 0.16
BDKPy*-S0.2-TMA0.2 1.40 (0.44) 486 48 3.0 0.17 0.23
BDI(Py+—SO.2—BAO.2 1.32 (0.36) 485 43 3.0 0.19 0.14
BDKPy*-50.3 1.35 (0.39) 492 47 3.1 0.17 0.15
BDI(Py+-SO.3-TMAO.3 1.36 (0.40) 486 37 2.1 0.29 0.17
BDKPy'-S0.3-BA0.3 1.35 (0.39) 485, 540 29 2.8 0.26 0.10
BDI(Py+—SO.5 1.36 (0.40) 499 7.4 1.7 0.56 0.028
BDKPy'-S0.5-TMAO.5 1.38 (0.42) 488 33 1.9 0.35 0.17
BDKPytSO.S-BAO.S 1.35(0.39) 485, 540 14 2.1 0.41 0.066

“ Photoluminescence maximum (excited at 365 nm). ” Measured as a dispersion in a water/ethanol mixture of 9: 1 = v/v, and all decay curves can
be analysed as a single exponential decay. “ Radiative deactivation rate constant for fluorescence kg, according to eqn k¢ = (1/7¢) — ko

the absorption spectra (Fig. S8 in ESIf) is attributed to the
environmental change of BDKPy' surrounded by intercalated
PVP.

Conversely, some photo-inactive cations (TMA® and BA")
were examined for co-adsorption because these cations are
expected to be suitable to preserve a narrow interlayer distance
for the tight binding of BDKPy'. When TMA" or BA" was co-
adsorbed, each product included BDKPy' as an equivalent
amount in BDKPy'-Sn samples, as confirmed by UV-vis ana-
lyses. The basal spacings were approximately 1.4 nm for
BDKPy'-Sn-TMAx and BDKPy'-Sn-BAx (x = 0.1, 0.2, 0.3, and
0.5), which corresponded to the interlayer distance/space of
0.4 nm (Table 3). Plots were added in Fig. 4 to show the
relationship of the interlayer space with ¢¢ (Fig. 4a) and with
ko (Fig. 4b). The ¢¢ value became high and saturated at
approximately 60% when the amount of adsorbed BDKPy" was
0.070 mmol g~' (BDKPy'-S0.1-TMA0.1 and -BA0.1). The co-
adsorption of BA" enhanced concentration quenching owing
to the remarkable diminishing ¢¢ and k¢ with an increase in
the loaded amounts of BDKPy' and BA'. In addition, a new
band in the normalized photoluminescence spectrum
appeared at 540 nm (Fig. 5a), which indicated the aggregation
of BDKPy' on SA, which was similar to an intraparticle phase
separation in the nanospace between BDKPy' and BA'
(Scheme 4a). However, TMA" cations were determined to con-
tribute to the reduction of concentration quenching because
¢¢ (33%) of BDKPy'-S0.5-TMAO0.5 was much higher than that
(7.4%) without TMA". A lack of emission owing to BDKPy"
aggregates (lem = 540 nm) was illustrated by the normalized
photoluminescence spectra (Fig. 5b). Therefore, the molecular
isolation of proximal BDKPy' can be achieved by the co-inser-
tion of TMA" in the interlayer space (Scheme 4b).

The higher loading of luminogens is important for produ-
cing highly emissive solids for various applications. Table 2
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Fig. 4 Relationship between the interlayer space with (a) fluorescence
quantum yield ¢¢ and (b) non-radiative deactivation rate constant k,, for
fluorescence.

summarizes the relationship between photoluminescence
efficiency and surface density of luminogenic cations. Cation-
exchangeable layered silicates, including smectites, are useful
supports for cationic luminogens owing to the large CEC.
However, in general, limited control of adsorbed luminogenic
cations was frequently observed owing to their aggregation;
thus, molecular design was utilized. The reported polyvalent
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Scheme 4 Schematic drawing of the possible interlayer structures of
(a) BDKPy*-S0.5-BA-0.5 and (b) BDKPy*-S0.5-TMA-0.5.

cationic dyes shown in Table 2 are good examples of how to
prevent aggregation to exhibit the “S-FIE” phenomenon®~>®?”
when positive charges on cationic dyes geometrically match a
negative layer charge on layered silicate.®’ Although the
described BDKPY is a monovalent cation that tends to produce
dense packing, concentration quenching can be prevented by
the co-adsorption of a small aliphatic cation, TMA. The
intercalation of TMA has been frequently used as a pillaring
agent to produce microporous solids with pore sizes of
approximately 0.5 nm.**?%*>~ It can be observed that the co-
adsorption of cations is an artificial energy transfer system
with a controlled spatial distribution of energy donors/
acceptors.

1286 | Photochem. Photobiol. Sci, 2020, 19, 1280-1288
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4. Conclusions

Layered silicate (SA) was determined to be an excellent support
for quaternary pyridyl-p-diketonate (BDKPy') to achieve
enhanced emission. This is achieved by avoiding concentration
quenching and by suppressing the intramolecular motion in
the interlayer space with the aid of electrostatic dye-silicate
interactions. The restriction of intramolecular motion of
BDKPy' was confirmed by a smaller non-radiative deactivation
rate constant k,, for green fluorescence with a quantum yield
¢r and fluorescence lifetime z¢. Basal spacing (interlayer space)
was responsible for the restricted motion. With an increase in
the interlayer space above 1.0 nm by co-adsorbing PVP, the
quantum yield ¢; decreased, and the non-radiative de-
activation rate constant k. eventually increased. When the
loaded amount of BDKPy" was varied, the quantum yield ¢
saturated at 10% CEC (an adsorbed BDKPy' amount of
0.07 mmol g~* of SA). This was indicative of the moderate dis-
tance between adjacent BDKPy' cations. The co-adsorption of
photo-inactive TMA" cations was determined to be effective for
avoiding concentration quenching because a higher quantum
yield ¢ (33%) was obtained compared to that in the absence
of TMA" (7.4%) even at the higher loading level of BDKPy':
0.35 mmol g~ of SA, 0.3 nm™ of (SA). The interlayer space
was maintained within 0.4 nm, which suppressed the intra-
molecular motion of BDKPy' by binding silicate layers.

The high loading (dense packing) of luminophores is
advantageous for light emitting applications and photo-
induced energy transfer reactions (e.g., light harvesting). Upon
the deactivation of the excited energy of a luminophore by a
proximal energy acceptor, the spatial distribution of donors
and acceptors should be important for light harvesting
systems.*® If the photo-inactive species described in this study
are replaced with an appropriate energy acceptor, the obtained
results suggest ways of creating efficient artificial energy trans-
fer systems, in which the luminescence efficiency depends on
the selected adsorbed species.
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