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Abstract

The photophysical behaviors of benzimidazolium derivative [4-(1,3-dimethylbenzimidazol-3-imu-2-yl)-N, N-diphenylaniline
(2-(4-(diphenylamino)phenyl)-1,3-dimethyl- 1 H-benzo[d]imidazol-3-ium)] (BID) in water, organic solvents and on synthetic
saponite were investigated. The fluorescence quantum yield (@;) of BID was 0.91 on the saponite surface under the optimal
condition, while that in water was 0.010. Such fluorescence enhancement on the inorganic surface is called “surface-fixation
induced emission (S-FIE)”. This fluorescence enhancement ratio for BID is significantly high compared to that of conven-
tional S-FIE active dyes. From the values of @; and the excited lifetime, the non-radiative deactivation rate constant (k)
and radiative deactivation rate constant (k;) of BID on the saponite surface and in water were determined. Results showed
that the factors for fluorescence enhancement were both the increase of k; and the decrease of k. on the saponite surface;
especially, k,. decreased by more than two orders due to the effect of nanosheets.

Graphic abstract
The fluorescence quantum yield increased approximately 90 times by the addition of clay.

o
~

Ex. 347 nm BID Q

with cla <)~
(20% vs CEC) y ©:N\ o b

in water
(w/o clay) /

o

o
3]

o
o

500 600 700 800
Wavelength / nm

Fluorescence intensity / a.u.
A
8

P4 Eietsu Hasegawa Department of Chemistry, School of Science, Tokyo Institute
ehase @chem.sc.niigata-u.ac.jp of Technology, 2-12-1-NE-2 Ookayama, Meguro-Ku,

54 Shinsuke Takagi Tokyo 152-8550, Japan

takagi-shinsuke @tmu.ac.jp Research Center for Hydrogen Energy-Based Society
(ReHES), Tokyo Metropolitan University, 1-1
Department of Applied Chemistry for Environment, Minami-Ohsawa, Hachiohji-Shi, Tokyo 192-0397, Japan
Graduate School of Urban Environmental Sciences, Tokyo 4
Metropolitan University, 1-1 Minami-Ohsawa, Hachioji-Shi,

Tokyo 192-0397, Japan

Department of Chemistry, Faculty of Science, Niigata
University, Niigata 950-2181, Japan

Published online: 28 April 2024 @ Springer


http://orcid.org/0000-0001-7013-4942
http://crossmark.crossref.org/dialog/?doi=10.1007/s43630-024-00576-9&domain=pdf

Photochemical & Photobiological Sciences

Tetrahedral
Layer

Octahedral
Layer

Tetrahedral
Layer

Fig.1 The unit structure of synthetic saponite. The properties are
described in “Experimental section”

1 Introduction

Layered materials are widely used for photoenergy con-
version [1-4], drug delivery systems [5], and so on. They
possess quite flat two-dimensional surfaces, where a
variety of molecules and ions could be adsorbed through
electrostatic and hydrophobic interactions [6, 7]. Further-
more, the photochemical behavior of molecules could be
affected by the complex formation with layered materials
[8-30]. Among the layered materials, synthetic saponite
type of clay minerals (Fig. 1) are frequently used as host
materials, because they possess appropriate anionic charge
density in the structure for exfoliation in water [31]. When
saponite nanosheets exfoliate in water, the available
surface area increases, and the solution is substantially
transparent; thus, they are fascinating materials from a
viewpoint of surface and photochemistry [32]. Our group
has reported the unique photophysical properties of the
hybrids composed of saponite and cationic dyes such as
porphyrins, sub-porphyrins, and triphenyl benzene dyes
[33-35]. By using size-matching effect [36, 37], it was
reported that high-density adsorption assembly of dyes
without an aggregation on the clay surface that can be
available for the construction of artificial photosynthesis
systems [38—40] was attained. In addition, by the adsorp-
tion on saponite, the emission enhancement behavior of
molecules on the clay surface compared with that in bulk
water was found out. Such emission enhancement behavior
is called surface-fixation induced emission (S-FIE) [35,
41-45]. As an emission enhancement behavior, aggrega-
tion-induced emission (AIE) has been widely investigated
[46-50]. Compared to AIE, S-FIE has some advantages:
(1) S-FIE does not need organic solvents, (2) it is easy to
know whether emission enhancement of molecule will be
induced or not, and (3) the emission enhancement mech-
anism is relatively clear. In addition, clay minerals are
environmentally friendly. Thus, the dye—clay composites
could be promising for the construction of photofunctional
materials.
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In this study, we focused on [4-(1,3-dimethylbenzimida-
zol-3-imu-2-yl)-N, N-diphenylaniline (2-(4-(diphenylamino)
phenyl)-1,3-dimethyl- 1H-benzo[d]imidazol-3-ium)] (BID,
Fig. 2) as a guest molecule on the clay surface. The emission
enhancing behavior and the photophysical properties of BID
on the clay surface were investigated in detail. Unique photo-
physical and redox properties of BID have been reported by
Hasegawa et al. [51]. Because BID possesses a cationic part
and aromatic rings in its molecular structure, it is expected
that BID could be adsorbed on the clay surface by electro-
static and hydrophobic interactions. When BID is adsorbed
on the clay surface, it is expected that the molecular struc-
ture becomes planar compared to that in bulk solution, and
the intramolecular motion is suppressed. Because BID pos-
sesses rotatable bonds and non-planar parts, the molecular
structure, intramolecular motion, and thus the photophysical
properties are affected by adsorption onto the clay surface.
So far, we have reported the behavior of S-FIE with por-
phyrazine, triphenylbenzene, acridinium, hemicyanine, and
phenanthridine derivatives, and so on [35, 41-45]. This is
the first report on the adsorption and emission behavior of
benzimidazolium derivatives onto saponite clay surface.
Eventually, a remarkable emission enhancement for BID was
discovered, and the mechanism for the emission enhance-
ment was discussed.

2 Experimental section
2.1 Materials

Sumecton SA (denoted as SSA) as a synthetic saponite
was received from Kunimine Industries Co., Ltd. and was
used without further purification. The stoichiometric for-
mula of SSA is [(Si; ,0Aly g0)(Mgs g7Alg 3)050(0OH), 1777
(Nag Mg, 1,)*77. The cation exchange capacity (CEC)
of the saponite is ca. 1.0 x 107 equiv. g!. The average

Fig.2 The structure of [4-(1,3-dimethylbenzimidazol-3-imu-2-yl)-
N, N-diphenylaniline (2-(4-(diphenylamino)phenyl)-1,3-dimethyl-
1H-benzo[d]imidazol-3-ium)] (BID)
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distance between the anionic points on the saponite surface
is estimated to be 1.2 nm, on the basis of the assumption
of a hexagonal array. The aqueous dispersion of saponite
nanosheet whose particle size is small (<100 nm) is sub-
stantially transparent in the UV—visible range. The synthesis
procedure of [4-(1,3-dimethylbenzimidazol-3-imu-2-yl)-N,
N-diphenylaniline (2-(4-(diphenylamino)phenyl)-1,3-dime-
thyl-1H-benzo[d]imidazol-3-ium)] (BID) (denoted as BID)
has been described in a previous paper [51] and the counter
anion was exchanged to CI™ from ClO,~ by the use of ion-
exchange resin (Organo, Amberlite Resin IRA-400).

2.2 Analysis

UV-visible absorption spectra were obtained on Shimadzu
UV-3150 spectrophotometer. Fluorescence spectra were
recorded on JASCO FP-6600 spectrofluorometer. The value
of quantum yields was measured on Hamamatsu Photonics
C13534-01 UV-NIR absolute PL quantum yield spectrom-
eter. Time-resolved fluorescence signals were measured by
Hamamatsu Photonics C4780 detector system based on a
streak camera. Nd** YAG laser was used for excitation. TG/
DTA curves were measured with a Shimadzu DTG-60H ana-
lyzer to determine the water content of SSA.

2.3 Sample preparation for the analysis
of adsorption behavior

UV-Vis absorption spectra of BID in aqueous SSA
dispersion were measured under the concentration of
BID = 10-130% vs CEC of SSA to discuss the adsorption
behavior of BID onto the clay surface. First, a total volume
3100 pL of the sample [(SSA) = 3.23 x 107 eq L ~!] was
prepared in a quartz cell (1.0 X 1.0 cm). Then, by adding to
the sample 20 L of the BID stock solution, whose concen-
tration was 1.0 X 10™* M, samples with concentration ratios
of (BID)/(SSA) = 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, and 130% vs CEC were obtained.

2.4 Sample preparation for steady-state
spectroscopic measurements.

To measure UV-Vis absorption and fluorescence spec-
tra of BID in water, organic solvents, and SSA dispersion
(20% vs CEC), sample preparation was performed to have
an absorbance of approximately 0.05 to keep the linearity
of absorbance and emission intensity. The fluorescence
spectra were corrected for the absorbed light amount at the
excitation wavelength. Typical conditions are as follows:
(BID) = 3.85 x 107 M and 2.67 x 10~® M in the water
sample and in the organic solvent samples, respectively. A
sample of BID in SSA aqueous dispersion (20% vs CEC)

was prepared in a quartz cell [(SSA) = 1.92 x 107 eq L7,
(BID) = 3.85 x 107 M].

2.5 Sample preparation for fluorescence quantum
yield measurements

The sample of BID in water or organic solvent was pre-
pared in a quartz cell and the fluorescence quantum
yield was measured. Typical conditions are as follows;
(BID) = 1.61 x 10™> M and 8.00 x 107° M in water sam-
ple and in organic solvent samples, respectively. The sam-
ple of BID in SSA aqueous dispersion (20% vs CEC) was
prepared in a quartz cell and the value of fluorescence
quantum yield measured [(SSA) = 1.92 x 107 eq L7/,
(BID) = 3.85 x 107® M]. The value of fluorescence quan-
tum yield for BID was determined by the absolute method
using Hamamatsu Photonics C13534-01 UV-NIR absolute
PL quantum yield spectrometer.

2.6 Sample preparation for time-resolved
spectroscopic measurements

A sample of BID in water or organic solvent was prepared
in a quartz cell and the excited-state lifetime was measured.
Typical conditions are as follows: (BID) = 1.61 x 107> M
and 8.00 x 107 M in water sample and in organic solvent
samples, respectively. A sample of BID in SSA aqueous
dispersion (20% vs CEC) was prepared in a quartz cell and
the excited lifetime was measured [(SSA) = 1.85 x 107> eq
L~!, (BID) = 3.70 x 10~ M] by a C4780 picosecond fluo-
rescence lifetime measurement system (Hamamatsu Pho-
tonics). Nd** YAG laser (EKSPLA PL2210JE + PG-432,
fwhm 25 ps, 1 kHz) was used for excitation. The excitation
wavelength was 355 nm. The fluorescence lifetimes were
calculated by deconvoluting the excitation pulse in each
measurement range.

3 Results and discussion

3.1 Absorption behavior of BID in water
and on the clay surface

The adsorption behavior of BID onto the clay surface was
observed by UV-Vis absorption measurements. The absorp-
tion spectra of BID without and with SSA in aqueous solu-
tion are shown in Fig. 3. As described later, BID molecule
does not form aggregates on the SSA surface under the pre-
sent conditions.

The 4,,,, of BID was shifted to longer wavelength by the
adsorption on SSA compared to that in water. Such shift
of 1,,,« has been reported for an adsorbed molecule on the
clay surface [10, 11, 13, 21, 29, 31]. This phenomenon is
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Fig.3 UV-Vis absorption spectra of BID a without and b with
SSA in aqueous solution. a (BID) = 9.80 X 107® M in water and b
(BID) = 3.30 x 107 M (=30% vs CEC) and (SSA) = 1.10 x 10~
equiv. L™! in water. The maxima wavelength of absorption A/
nm (extinction coefficient, log ¢, ) and the value of integral of the
extinction coefficient fs dv [22,222-40,000 cm™" (250450 nm)] are
shown in Fig. 3.

proposed to be caused by the expansion of the n-conjugated
system due to the adsorption of dye molecules onto the
atomically flat clay surface [52-54]. Because BID pos-
sesses rotatable aromatic parts in the molecule, the 4.,
shift of BID could be rationalized along with the previously
proposed mechanism. In addition, the integral of extinc-
tion coefficient [250—-450 nm (22,222-40,000 cm™ )] of
BID was increased by 1.2 times by the adsorption onto the
SSA surface. This phenomenon indicates that the transition
probability of BID was increased by the adsorption onto the
SSA surface. The increase in transition probability could be
induced by an increase in the Franck—Condon factor result-
ing from the similarization in molecular structures between
the ground and excited states. The details will be discussed
later.

3.2 Adsorption behavior of BID on the clay surface

The absorption spectra of BID on the SSA surface, where
the loading level of BID is 20-130% vs CEC of the clay, are
shown in Fig. 4.

Judging from the normalized spectra (Figure S1), the
absorption spectral shape is same under the loading level
of 20-40% vs CEC. This indicates that all BID molecule
was adsorbed on the SSA surface, and there was no inter-
action between the transition dipole moments of BID
under the conditions. In other word, BID does not form
aggregates below 40% adsorption vs CEC. Above 40%
loadings, as the loading level of BID increased, the spec-
trum was shifted to shorter wavelength. The spectrum of
non-adsorbed BID was superimposed above 40% loadings.
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Fig.4 UV-Vis absorption spectra of BID on clay for 20, 30, 40,
50, 60, 70, 80, 90, 100, 110, 120, and 130% vs CEC in aqueous
solution. (BID) = 0.64-3.87 x 10™> M (=20-130% vs CEC) and
(SSA) =2.98-3.23 x 107 equiv. L~ in water

All absorption spectrum in Fig. 4 can be expressed by the
linear combination of the spectrum of adsorbed and non-
adsorbed BID as shown in Figure. S2. By this fitting pro-
cedure, the adsorption amount of BID was determined for
each loading level. The adsorption behavior was analyzed
according to Langmuir isotherm. The adsorption equilib-
rium can be expressed by Eqs. 1 and 2.

BID + SSA = BID - SSA complex, (1)
qg _ KC
Gnen | THKC @

where ¢ is the adsorption amount (pmol g™'), g,... is the
maximum adsorption amount, C (M) is (BID) in bulk
aqueous solution, and K (MY is the equilibrium constant
between BID and SSA.

Langmuir adsorption isotherm plot is shown in Fig. 5.
The plots were well fitted with Eq. 2 as can be seen in the
figure. This indicates that the present system fulfills the
assumption that (1) the adsorption is a monolayer at the
surface; (2) there is no interaction between molecules on
different sites; (3) the adsorption is equal for all sites. By
the Langmuir analysis, q,,,, and K were determined to be
61% vs CEC and 1.9 x 10° M~, respectively. It is known
that multi-cationic molecules that fulfill the size-matching
rule do not form aggregates on the SSA surface [33-40].
On the other hand, mono-cationic molecules tend to form
aggregates [37], and thus the non-aggregation behavior
of BID on the SSA surface is a unique phenomenon. It is
assumed that bulky non-planar molecular structure of BID
could suppress the formation of aggregates. Because the
formation of aggregates makes the photophysical behav-
ior complicated, the adsorption behavior of BID without
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Fig.5 Langmuir isotherm plot (plot of the adsorption amount
of BID on the clay with respect to the equilibrium concentration
of BID), (BID) = 0.64-3.87 x 107> M (=20-130% vs CEC) and
(SSA) =2.98-3.23 x 107 equiv. L™! in water

aggregation is beneficial from the viewpoint of photo-
physical analysis.

3.3 Fluorescence behavior of BID in water
and on the clay surface

The fluorescence behavior of BID on the SSA surface was
analyzed by steady-state and time-resolved fluorescence
measurements. The fluorescence spectra of BID with and
without SSA under the typical conditions are shown in
Fig. 6a. As can be seen, a remarkable increase of fluores-
cence of BID by the adsorption onto the SSA surface was
observed. The fluorescence quantum yields (@) of BID
without and with SSA are 0.010 and 0.69, respectively. The
coverage of BID onto the SSA is 20% vs CEC, and 69 times
increase of fluorescence was observed. Thus, it was found
out that BID is an S-FIE active dye. The observed high
fluorescence enhancement ratio by the adsorption could be
attributed to the molecular structure of BID that has many
rotatable parts in the molecule. As can be seen in Fig. 6b,
the emission maximum wavelength was shifted from 567
to 510 nm by the adsorption onto the SSA surface. Because
the absorption maximum was shifted to longer wavelength
(see Fig. 3) by the adsorption, the Stokes shift for BID on
the SSA surface was decreased compared with that in bulk
water. Stokes shift is a clue for the discussion on the mecha-
nism of fluorescence enhancement. The discussion on the
fluorescence enhancement of BID on the SSA surface is
described later.

For further detailed discussions, the fluorescence decay
curves (the scale of fluorescence intensity is logarithmic)
for BID with and without SSA are shown in Fig. 7. Raw
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Fig.6 a Steady-state fluorescence spectra of BID, b normalized
steady-state fluorescence spectra of BID at the peak top, with and
without clay in water [(BID) = 3.85 x 107 M in water sample, and
(BID) = 3.85 x 1075 M (=20% vs CEC) and (SSA) = 1.92 x 107°
equiv. L™! in SSA aqueous solution]. The excitation wavelength
was 347 nm. The spectra in a were corrected with the absorbance
at 347 nm. The value of fluorescence quantum yield and maximum
wavelength of fluorescence are shown in Fig. 6.

fluorescence decay curves of BID are shown in Figure S3.
Both decay curves were straight and can be analyzed by
a single component decay. The obtained excited lifetime
(r) of BID without and with SSA (20% vs CEC) is 0.12
and 3.2 ns, respectively. This single component decay also
supports that BID does not form aggregates on the SSA
surface.

By using the value of the fluorescence quantum yield
(@) and the excited lifetime (), the photophysical param-
eters such as a radiative deactivation rate constant (k;) and
a non-radiative deactivation rate constant (k) can be cal-
culated, according to Egs. 3 and 4. The obtained photo-
physical parameters are summarized in Table 1.

@ Springer
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Fig.7 Fluorescence decay curves of BID (the scale of fluores-
cence intensity is logarithmic) with and without SSA in water
[(BID) = 1.61 x 107> M in water sample, and (BID) = 3.70 X 107°M
(=20% vs CEC) and (SSA) = 1.85 x 107> equiv. L™! in SSA aque-
ous solution]. The excitation wavelength was 355 nm. The value of
fluorescence lifetime is shown in the figure. The raw decay curves are
shown in Figure S3

Table 1 Photophysical parameters of BID with and without SSA

Condition Fluorescence  Fluores- ks~ ky/s7!
quantum cence
yield lifetime/ns
Water (without  0.010 0.12 8.3x 10" 8.3x 10°
SSA)
SSA aq. (20% vs  0.69 3.2 22 %108 9.7 x 10’
CEC)
(o}
!
k=— 3)
1-®
f
k, = : “
T
k.
S
(OFE . 5)
T ke +ky

The fluorescence quantum yield (@y) is expressed in
Eq. 5. Thus, it was shown that the fluorescence enhance-
ment on the SSA surface was governed by both an increase
in k; and a decrease in k. It should be noted that the sup-
pression of k. by two orders of magnitude is significantly
larger compared to conventional S-FIE [34, 35, 41, 42, 44,
45]. This could be attributed to the molecular structure of
BID that has many rotatable parts in the molecule.

To make the effects of the SSA surface clear, the photo-
physical behavior of BID was observed in various organic
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solvents. The fluorescence decay curves and spectra are
shown in Figure S4 and S5. In addition, the absorption spec-
tra and the A, are shown in Figure S6 and Table S1. The
obtained photophysical parameters are shown in Table 2.

As can be seen in Table 2, the effects of SSA on the pho-
tophysical parameters of BID are outstanding compared to
other solvents. In contrast to BID on SSA, the values of k;
for BID are almost the same as in water and in organic sol-
vents. In addition, the value of &, for BID adsorbed on SSA
is minimal compared with that in other bulk solvents. These
results indicate that BID adsorbed on the clay surface exhib-
its unique photophysical properties which are not observed
in bulk solution.

3.4 Effects of SSA concentration on the fluorescence
behavior of BID

The fluorescence quantum yield (@) of BID was meas-
ured at various concentrations of SSA (4.98 x 107 to
9.95 x 10~ equiv. L™"). The concentration of BID was con-
stant (4.98 x 1077 M), and the adsorption density of BID
was 0.05 ~10% vs CEC. The 4,,,, for absorption and fluo-
rescence, the Stokes shift, and <15f are summarized in Table 3.
The absorption and fluorescence spectra are shown in Figure
S7, the photograph of samples is shown in Fig. 8, and the
fluorescence spectra of BID with the value of @;is shown
in Figure S8.

As the concentration of SSA increased, the value of
Stokes shift decreased and @; increased. In general, as
the concentration increased, clay nanosheet tends to form
stacked structure, while it exfoliates into a single layer at
low concentration condition in water [36]. In addition, it
was reported that the absorption A,,,,, was further shifted to
longer wavelength when the dye was intercalated by clay
nanosheets, compared to that on exfoliated clay nanosheets
[36, 55]. Taking these facts into account, it is expected

Table2 The value of fluorescence quantum yield (&), fluorescence
lifetime (7), and deactivation rate constant (kf and k) of BID in water
and various organic solvents

Solvent Fluorescence Fluores- ks kst
quantum cence
yield lifetime/ns
Water 0.010 0.12 83x 107 8.3 x10°
Methanol 0.052 0.67 7.8x107 1.4x10°
Ethanol 0.093 1.05 8.9% 107 8.6x10°
1-Propanol 0.14 1.59 8.7x 107 54x10°
DMSO 0.049 0.63 73% 10" 1.4x%10°
Acetone 0.055 0.79 7.0x 107 1.2 % 10°
Acetonitrile 0.066 0.85 7.8% 107 1.1x10°
SSA aq. (20% vs  0.69 3.20 22 %108 9.7 x 107

CEC)
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Table 3 The value of maximum

o Concentration of Loading level of BID Maximum wave- Maximum wave- Stokes D,
gj;’fi:gf:;smk% ShlfF’ and SSA/equiv. L} length of absorption/ length of fluores- shift/
quantum yield nm cence/nm cm™!
(@) of BID on SSA surface at
different SSA concentrations 4.98 x 107 10% vs CEC 376 510 6988 0.72
9.95x 107 5% vs CEC 376 505 6794 0.73
4.98 x 107 1% vs CEC 388 503 5892 0.76
9.95 x 107 0.5% vs CEC 392 505 5708 0.82
498 x 107 0.1% vs CEC 391 493 5291 0.87
9.95x 107 0.05% vs CEC 392 491 5144 0.91

Fig.8 Photograph of the
SSA-BID complexes at dif-
ferent SSA concentrations
on black light (365 nm).
(BID) =498 x 107’ M

Table 4 The value of fluorescence quantum yield (@) before and
after a freeze—thaw treatment of BID on SSA at different concentra-
tions of SSA

Concentration of ~ Loading level of BID  Fluorescence quantum

SSA/equiv. L™! yield
Before After
freeze—thaw freeze—
thaw
9.95 x 1076 5% vs CEC 0.73 0.81
9.95x 107 0.5% vs CEC 0.82 0.85
9.95x 107 0.05% vs CEC 0.91 0.90

that @; can be further increased by the intercalation of
BID between the SSA nanosheets. It was reported that
stacked structures of clay nanosheets can be prepared by a
freeze—thaw treatment of the sample [36]. To confirm the
hypothesis that @; was increased by the intercalation of BID,
the effect of a freeze—thaw treatment on the fluorescence
behavior was examined for the sample where the SSA con-
centration was 9.95 X 1075, 9.95 x 1075, 9.95 x 10~ equiv.
L! (loading level is 5, 0.5, and 0.05% vs CEC). The values
of @; before and after freeze—thaw treatments are summa-
rized in Table 4.

For the sample where the concentration of SSA is
9.95 x 107% and 9.95 x 107 equiv. L, &, was increased
by a freeze—thaw treatment. On the other hand, &; was not
affected by a freeze—thaw treatment for the sample where the

A : Water
— B-F : SSA aq. —
B: 0.05% vs CEC

D: 1
E: 5
F:10

% vs CEC
% vs CEC
% vs CEC
Under 365 nm irradiation

concentration of SSA was 9.95 x 10~ equiv. L™!. The pho-
tograph of the samples is shown in Figure S9, and the nor-
malized steady-state fluorescence spectra of the BID-SSA
complex at concentration of SSA 9.95 x 107 equiv. L™!
before and after a freeze—thaw are shown in Figure S10.
As can be seen in Figure S10, the fluorescence 4,,,, was
shifted to shorter wavelength by a freeze—thaw treatment.
This blue shift is similar to the effects of fluorescence behav-
ior for BID under the high SSA concentration conditions.
These results indicate that the reason for the increase of ;
by the increase of SSA concentration is the formation of
stacked structure of SSA nanosheets. When the concentra-
tion of SSA is 9.95 x 10~ equiv. L~!, all SSA nanosheets
are stacked and all BID molecules are intercalated. For the
sample where the concentration of SSA is 9.95 x 107 equiv.
L', both exfoliated and stacked SSA nanosheets coexist
in the sample solution. It is reasonable that the intramo-
lecular motion, which leads to non-radiative deactivation,
is more suppressed in the stacked structure, compared to
the exfoliated condition. Because a highest @; was obtained
when the SSA concentration was 9.95 x 10~ equiv. L7, the
fluorescence lifetime was measured at the condition (Fig-
ure S11), and the value of k; and k,, was calculated for the
sample where the SSA concentration was 9.95 x 107* equiv.
L~!. The fluorescence decay curve can be analyzed by a
single component. This supports that all the SSA nanosheets
completely form stacked structures at the concentration of
9.95 x 107" equiv. L™". Under the condition, k; and k,, were

@ Springer
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Fig.9 Plausible conceptual potential energy curves of ground and excited states for BID. a Structure resembling effect. b Structure fixing effect

calculated to be 2.6 x 10® s7! and 2.6 x 107 s7!, respectively.
The highest @; and the longest fluorescence lifetime of BID
in the present study were 0.91 and 3.51 ns, respectively.

3.5 Mechanism of fluorescence enhancement of BID
on the SSA surface

For the BID molecule, the values of k; and k. were increased
and decreased, respectively, by the adsorption onto the SSA
nanosheet, compared to those in water or organic solvents.
Along with the previous reports [56], these effects of the
SSA nanosheet could be explained by the use of potential
energy surface. The plausible conceptual potential energy
curves of the ground and excited states for BID are shown
in Fig. 9. Figure 9 shows the effect of clay surface on the
potential energy surface for the adsorbed molecule; (a) on
SSA, the most stable structure is relatively similar between
the ground and excited states, compared to that in water
without SSA (structure resembling effect [56]). Because
Franck—Condon factor increased by the adsorption onto
SSA, k; could be increased. (b) On SSA, the potential energy
curve was relatively sharpened against the nuclear coordi-
nates, compared to that in water without SSA (structure fix-
ing effect [56]). Because of the increase of activation energy
for the process from S, to high vibrational state of S, (indi-
cated by circle in Fig. 9 (b)) by the adsorption onto the SSA
surface, k,, is decreased. In this study, by the adsorption onto
the SSA surface, the following were observed for BID: (1)
the absorption 4, shifts to longer wavelength, (2) the fluo-
rescence 4, shifts to shorter wavelength, (3) the absorption
coefficient increases, (4) k; increases, and (5) k,,, decreases.
All these observations are consistent to the proposed mech-
anism shown in Fig. 9. As a conclusion, <Df of BID was
increased both by the increase of k; and the decrease of k..
As can be seen in Tables 2 and 5, the decrease of k,, is the
major factor for the increase of @, By the intercalation of
BID between the SSA nanosheets, the decrease of &, and the

@ Springer

increase of &, were further enhanced. It was indicated that
the effect of fixation of molecule on the SSA surface on the
photophysical parameters, especially for k. is significant for
the molecule having many rotatable parts.

4 Conclusion

In this study, the photophysical properties of BID on the
SSA surface, in water, and in organic solvents, were investi-
gated. The fluorescence quantum yield () of BID was much
enhanced when BID was adsorbed on the SSA surface. &
was further enhanced when BID was intercalated between
the SSA nanosheets. While @; in water was 0.010, that with
clay was 0.91 when BID was intercalated. The photophysical
parameters such as k; and k,, were calculated from the value
of ; and 7. The enhancement of @& is attributed to both the
increase of k; and the decrease of k. For BID having many
rotatable parts, the suppression of k. was remarkable. These
results indicate that the effect of molecular fixation on the
clay surface could be more effective for the molecule that
has many rotatable parts in the molecule.
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