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ABSTRACT: The interlayer space of clays is an interesting microenvironment to control the
properties of included organic materials. In this study, chromic hybrid films consisting of synthetic
saponite (SSA) and fluorescent organic molecules with planar m-conjugated systems were
fabricated. The hybrid films exhibited reversible fluorescence color switching induced by swelling
and drying, which caused the gallery height of SSA to change. Ultraviolet—visible absorption,
steady-state and time-resolved fluorescence measurements of the hybrid films strongly suggested
that the organic molecules formed an excimer in the swollen interlayer space of SSA, while they
were a monomer in the dried interlayer space. The different emission wavelengths of the excimer
and monomer resulted in the fluorescence color switching of the hybrid films. The reversibility of
the color switching was maintained for at least 50 cycles with no change of fluorescence maxima.

These chromic hybrid films represent a novel approach to obtain color switching.



INTRODUCTION

Because of the restricted two-dimensional interlayer space of a clay mineral, organic
molecules confined in clay—organic hybrid systems often exhibit unique electronic properties
that are not observed in their solution or crystalline states. For example, the two-photon
absorption cross section of organic molecules with nonplanar conformation is markedly
enhanced in synthetic saponite (SSA) compared with that in solution.!= It was rationalized that
the planarity of the m-conjugated system of the confined organic molecule is increased, which
extends the m-conjugation length. Another characteristics of organic molecules confined in clay
minerals is the enhancement of fluorescence quantum yield.*” This effect is attributed to the
suppression of vibrational motion of the confined molecules.

A clay mineral can accommodate a high density of organic molecules in its interlayer space
without aggregation. For example, tetrakis(1-methyl-pyridinium-4-yl)porphyrin (p-TMPyP) is
known to align without aggregation in the interlayer space of SSA .8 In this hybrid, the calculated
density of p-TMPyP in the total volume of the hybrid was 0.2 mol dm=. Such a high density of
intercalated organic molecules with no molecular aggregation and suppressed n—m stacking in
these molecular assemblies often results in remarkable energy transfer efficiency between the
intercalated molecules.’

Another notable characteristic of smectites, which is a group of clay minerals, is swelling.'*-!4
Not only pure smectites but also clay—organic hybrids can incorporate water or polar organic
solvents into their interlayer space. As a result of swelling, the gallery height is expanded
compared with that in the dried state. In the swollen state, the surrounding environment of
intercalated molecules is different from that in the dried state. Using this property, Takagi et al.'

demonstrated the switching of the spectroscopic properties smectite—organic hybrids. They



reported that the color of a clay—organic hybrid film consisting of [5,10,15,20-tetrakis(/NV-
methylpyridinium-4-yl)porphyrinato]tin(IV) and SSA changed remarkably upon swelling.
Furthermore, the color of the swollen state depended on the type of solvent used for swelling.
This color change was attributed to not conventional solvatochromism caused by the change of
dielectric constant but the orientational change of organic molecules resulting from the
expansion of the interlayer space.

In this study, we propose a novel color switching mechanism of organic molecules in the
interlayer space of smectites. In swollen smectite—organic hybrids, the gallery height is often
expanded to more than 0.8 nm. This interlayer space is large enough for organic molecules to
form n—n stacking interactions because it is about twice the thickness of a planar n-conjugated
system. Consequently, the organic molecules that exist in monomer form with high density in the
dried smectite—organic hybrid should be able to form n—n stacking interactions in the swollen
state. The swollen interlayer space may be shrunk to the original interlayer space by drying.
Therefore, simply by drying the swollen smectite—organic hybrid, the intercalated organic
molecules should rearrange into their original monomer form even when the molecules form n—n
stacking arrangements in the swollen state. If such switching between n—n-stacked and
monomeric organic molecules can be realized, the spectroscopic properties of the intercalated
organic molecule should be modified as a result.

We aimed to form and break n—n stacking interactions of the confined organic molecules in
the interlayer space of a smectite by adding and removing a polar solvent, respectively. Among
the specific characteristics of n—mn-stacked molecules, we focused on the formation and
deconstruction of excimers. Typically, an excimer is formed by the nm—m interactions between

fluorescent organic molecules with a planar n-conjugated system at high concentration. For



example, it is known that pyrene forms an excimer'¢ in a solution of methylcyclohexane at
concentrations higher than 1 mmol dm=. Because the energy gap of the excimer is smaller than
that of monomer,'”!® fluorescence is drastically red-shifted.

In this study, we fabricate smectite—organic hybrid films consisting of SSA and five
fluorescent organic molecules with a planar n-conjugated system. The smectite—organic hybrid
films with an appropriate density of organic molecules exhibit fluorescence attributed to the
monomer in the dried state. By adding a polar solvent to the films, considerable red shifts of
fluorescence that could be attributed to the formation of excimers are observed. Upon removing
the solvent, fluorescence returns to the original color. This reversible fluorescent color change
can occur at least 50 times with no change of the fluorescence maxima. The investigated systems

might allow the possibility to develop films that display switching under mild external stimuli.

- —\ 4|
— |

N+— Iy 7\ _ - . =\ 4| - / \ A
/ \ / —N - — \ / — \ /N— ]_+N/ \ / /

MPDP DPTP - DPDP

|
.
AN~

DNDP DADP
Figure 1. Chemical structures of the fluorescent organic molecules with planar n-conjugated

systems used in smectite—organic hybrid films.

EXPERIMENTAL SECTION
Organic Molecules. The fluorescent organic cationic molecules with planar w-conjugated

systems used in this study were 1-methyl-4-[(1E)-2-phenylethenyl]pyridinium iodide (MPDP),



4 4°-[4,1-phenylenedi-2,1-ethynediyl]bis[1-methylpyridinium] diiodide (DPTP), 4,4’-[4,1-
phenylenedi-(1E)-2,1-ethenediyl]bis[ 1-methylpyridinium] diiodide (DPDP), 4,4°-[2,6-
naphthylenedi-(1E)-2,1-ethenediyl]bis[ I-methylpyridinium] diiodide (DNDP), and 4.,4°-[2,6-
anthrylenedi-(1FE)2,1-ethenediyl]bis[ 1-methylpyridinium] diiodide (DADP). The structures of
these molecules are shown in Figure 1. DPTP,! DNDP,!” and DADP' were synthesized
according to our previous reports. MPDP and DPDP were synthesized as follows and
characterized by 'H nuclear magnetic resonance (NMR) spectroscopy measured with a Bruker
BioSpin Avance 400 spectrometer.

Synthesis of MPDP. Benzaldehyde (0.55 g, 5.2 mmol) and 1,4-dimethylpyridinium iodide (1.18
g, 5.0 mmol) were dissolved in ethanol (20 mL). Piperidine (10 drops) was dropped into the
reaction mixture and then the mixture was stirred for 24 h at 80 °C. The precipitate was collected
by filtration and recrystallized from ethanol to obtain MPDP as a yellow solid (50%). 'H NMR
(400 MHz, DMSO-d;, ppm), 0 = 8.88 (d, J = 6.8 Hz, 2H, pyridyl), 8.24 (d, J = 6.8 Hz, 2H,
pyridyl), 8.02 (d,J = 16.4 Hz, 1H, ethenyl), 7.77 (d, J = 6.8 Hz, 2H, phenyl), 7.54 (d,/ = 16 4
Hz, 1H, ethenyl), 7.51-7.48 (m, 3H, phenyl), 4.27 (s, 3H, -CH>).

Synthesis of DPDP. First, 1,4-benzenedicarboxaldehyde (0.34 g, 2.5 mmol) and 1 4-
dimethylpyridinium iodide (1.18 g, 5.0 mmol) were dissolved in ethanol (20 mL). Piperidine was
then dropped into the reaction mixture. The mixture was stirred for 7 h at 80 °C. The resulting
precipitate was collected by filtration and recrystallized from water to obtain DPDP as a yellow
solid (54%). '"H NMR (400 MHz, DMSO-ds, ppm), 0 = 8.89 (d, J = 6.8 Hz, 4H, pyridyl), 8.24 (d,
J=6.8 Hz, 4H, pyridyl), 8.04 (d, J = 16.4 Hz, 2H, ethenyl), 7.87 (s, 4H, phenyl), 7.63 (d, J =

16.4 Hz, 2H, ethenyl), 4.27 (s, 6H, -CH;).



Clay Minerals. In this study, SSA (Sumecton SA, Kunimine Industries) provided by the Clay
Science Society of Japan was selected as a host clay mineral. This is because this SSA does not
contain Fe**, which is expected to quench the fluorescence from the confined molecules. The
stoichiometric formula of this SSA is [(Si720Alos0)(Mgs97Al003)O20(OH),]%7"-¢(Nag 10Mg 14)° 77,
and it has a cation exchange capacity (CEC) of 0.997 mEq g'.*

Fabrication of SSA—Organic Hybrid Films. SSA—organic hybrids were prepared by mixing an
aqueous dispersion of SSA with an aqueous solution of an organic molecule. Hybrid films were
prepared by filtering the aqueous dispersions of SSA—organic hybrids under suction through a
mixed cellulose ester membrane filter (Advantec, AO10A025A; pore size: 100 nm; diameter: 25
mm) as described in our previous paper.?! The resulting hybrid films were washed with ethanol
and then air dried. Table S1 lists the values used to prepare optimized SSA—organic hybrids. The
thickness of all hybrid films determined from measurement of their interference fringe patterns
was ca. 0.4 um. The loading level, which is described as %CEC of organic molecules in a SSA—
organic hybrid film, was defined as the ratio of organic molecules to the CEC of the clay
mineral.

X-ray Diffraction Measurements. X-ray diffraction (XRD) data were collected using a Rigaku
Ultima-IV diffractometer with monochromatized Cu Ka radiation (4=0.154 nm).
Measurement of UV-vis Spectra. Absorption spectra of organic molecules in solution were
measured with a UV-vis spectrometer (JASCO, U-670) using optical path lengths of 1 mm for
concentrations of 1.0x1073 and 1.0x10~* mol dm= and 10 mm for 1.0x10-5, 1.0x10- and
1.0x10”7 mol dm=. Dimethyl sulfoxide (DMSO) was used as a solvent. The same spectrometer
equipped with an attachment for films (JASCO, VTA-752) was used to measure absorption

spectra of the SSA—organic hybrid films.



Measurement of Fluorescence Spectra and Quantum Yields. Fluorescence spectra and
quantum yields of organic molecules in DMSO and the SSA—organic hybrid films were
measured with an absolute photoluminescence quantum yield measurement system (Hamamatsu
Photonics, C9920-02G). The fluorescence spectra of the organic molecules in DMSO were
measured using a concentration of 1.0x10-° mol dm=.

Time-Resolved Fluorescence Measurements. Time-resolved fluorescence measurements of the
SSA-organic hybrid films were conducted using a streak scope (Hamamatsu Photonics, C4334)
under photon-counting conditions. The second harmonic (390 nm) of a femtosecond Ti:sapphire
laser (Spectra-Physics, Tsunami) equipped with a pulse selector (Spectra-Physics, Model 3980)
was used as the excitation source. The pulse duration was 120 fs and the resulting repetition rate
was 4 MHz. The maximum average incident power was 0.3 mW.

Swelling and Drying of SSA—Organic Hybrid Films. The nonvolatile polar solvent DMSO
was used to swell the SSA—organic hybrid films. Because DMSO is nonvolatile, the swollen
states of the films were stable enough to characterize their physical and optical properties. The
spectral change accompanied by swelling/drying was essentially the same even when the other
solvents, water, methanol, ethanol and DMF, were employed. This means the organic molecules
employed in this study do not have any specific interaction with DMSO.

The removal of DMSO from the swollen SSA—organic hybrids was conducted as follows.
First, the SSA—organic hybrid films were washed with ethanol. Second, the SSA—organic hybrid
films were air dried to remove the ethanol.

Density Functional Theory Calculations. All density functional theory?? (DFT) calculations
were performed with the Gaussian 09 program package.” The geometry of DPDP in the ground

state (So), belonging to the C, point group, in the presence of a solvent was fully optimized using



the hybrid functional B3LYP?*% in conjunction with the 6-31++G(d,p) basis set.2° The effects
of solvent on geometry were taken into account by means of the polarizable continuum model*°
(PCM) using the integral equation formalism*'-** (IEF-PCM). The absorption properties of the
DPDP monomer at the optimized geometry in vacuo and in DMSO were obtained using the
time-dependent density functional theory*** (TD-DFT) method at the B3LYP/6-31++G(d.p)
level of theory with the IEF-PCM model; excitation energies, transition dipole moments, and
oscillator strengths between the ground state and ten lowest-energy singlet excited states were
calculated. The geometry of the DPDP dimer in the lowest-energy singlet excited state (S;),
belonging to the C, point group, was also fully optimized by the TD-DFT method at the
B3LYP/6-31++G(d,p) level of theory with the IEF-PCM model. The B3LYP hybrid functional
was selected because it has been reported that the geometry of benzene in S, obtained at the
B3LYP/6-31+G(d) level of theory agrees well with the experimental geometry,*' and the TD-
DFT method at the B3LYP/6-31+G(d) level reasonably reproduces the low-lying singlet excited
states of the benzene monomer.*® Based on these previous reports, in this study, the larger 6-
31++G(d, p) basis set was used because DPDP is more polar than benzene. Surfaces of
molecular orbitals associated with the electronic transitions were generated and visualized with

GaussView 5.0.9 (Gaussian, Inc.).

RESULTS AND DISCUSSION

Figure 2 shows the absorption spectra of a DMSO solution (10~ mol dm=?) of DPDP and
SSA-DPDP hybrid film at 1%CEC. The solubility of DPDP in DMSO was ca. 2.0x10~* mol
dm=. DPDP in DMSO exhibited an absorption peak at 398 nm with a shoulder at about 420 nm.

No meaningful change was observed for the absorption spectra of DPDP in DMSO solution



within the concentration range of 10-~10~7 mol dm= (Figure S1). This indicates that DPDP is a
monomer in DMSO even in the saturated solution. In contrast, the SSA—DPDP hybrid film at
19%CEC exhibited two absorption peaks at 417 and 441 nm. The peak observed at about 540 nm
was not caused by the light absorption of DPDP, but by the interference fringe pattern of light.
Actually, no fluorescence was observed from a SSA-DPDP hybrid film with 1%CEC even when
the film was excited at 540 nm. Such pseudo peak is often observed in thin films with excellent
surface planarity. The absorption band of DPDP in the SSA film was red-shifted compared with
that in DMSO. The absorption spectra of organic molecules are often red-shifted when they are
intercalated into the interlayer space of clay minerals because of the enhancement of the
planarity of the intercalated molecule and/or the hydrophobic environment of the interlayer space
of a clay mineral **** For example, Nile red, which is an organic molecule with a planar =-
conjugated system like DPDP, is confined as a monomer in the interlayer space of SSA and its
absorption peak in hybrid films is red-shifted by ca. 49 nm compared with that of the monomer
in solution.** Although the spectral shift accompanies change of the shape of absorption spectra,
such spectral change is often observed for other molecules reported in references 7, 8, 45. The
reason is attributed mainly to the change of microenvironments of confined molecule as can be
seen in references 7, 8, 45. Thus, DPDP is thought to be isolated as a monomer in the hybrid film

like it is in the DMSO solution.
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Figure 2. Absorption spectra of DPDP in DMSO solution (10~ mol dm~) and a SSA-DPDP
hybrid film at 1%CEC.

Figure 3 shows the absorption spectra of SSA-DPDP hybrid films with a thickness of 0.4 um
and various %CEC. The absorbance of the film with 0.05%CEC was too low to be observed at
this thickness. Therefore, the absorption maximum of the film with 0.05%CEC shown in Table 1
was estimated from the spectrum of a film with 0.05%CEC and a thickness of 1.3 um (Figure
S2). The absorption spectra of SSA—-DPDP hybrid films with lower than 10%CEC were almost
the same as each other. For SSA—DPDP hybrid films with higher than 20%CEC, the absorption
spectra displayed a gradual blue shift with increasing loading level of DPDP. The absorbance of
the peaks at around 440 nm relative to those at around 410 nm decreased as the loading level
increased. The main reason can be attributed to the partial formation of H-aggregates upon
increasing the loading level, but microenvironmental change of confined organic molecules may

be considered 4649

11



2.0

— 1%CEC
— 10%CEC
— 20%CEC
o 1.5 30%CEC
O 40%CEC
S 50%CEC
_e 1.0- — 75%CEC
o
(7]
<
0.5
0.0

300 400 500 600
Wavelength / nm

Figure 3. Absorption spectra of SSA—-DPDP hybrid films with various loading levels (%CEC).

The thickness of the hybrid films was ca. 0.4 pm.

Table 1. Absorption Maxima of SSA-DPDP Hybrid Films with Various % CEC

%CEC A3bS /nm

0.05 418, 438

1 417, 441
10 416, 439
20 415, 437
30 414, 435
40 412, 433
50 410, 429
75 407, 424

Figure 4(a) shows the fluorescence spectra of a DMSO solution (10~° mol dm=?) and
saturated DMSO solution (1.4x10~* mol dm~) of DPDP, which displayed maximum
fluorescence wavelengths of 482 and 493 nm, respectively. Although the maximum fluorescence
wavelength red-shifted as the concentration of DPDP in DMSO solution increased, the cutoff
wavelength remained unchanged. Therefore, the observed red shift could be attributed to the

reabsorption effect.’*>! Thus, no meaningful changes were observed in the absorption and
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fluorescence spectra of DPDP in DMSO solutions even when its concentration was varied. These
observations indicate that DPDP existed as a monomer and did not form an excimer in DMSO at
any concentration.

Figure 4(b) depicts the fluorescence spectra of as-prepared SSA-DPDP hybrid films with
various %CEC. Table 2 lists the maximum fluorescence wavelengths and fluorescence quantum
yields of these films together with those in DMSO. The fluorescence quantum yield of DPDP
was considerably enhanced by confinement in a clay mineral. Similar drastic enhancement also
reported for other organic molecules.*” The reason is attributed to the suppression of vibrational
motion of the confined molecules. The SSA—DPDP hybrid film with 0.05%CEC exhibited
fluorescence peaks at 464 and 489 nm. Relative intensity of the peak observed at a shorter
wavelength was gradually decreased as time elapsed from fabrication. Therefore, the shorter
wavelength component of fluorescence is attributed to that from some part of organic molecules
adsorbed on a clay in meta-stable manner. The wavelength of the peak observed at 489 nm was 7
nm longer than that in solution. Considering the red shift of absorption spectra by the
confinement, the red shift of fluorescence spectra can also be attributed to the change of
microenvironment of the DPDP molecule. Thus, DPDP should be confined in the interlayer
space of SSA in a monomer form at this loading level. Fluorescence from a SSA-DPDP hybrid
film with 1%CEC was also assigned to the DPDP monomer because the absorption maxima and
fluorescence quantum yield were similar to those observed for a film with 0.05%CEC. Although
the emission and absorption maxima observed for a film with 10%CEC were almost the same as
those of the film with 1%CEC, the fluorescence quantum yield of the film with 10%CEC was
almost half those of films with lower than 1%CEC. Organic molecules confined in the interlayer

space of a clay mineral tend to form a partial H-aggregation even at a few %CEC .24 Thus, the
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decrease of fluorescence quantum yield strongly suggests the partial formation of H-aggregates
of DPDP in films with higher than 10%CEC because typical H-aggregates are not
fluorescent.>>>? Fluorescence quantum yield gradually decreased as the loading level of DPDP
was increased from 10%CEC to 40%CEC. The absorption behavior indicates that the percentage
of H-aggregate in the interlayer of SSA becomes higher with increasing loading level of DPDP,
and fluorescence was observed only from the monomer form of DPDP. These considerations are
consistent with the similar fluorescence wavelengths for the film with lower than 40%CEC, and
thus only the molecules confined in a monomer form emit fluorescence. However, the shape of
fluorescence spectra changed slightly as the loading level varied. The fluorescence component
centered at 464 nm became weaker as the loading level was increased from 0.05%CEC to
40%CEC. This is thought to be caused by the reabsorption effect. For the film with 50%CEC, a
new fluorescent component was observed at around 588 nm in addition to the monomer
components. For the SSA-DPDP hybrid film with 75%CEC, only the fluorescent component at
588 nm was observed. The absorption spectra of the hybrid films with higher than 50%CEC
were similar to those of the hybrid films with lower than 40%CEC. Nevertheless, on increasing
the loading level, a new fluorescent component at much longer wavelength than those of the
monomer components appeared. This observation strongly suggests that excimers formed in the
films with a high DPDP loading. We conducted time-resolved fluorescence measurements of the
films (Figure S3). The fluorescent lifetime measured for the peak at 588 nm was 18 times longer
than that of the monomer fluorescence. This observation also supports the formation of excimers.
Here, let us estimate the surface coverage of DPDP on SSA. As shown in Figure 5, the
surface coverage represents the percentage of the surface of a single clay layer covered by

organic molecules. The surface coverage is calculated as?
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%CEC X cross- sectional area of an organic molecule per cationic moiety

coverage (%) = —
ge (%) surface area of SSA per anionic site

When the coverage is 100%, both sides of the clay surface are fully covered with the confined
molecules. In a hybrid film, each interlayer space is formed between two clay layers. Thus, the
space-filling percentage (Figure 5) of the interlayer space is 100% when clay layers with a
surface coverage of 50% are stacked. Because the estimated cross-sectional area of DPDP
viewed normal to the m-electron system is about 1.4 nm? (Figure S4), the cross-sectional area per
cationic moiety is 0.7 nm?. The calculated surface area per anionic site of SSA is 1.3 nm?. The
surface coverage of the 5S0%CEC hybrid film is 29%. Therefore, 58% of the interlayer space of
SSA is filled by DPDP in this film. As mentioned above, organic molecules tend to segregate in
the interlayer space of clay minerals.>* It has been reported that partial exchange of cations in
clay minerals always occurs in a segregated manner, producing random interstratifications.>® This
means there should be large variation of the space-filling percentage in each interlayer space in
actual hybrid films. Therefore, it is not surprising that excimers form if a particular interlayer
space is filled with DPDP with an average space-filling percentage higher than 50%. The
average density of DPDP in the interlayer space of the hybrid film with 5S0%CEC was estimated
to be 1.44 mol dm=. This value is about 1000 times higher than the concentration of the
saturated solution of DPDP in DMSO. Therefore, it is reasonable that DPDP excimers formed at
such high density.

Figure 4(c) presents the fluorescence spectra of SSA—DPDP hybrid films in a swollen state.
The maximum fluorescence wavelengths and fluorescence quantum yields are also summarized
in Table 2. For the SSA-DPDP hybrid film with 0.05%CEC, fluorescence was observed mainly
from the monomer at 464 and 487 nm, although a weak peak was observed from the excimer at

580 nm. For the SSA-DPDP hybrid film with 1%CEC, the dominant fluorescence peak was
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from the excimer at 583 nm. For the SSA-DPDP hybrid films with higher than 10%CEC, only

excimer emission was observed. These results indicate that excimer formation in the swollen

interlayer space of SSA occurred even at a lower %CEC than in the as-prepared films.
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Figure 4. Fluorescence spectra of (a) DMSO solutions of DPDP, (b) as-prepared SSA—DPDP

hybrid films, and (c) SSA-DPDP hybrid films in the swollen state.

Table 2. Fluorescence Maxima and Fluorescence Quantum Yields of SSA-DPDP Hybrid

Films and DPDP in DMSO
concentration m
/ mol dm Amax /1nm
in DMSO 103 482

%CEC as-prepared swollen
0.05 464, 489 464, 487
1 472,490 471, 583

10 474, 495 587

: 20 480, 495 590

in SSA 30 495 590

40 496 594

50 505, 560 596

75 588 596

¢
0.06
as-prepared swollen
0.67 0.49
0.75 0.63
0.31 0.51
0.22 0.53
0.19 0.51
0.19 0.50
0.20 0.51
0.37 0.47
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Figure 5. Schematic representation of the relationship between surface coverage and space-
filling percentage.

The fluorescent color change of the hybrid films with different CEC is depicted in Figure 6.
For the film with an extremely low %CEC of 0.05%, only monomer emission was observed even
in the swollen state. In contrast, for films with higher than 50%CEC, only excimer emission was
detected even in the as-prepared state. However, for the films with 10% CEC—40%CEC,
monomer emission occurred in the as-prepared state and excimer emission in the swollen state.
By optimizing the density of DPDP in the interlayer space of SSA, hybrid films that exhibit
fluorescence switching between monomer emission in the as-prepared state and excimer

emission in the swollen state can be fabricated.
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Figure 6. Fluorescence colors of SSA-DPDP hybrid films with various %CEC loading. Left and
right columns correspond to the as-prepared and swollen states, respectively.

To investigate the environmental change of the interlayer space accompanied by swelling,
the SSA-DPDP hybrid film with 10%CEC that exhibited a remarkable fluorescent color change
upon swelling was examined by XRD. The gallery height of this SSA—DPDP hybrid film in the
as-prepared state was 0.48 nm. This value is almost the same as the thickness of DPDP viewed
parallel to the m-conjugated system. In the swollen state, the gallery height of the SSA—-DPDP
hybrid film with 10%CEC was 0.93 nm, which is almost twice the thickness of DPDP. This
means that the interlayer space of swollen SSA is large enough for DPDP to form n—n stacking
interactions.

DFT and TD-DFT calculations were carried out to support the observed spectroscopic
behavior and predict the geometry of DPDP in the swollen interlayer space. The spectroscopic

properties of the optimized DPDP monomer were calculated using TD-DFT at the B3LYP/6-
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314++G(d.p) level of theory. From the harmonic vibrational analysis of the optimized DPDP
monomer in Sy, it was confirmed that the optimized geometry belonging to the C, point group
was the stationary point corresponding to energy minima on the potential energy surface of S,.
Absorption (S, — S;) wavelengths A, singlet excitation energies E, and oscillator strengths f of
the DPDP monomer in vacuo and in DMSO are summarized in Table 3. E in vacuo is similar to
that in DMSO. This suggests that the effect of solvent on E is negligible. The calculated E for
DPDP monomers in DMSO is 2.67 eV at the same level of theory, which agrees well with the
experimental value (2.95 eV) for DPDP monomers in DMSO. The geometry of a DPDP dimer in
S; in DMSO was also optimized using TD-DFT at the B3LYP/6-31++G(d,p) level of theory. The
obtained geometry of the DPDP excimer is different from the equilibrium geometry of the DPDP
dimer in So; i.e., it is not a stationary point corresponding to the energy minimum on the potential
energy surface of Sy. Table 3 also lists A and E of the DPDP excimer. The calculated E of the
DPDP excimer in DMSO is 1.92 eV. This calculated value shows good agreement with the
experimental one (2.13 eV) for a SSA—DPDP hybrid film in the swollen state. Therefore, our
experimental results are reproduced well by the DFT and TD-DFT calculations. The geometry of
the DPDP excimer (S;) in DMSO and the surfaces of its highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) are shown in Figure 7 and Figure 8,
respectively. The interplanar distance between the two benzene rings, twist angle between the
long axes of DPDP molecules, and the parallel translation of the benzene ring of one molecule
relative to the benzene ring of the other nearly along the long axis of the monomer are 3.53 A,
0.15°,and 2.50 A, respectively. Considering the van der Waals radii of the optimized DPDP
excimer, its thickness is 7.13 A. This value is smaller than the gallery height of the SSA—DPDP

hybrid film in the swollen state but larger than that in the dried state. Therefore, the geometry of

19



the DPDP excimer calculated with the TD-DFT method may reflect the structure of the DPDP

excimer in the swollen interlayer space of SSA.

Table 3. Comparison of Calculated and Experimental Absorption (S — S,) Wavelengths

(4), Singlet Excitation Energies (E), and Oscillator Strength (f) of DPDP Monomer and

Excimer

calculated? experimental

solvent A/nm E/eV f A/nm  E/eV /
in
DPDP vacuo

momomer - hviqy 465 267 204 420 295 077

457 271 1.92

DPDP

. DMSO 645 1.92 583 2.13
excimer

aCalculated using the hybrid B3LYP functional with the 6-31++G(d,p) basis set.

Figure 7. The geometry of a DPDP excimer (S;) in DMSO calculated at the B3LYP/6-

31++G(d,p) level. (a) Side view, and (b) top view.

Figure 8. Surfaces of the highest occupied molecular orbital (HOMO, left) and lowest

unoccupied molecular orbital (LUMO, right) of a DPDP excimer (S;) in DMSO calculated at the

B3LYP/6-31++G(d,p) level.
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We fabricated hybrid films consisting of SSA and other fluorescent molecules that tend to
form n—n stacking arrangements. Similar switching of fluorescent color accompanied by
swelling to that found for the SSA—-DPDP films was observed for these films containing other
fluorescent molecules. Figure 9 compares the fluorescence colors of as-prepared and swollen
SSA-MPDP, SSA-DPTP, SSA-DPDP, SSA-DNDP, and SSA—DADP hybrid films with
10%CEC. The emission wavelengths and the quantum yields of these hybrid films are
summarized in Table 4. All the planar fluorescent molecules exhibited fluorescence color
switching in the interlayer space of SSA upon swelling. The wavelength shift of fluorescence
peaks for these films ranged from 35 to 92 nm. In contrast, absorption peaks did not shift

markedly upon swelling (Table 4). In addition, fluorescence lifetimes of these films in the

swollen state were considerably longer than those in the as-prepared state (Figure S5). Thus, the

fluorescence color changes observed for these films can also be attributed to the formation of

excimers following swelling. As in the case of DPDP, none of these molecules exhibited excimer

emission in their saturated solutions. Thus, by utilizing the swelling-controlled interlayer
environment of clay minerals, fluorescence characteristics of planar fluorescent organic

molecules can easily be switched.
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chemical structure as-prepared swollen

(a) SSA-MPDP

(b) SSA-DPTP

(c) SSA-DPDP

(d) SSA-DNDP

(€) SSA-DADP
|

+
-

Figure 9. Fluorescence color changes of (a) SSA-MPDP, (b) SSA-DPTP, (c) SSA-DPDP, (d)
SSA-DNDP, and (d) SSA-DADP hybrid films with 10%CEC induced by swelling. Left and
right columns correspond to the as-prepared and swollen states, respectively. The values in
photographs are wavelengths of fluorescence maxima.

Table 4. Absorption, Fluorescence Maxima and Fluorescence Quantum Yields of SSA—
MPDP, SSA-DPTP, SSA-DPDP, SSA-DNDP and SSA-DADP Hybrid Films with
10%CEC

A Amax

sample A2bs -/ nm Aem  /nm o
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as-prepared  swollen  as-prepared swollen as-prepared  swollen

SSA-MPDP 345 362 425 478 53 0.05 0.08
SSA-DPTP 353 393 449 511 62 0.46 0.23
SSA-DPDP 416, 439 399 495 587 92 0.31 0.51
SSA-DNDP 381,424 433,456 531 598 67 0.32 0.47

SSA-DADP 356,393, 364,404,

413,472 425,515 603 638 35 0.27 0.21

The interlayer spacing of swollen organic—clay hybrids readily returns to the initial spacing
upon drying.>® Therefore, we examined fluorescence color change of a film that was dried after
swelling. Figure 10 illustrates the fluorescence colors of a SSA—DPDP hybrid film in the as-
prepared, swollen, and dried states. The yellow fluorescence of the swollen SSA-DPDP hybrid
film recovered to the blue-green emission of the as-prepared SSA—DPDP hybrid film. All hybrid

films fabricated in this study exhibited such reversible color changes.

Figure 10. Fluorescence colors of a SSA—DPDP hybrid film in the as-prepared state (left),
swollen state (middle), and dried state (right).

We investigated the repeatability of the fluorescence color switching of the hybrid films.
Figure 11 exemplifies the variation of the fluorescence maxima of a SSA—DPDP hybrid film in
the dried and swollen states. By repeatedly adding and removing DMSO, reversible fluorescence
color changes with almost the same wavelength change were observed for at least 50 cycles. This
reversible fluorescence color change between monomer and excimer emission was observed for
all the SSA—organic hybrid films used in this study. The mechanism of this color change does
not involve the structural change of an organic molecule. Only a mild stimulus, namely addition

and removal of solvent, is needed to induce such a substantial color change. This approach of
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inducing a specific molecular assembly in the interlayer space of a clay mineral provides a novel

chromic system that displays high repeatability.

A As-prepared
e Swollen
580 = Dried

Wavelengths of fluorescence maxima / nm

0 10 20 30 40 50
Cycles

Figure 11. Reversibility of the wavelengths of fluorescence maxima of a SSA-DPDP hybrid

film in dried and swollen states.

CONCLUSIONS

In this study, we developed chromic films that exhibited reversible fluorescent color changes
between monomer and excimer emission with high repeatability. This phenomenon was achieved
by switching the degree of confinement of organic molecules in the interlayer space of a smectite
between the dried and swollen states. By controlling the environment in the interlayer space, we
demonstrated formation and deconstruction of the excimer under a mild external stimulus. This
environmental switching of the interlayer space of a clay mineral can be used to switch other
physical properties of included materials. The swelling properties of smectite—organic hybrids

are promising to obtain novel materials that exhibit switching properties.

ASSOCIATED CONTENT
Absorption spectra of DMSO solutions of DPDP (Figure S1) and a SSA-DPDP hybrid film

(Figure S2), fluorescence decay curves of SSA—DPDP hybrid films (Figure S3 and S5),
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molecular model of DPDP (Figure S4). This material is available free of charge via the Internet

at http://pubs.acs.org.
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