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Photoresponsive change in the basal spacing of cationic azo dye-layered silicate intercalation compoundswas

investigated using X-ray diffraction under controlled humidity conditions to investigate the mechanism of the

photoresponse triggered by trans–cis photoisomerization. The molecular design of azo dyes was conducted

and two cationic azo dyes (phenylazobenzene and phenylazonaphthalene) were used to obtain intercalation

compounds with different packing and hydration. Whereas the trans-phenylazobenzene-layered silicate

hardly adsorbed water vapor, the trans-phenylazonaphthalene intercalation compound strongly interacted

with water. Both azo dyes photoisomerized in the interlayer space reversibly. Under the relative humidity of

95%, the basal spacing of the phenylazobenzene–silicate increased upon UV irradiation, confirming that the

change in the basal spacing was caused by the photoinduced hydration. Under the relative humidity of

6.8%, the basal spacing of the phenylazonaphthalene–silicate decreased upon UV irradiation, suggesting

that the packing of the phenylazonaphthalene in the interlayer space was changed to be compacted by the

photochemical conversion to the cis-form.
Introduction

Stimuli-responsive supramolecular assemblies have been
designed for creating smart materials. Reversible trans-to-cis
photoisomerization of azobenzene by light irradiation or by
thermal treatment changes its dipole moment as well as
molecular geometry. This well-known stimuli-responsive
phenomenon has been utilized as a trigger for the construc-
tion of photoresponsive materials.1 Azobenzene-containing
supramolecular systems were synthesized to achieve photo-
response of guest binding.2 Azobenzene monolayer3 and
multilayer4 deposited on substrates have been used to control
the alignment of liquid crystals and polymers on the surface by
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irradiation. Controls of plasmonic resonance5a and achromatic
polarization5b are examples of applications of the command
surfaces. The incorporation of azobenzene units into low-
dimensional nanospaces (e.g., cylindrical pore of mesoporous
silica6 and 2D interlayer space7–12) has been investigated as
supramolecular photoresponsive materials. Reversible changes
in the basal spacing (interlayer expansion) of layered inorganic
solids have been achieved aer the careful design of the
nanostructures.13,14 This is a photomechanical change in
response to the change of the molecular conguration to the
packing of molecular assemblies,13,14 which cause the interca-
lation of additional molecular species.15 The molecular design
of azo dyes13–16 and the molecular dynamics simulation17 indi-
cated the importance of the functional groups attached to
azobenzene in inducing the structural change.

We have been interested in the photochemistry of organic
dyes intercalated in the interlayer space of layered sili-
cates.7–9,11–13,15,16,18 Among available layered silicates, Na–mag-
adiite (the ideal formula of Na2Si14O29)19 possesses following
unique and useful properties for organizing cationic azo dyes;
(1) the density of the cation exchange sites on the layer surface is
ca. 2.2 meq g�1, which is higher than that of smectite group of
layered clay minerals; (2) it can conveniently be prepared in
a laboratory by hydrothermal synthesis. We have reported the X-
ray diffraction (XRD)-detectable change in the basal spacing
upon irradiation, for a cationic phenylazobenzene (Scheme 1a:
abbreviated as AZ+) intercalated magadiite.13b The observed
structural change of the intercalation compound by the
RSC Adv., 2017, 7, 8077–8081 | 8077
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Scheme 1 Molecular structures of (a) AZ+ and (b) AzNaph+.
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photoisomerization has been explained by the changes in the
polarity, which accompany the adsorption of atmospheric
water, and/or change in the packing of the intercalated AZ+. In
order to understand the mechanisms of the photoinduced
structural change as well as to apply the phenomena, more
systematic investigation is worth conducting. In this study,
a cationic phenylazonaphthalene (Scheme 1b: AzNaph+) was
synthesized and intercalated in the interlayer space of Na–
magadiite in the expectation of causing differences in the
packing and the photoinduced hydration.
Experimental section
Preparation of the cationic azo dyes

AZ+–Br�, p-[2-(2-hydroxyethyldimethylammonioethoxy)phenyl-
azo]benzene bromide, was prepared by the reaction of phenyl-
azophenol with dibromoethane and subsequent reaction with
dimethylaminoethanol. The dye was used aer recrystallization
from ethanol and characterized by 1H NMR and CHN analysis
(calculated for C18H24N3O2Br: C, 54.8; H, 6.13; N, 10.7; found C,
53.7; H, 5.97; N, 10.3 mass%) and mass spectrometry.13b

AzNaph+–Br�, 1-[(4-trimethylammonioethoxy)phenylazo]
naphthalene bromide, was synthesized by the reaction
between phenylazonaphthalene and dibromoethane, followed
by the quaternization reaction using trimethylamine. The
product was used aer recrystallization from ethanol and
analyzed by 1H and 13C NMR analysis and mass spectrometry
(the results are summarized in ESI†).
Intercalation of the cationic azo dyes into Na–magadiite

Na–magadiite was prepared by a hydrothermal reaction as re-
ported previously.19a Intercalation of cationic azo dyes (AzNaph+

and AZ+) into Na–magadiite was conducted by the conventional
ion-exchange reactions. Na–magadiite was mixed with an
aqueous solution of the cationic azo dye (2.0 mM) at a molar
ratio of Na : AzNaph+ ¼ 1 : 1.7 or Na : AZ+ ¼ 1 : 1.2. The mixture
was allowed to react for 24 h at 343 K. Aer centrifugation, the
resulting solid was washed with acetone, followed by being
dried under a reduced pressure at room temperature. In order
to record UV-vis absorption spectra, a supported lm on
a quartz substrate was prepared by embedding the mixture of
the azo dye-magadiite with a chloroform solution of poly(methyl
methacrylate) (PMMA).
Photochemical reactions

The photochemical reactions of the intercalated azo dyes were
conducted using UV and visible light irradiation with a Hama-
matsu Photonics 150 W high pressure Hg–Xe lamp. For the
8078 | RSC Adv., 2017, 7, 8077–8081
trans-to-cis reactions of AZ+ and AzNaph+, band-pass lters,
HOYA U-340 and HOYA B390 (the transmittance centered at 350
and 405 nm), were used for isolating UV light, respectively. For
the cis-to-trans backward reactions, sharp-cut lters, HOYA L42
(cut-off wavelength is 420 nm) and HOYA Y52 (cut-off wave-
length is 520 nm) were used to irradiate visible light toward AZ+

and AzNaph+, respectively.
Characterization

Adsorption–desorption isotherms of water from vapor phase
were obtained using a BELSORP-max adsorption equipment
(Microtrack BEL Co. Ltd.). Before the experiment, the AzNaph+–

magadiite powder was dried at 333 K. XRD patterns were
recorded on a RIGAKU 2100s humidity-controlled equipment
using monochromatic Cu Ka radiation, operated at 20 mA and
40 kV. UV-visible absorption spectra were recorded on a Shi-
madzu UV 3100 PC spectrophotometer. The composition of the
azo dye-intercalatedmagadiite was determined by CHN analysis
(Perkin Elmer 2400 II instrument).
Results and discussion

As shown in XRD patterns (Fig. 1a), the basal spacing of Na–
magadiite (1.57 nm) increased to 3.01 and 2.74 nm for AzNaph+-
and AZ+–magadiites, respectively, where the interlayer expan-
sion (the gallery height) was derived by subtracting the thick-
ness of the silicate layer of magadiite (1.12 nm)20 to be 1.89 and
1.62 nm. Considering the interlayer expansion and the molec-
ular size (1.9 nm for the long axis of each azo cation), inter-
digitated monolayer or bilayer coverage is possible orientation
of the interlayer azo dyes (Fig. 1b). The amount of AzNaph+ in
the product was determined by CHN analysis (C, 16.0%; N,
2.2%) to be 0.85 mol/Si14O29, which was smaller than that (1.8
mol/Si14O29 from C, 25.7%; N, 3.6%)13b of AZ+. On the bases of
the differences in the interlayer expansion, the adsorbed
amount of azo dye, and the molecular size, there seems to be
more space (lower packing density) to rotate naphthalene group
in AzNaph+ in the interlayer space (calculation in detail has
been described in ESI†).

The adsorption/desorption isotherms of water vapor (298 K)
on the trans-forms are shown in Fig. 2. Whereas AZ+–magadiite
hardly adsorbed water vapor, AzNaph+–magadiite was shown to
have a larger water adsorption capacity. The basal spacing of
AzNaph+–magadiite was recorded using a humidity-controlled
XRD equipment. The value was 3.08 nm under the RH of
90%, which is larger than that (2.89 nm) observed for the
sample under the RH of 10%, indicating that the interlayer
space of AzNaph+–magadiite is expandable by the water
adsorption (the XRD patterns are shown in ESI, Fig. S1†). The
basal spacing of trans-AZ+–magadiite (2.74 nm) was not sensi-
tive for the humidity (Fig. S1†). In AzNaph+–magadiite, residual
Na ions (ca. 1.1 mol/Si14O29) and interlayer silanol groups are
possible adsorption sites for water vapor. In addition, packing
of the dyes in the interlayer space (loosely packed AzNaph+ and
densely packed AZ+) is thought to be concerned for the
adsorptive characteristics of the intercalation compounds.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD patterns of Na–magadiite, AZ+–magadiite, and AzNaph+–magadiite recorded under ambient atmosphere, (b) schematic drawing
of the interlayer structures of AzNaph+- and AZ+–magadiite.

Fig. 2 Adsorption (filled symbols)/desorption (open symbols)
isotherms of water vapor (298 K) on AzNaph+- (red) and AZ+–mag-
adiite (blue) intercalation compounds.
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UV irradiation led the change in the absorption spectrum of
the AzNaph+–magadiite as shown in Fig. 3; absorbance of the
band ascribed to the trans-isomer (at around 390 nm) decreased
Fig. 3 The absorption spectra of AzNaph+–magadiite embedded in
PMMA: before (black), after UV irradiation (blue) for 10 min, and
subsequent visible light irradiation (red) for 10 min.

This journal is © The Royal Society of Chemistry 2017
aer the UV irradiation, indicating the trans-to-cis photo-
isomerization of the interlayer AzNaph+. The absorption spec-
trum was regenerated upon visible light irradiation, suggesting
that the photochemically formed cis-AzNaph+ photoisomerized
to trans-form. The absorbance of the cis-isomer (at around 500
nm) is quite small due to the n–p* forbidden transition. Based
on the change in the absorbance of the trans-isomer, the frac-
tion of the photochemically formed cis-isomer was estimated to
be 14% at the photostationary state.21 Similar spectral change in
responses to UV and visible light irradiations was observed in
the AZ+–magadiite system, and the fraction of the cis-isomer
was up-to 45%.13b

Photoinduced change in the basal spacing of AZ+–magadiite
was observed when photoirradiation was conducted under
a high humidity condition (RH ¼ 95%) (Fig. 4); the basal
spacing increased from 2.73 to 2.76 nm upon UV irradiation. It
was explained that, due to the polar nature of cis-AZ+, the
adsorption of atmospheric water to the photochemically formed
cis-AZ+–magadiite occurred to cause the expansion of the
interlayer space. In contrast, the basal spacing of AzNaph+–

magadiite decreased from 2.89 to 2.79 nm when UV irradiation
was conducted under a dry N2 atmosphere (RH ¼ 6.8%) (Fig. 5).
Fig. 4 Change in the XRD pattern of trans-AZ+–magadiite upon UV
and visible light irradiations at different humidity of (a) RH ¼ 5 and (b)
RH ¼ 95 for 10 min each.

RSC Adv., 2017, 7, 8077–8081 | 8079
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Fig. 5 XRD patterns of AzNaph+–magadiite recorded under (a)
ambient atmosphere, (b) RH of 6.8% at ground state and (c) UV irra-
diation for 10 min (RH ¼ 6.8%).
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The cis-isomer co-existed with the trans-isomer in the same
interlayer space as suggested by the single phase-XRD patterns
before and during the irradiation. Geometrical change from
trans to cis-AzNaph+ triggered the rearrangement of the overall
guest packing in the interlayer space, which was thought to
affect the decreased basal spacing upon UV irradiation. It is
clear from a molecular simulation (Scheme 2) that a larger
exclusion volume of the substituent bonded to azo group is
required for AzNaph+ to photoisomerize. Once the basal
spacing decreased, the value did not return to that before UV
irradiation probably due to the slow recovery of a portion of the
photochemically formed cis-form. Careful examination of the
irradiation conditions will be required to understand the
structural changes.

We recorded the XRD patterns and the absorption spectra
aer reaching photo-stationary state (10 min). Time for struc-
tural transition (basal spacing change) was strongly affected
whether accompanying intercalation of a molecule by light
irradiation or not. When the photoinduced intercalation was
not involved, the changes in absorption spectrum and basal
spacing occurred simultaneously.14c On the other hand, a longer
time than the spectral change was required to the transition
Scheme 2 Molecular simulation structures of trans- and cis-forms for
AZ+- and AzNaph+.

8080 | RSC Adv., 2017, 7, 8077–8081
because the intercalation of a molecule (phenol) was a rate
determining step to reach the steady state.15b In the present
AzNaph+–magadiite system, simultaneous transition with the
trans-to-cis isomerization is plausible because of the effect of the
water intercalation.

Conclusions

The structural changes of the cationic azo dye-magadiite inter-
calation compounds upon irradiation have been investigated
under controlled humidity conditions. Two azo dyes (azo-
benzene and azonaphthalene) gave photoinduced structural
changes from different mechanisms. Hydration of the photo-
chemically formed cis-form of the cationic azobenzene–mag-
adiite was the reason of the increase in the basal spacing by the
UV irradiation. The change in the basal spacing of the cationic
azonaphthalene–magadiite intercalation compound was
observed by the irradiation under the dry condition (decrease by
UV irradiation), which was thought to cause by the change in
the packing of the azonaphthalene in the interlayer space of
magadiite. The observed photoinduced structural changes
based on different mechanisms reminded the importance of
the mechanisms on the applications of the stimuli responsive
supramolecular systems under different operating conditions.
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