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identical to that shown in Fig. 4.

Regarding diffusional atomic jumps at high temperature, it is
natural to consider that the local vibration anomalies enhance the
short-range diffusion of atoms located around the cluster centre
with a help of a phason-site-mediated transport mechanism, caus-
ing occasional diffusion jumps of not only Al but also TM atoms
into the phason § site. This explains a random occurrence of five-
fold symmetry-like clusters at some places (Fig. 1b). Note that the
atoms delivered to the {3 site by diffusion jump can be quenched in,
so that they will be recognized as ‘quenched phason-defects’
(including chemical and site-occupation disorders that are signifi-
cant at the core of the 2-nm clusters), which have in fact been
detected by experimental measurements on the quenched
Sample20,27,28-

Alternatively, five-fold-symmetric 2-nm clusters emerge as the
thermodynamically stable configuration when the present high-
temperature Al;,Ni,(Cog undergoes phase transition at lower
temperatures (< 990K, to a less-quasiperiodic ordered phase);
this suggests that the phason 3 sites, metastable at high temperature,
provide stable positions for TM atoms at low temperature. This also
indicates that the above structural transition is closely related to
phason-related atomic behaviour, which is significant at the
centre of the 2-nm clusters, as shown in the present direct
observation. ]

Methods

Atomic-resolution images were taken by 200-kV (JEOL 2010F) and 300-kV (VG
Microscopes, HB603U) scanning transmission electron microscopes, providing a
minimum probe of approximately 0.150 nm and 0.126 nm, respectively. The former
microscope was used for a high-temperature in situ observation. Specimens were prepared
by crushing the bulk material and depositing it onto perforated amorphous carbon film
supported on Cu grids; by this method, the surface amorphous layer, roughness, and
contamination that are frequently induced by ion-milling and which strongly affect image
contrast, can be avoided. Thus, the intensities measured from the present images give
reliable information. Heating to 1,100 K in the microscope was achieved within 5 min,
which effectively suppresses a phase transition that would occur at < 990K during
heating. The electron diffraction pattern taken at 1,100 K from the grain used for imaging
(Fig. 1) confirmed that Al;,Ni,,Cog retains its basic AINiCo structure during in situ high-
temperature observation. Energy-dispersive X-ray spectroscopy showed no detectable
compositional change of the grain before and after the heat treatment in the microscope.
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Photocontrolled reversible release
of guest molecules from coumarin-
modified mesoporous silica
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Since the discovery' of MCM-41 more than ten years ago, many
investigations have explored the suitability of hexagonal meso-
porous silicas for potential practical applications®™. These range
from catalysis™® and optically active materials”® to polymeriza-
tion science’'?, separation technology™>'*>'* and drug delivery"> %,
with recent successes in the fabrication of hybrid mesoporous
organosilicas'®”' expected to open up further application possi-
bilities. Because the pore voids of this class of materials exhibit
relatively narrow pore size distributions in the range of 2—4 nm in
diameter, mesoporous silicas can selectively include organic
compounds and release them continuously at a later stage. The
functionalization of MCM-41 pore voids with photoactive
derivatives® > provides influence over the material’s absorption
behaviour, but full control over the release process remains
difficult. Here we show that the uptake, storage and release of
organic molecules in MCM-41 can be regulated through the
photocontrolled and reversible intermolecular dimerization***’
of coumarin derivatives attached to the pore outlets. Successful
functionalization requires uncalcined MCM-41 still filled with
the template molecules that directed the formation of its pores, to
ensure that coumarin derivatives attach preferentially to the pore
outlets, rather than their inside walls. We find that this feature
and the one-dimensional, isolated nature of the individual pores
allow for efficient and reversible photocontrol over guest access
to the material’s interior.
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The preparation of MCM-41 modified with a substituent bearing
a coumarin group used as-synthesized MCM-41 and 7-[(3-
triethoxysilyl)propoxy]coumarin (for full details, see Methods).
Sample 1A consists of MCM-41 with 4.0 wt% coumarin substituent.
The molecular length of 7-[(3-trihydroxysilyl)propoxy]coumarin,
attached to silanol groups on MCM-41, is approximately 1.3 nm
(see Supplementary Information); dimerization should yield cyclo-
butane coumarin dimers in anti head-to-head configuration and
sufficiently long® to obstruct the entrances to the pore of MCM-41
(pore diameter ~3 nm).

The ultraviolet (UV) diffuse reflectance spectrum of coumarin-
modified MCM-41 (sample 1A) is shown as a bold line in Fig. 1a.
The absorption of the coumarin part (wavelength of maximum
absorption A,,x = 324nm) is clearly visible, confirming the
successful grafting of coumarin substituents. Solid-state *°Si NMR
spectra also confirm grafting of organic molecules to the silica
(Supplementary Information).

Irradiation of sample 1A with UV light with wavelengths longer
than 310nm induces photodimerization, and thus results in a
gradual decrease in the absorption band centred at 324 nm; the
adsorption has almost disappeared after 50 min (Fig. 1a). In con-
trast, irradiation with UV light with a wavelength around 250 nm
regenerates the coumarin absorption band within 2-3 min, owing
to photocleavage of the coumarin dimers; however, the absorption
feature decreases again under prolonged irradiation (Fig. 1b).

We regard the coumarin substituents as ‘hinged double doors’
controlling access to the pores of MCM-41. In the absence of any
photo-irradiation and after photocleavage of the dimers (when the
coumarin substituents are present as monomers), the ‘double
doors’ are open and allow access to the interior of MCM-41. After
photodimerization, the double doors are closed, with cyclobutane
dimers spanning the pore entrances and obstructing access—
the pore void is isolated. In contrast, the reversible photochromism
effects reported for diazo®** and spiropyran derivatives®** attached
to mesoporous materials are not expected to regulate pore access: in
many cases, the optically active molecules are incorporated
inside the pores, and the reactions are intramolecular and thus
give rise to significantly smaller changes in the extent of pore
obstruction.

Controlled-release experiments are conducted with the steroid
cholestane, because its molecular size (~1.9nm length and
~0.6nm diameter)*® allows it to be stored in the pores of
MCM-41. In addition, cholestane has no UV absorption band

Sample 1A (without photodimerization)

Absorption

400 250 300 350 400
Wavelength (nm)

250 300 350
Wavelength (nm)

Figure 1 Changes in UV-visible spectra of modified MCM-41 samples during UV
irradiation. a, Sample 1A (MCM-41 with 4 wt% coumarin substituent, prepared with a
grafting time of 15 min; see Methods) during photo-irradiation with UV light of wavelength
>310nm. b, Sample 2A (cholestane absorbed to sample 1A, followed by
photodimerization and washing) during photo-irradiation with UV light of wavelength
around 250 nm. The structures of coumarin monomer and dimer are also shown, and the
spectra corresponding to the presence of only monomers or dimers are identified.
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around 324 nm that would interfere with monitoring of coumarin
spectra. The amount of cholestane absorbed in the pores of sample
2A (MCM-41 modified with coumarin derivatives and exposed to
light after guest entrance, to induce dimerization) was 28 wt% (see
Methods and Table 1). Washing in the absence of irradiation
resulted in no cholestane remaining in the modified MCM-41.
Unmodified MCM-41 also failed to retain cholestane after washing.
Similarly, photo-induced dimerization of the coumarin-modified
MCM-41 (sample 1A) before exposure to guest solution resulted in
no cholestane being absorbed in the material. These observations
suggest that cholestane is retained in modified MCM-41 owing to
cyclobutane coumarin dimers preventing passage through the pore
outlets.

Sample 2A was then irradiated with UV light with a wavelength of
around 250 nm to cleave the cyclobutane rings, yielding sample 3A.
Washing with #-hexane released 77% of the stored cholestane to the
solution. To our knowledge, this is the first demonstration of active
control over the accessibility of the pores in mesoporous silica.

Table 1 summarizes essential features of the different MCM-41
samples. As indicated, X-ray diffraction measurements (see also
Supplementary Information) showed no difference between the
MCM-41 samples (samples 1A-3A and without modification),
indicating that the hexagonal silica structure and pore features are
not influenced by the coumarin-modification, photo-irradiation,
and the cholestane storage/release process. The nitrogen adsorp-
tion—desorption isotherms (Fig. 2), however, exhibit distinct differ-
ences: whereas coumarin-modification has no influence on
nitrogen uptake and release by sample 1A, coumarin photodimer-
ization (yielding sample 2A) and subsequent photocleavage (yield-
ing sample 3A) influence these properties (Fig. 2; for pore size
distribution data, see Supplementary Information). As illustrated in
the figure, cholestane storage in the pores of the photodimerized
sample leads to a very marked decrease in the amount of adsorbed
nitrogen (sample 2A), with the specific surface area and pore
volume reduced to a quarter of the values seen for sample 1A.
UV-induced ring cleavage and washing with n-hexane, to give
sample 3A, increases the specific surface area as well as the pore
volume, as expected if the washing treatment releases most of the
cholestane from the MCM-41 pores to the n-hexane solution. This
process is complete after 48 h (releasing rate; see Supplementary
Information). Because the photocleavage of the coumarin dimers
proceeds imperfectly’>”, some cholestane is expected (and is

500

400 Sample 1A
_. 300
> Sample 3A
=
= 200}

Sample 2A
100
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
P/P,

Figure 2 Nitrogen adsorption—desorption isotherms of MCM-41 samples. Shown are data
for sample 1A (see Fig. 1 legend), sample 2A (see Fig. 1 legend) and sample 3A
(photocleaved and washed sample 2A). V, volume of N, adsorbed; P, pressure of
adsorbent; Py, saturation pressure (1 atm). Open symbols, adsorption branch of isotherm;
closed symbols, desorption branch of isotherm.

351




letters to nature

Sample 2D

Absorption

/

Sample 2A

Sample 2B

Sample 2C

250 300

350 400

Wavelength (nm)

Figure 3 UV-visible spectra of coumarin-modified MCM-41 after complete photo-
irradiation by UV light of wavelength >310 nm. Data are shown for sample 2A (see Fig. 1
legend), sample 2B (cholestane absorbed, photodimerized and washed 5.6 wt%
coumarin grafted MCM-41; grafting time, 22 h), sample 2C (cholestane absorbed,

observed) to remain in the pores (Table 1). Comparable uptake and
release behaviour was observed with pyrene and phenanthrene,
molecules that are smaller than cholestane. Similarly, the uptake and
release of progesterone, a corpus luteum hormone, could also be
controlled (after photodimerization: 28.2 wt% storage, and after
photocleavage: 6.0 wt% storage).

To achieve effective release control, the coumarin substituents
need to be attached to the pore outlets of the modified MCM-41.
This was achieved by modifying as-synthesized MCM-41 at ambient
temperature (~295K) over a short grafting time (15 min). When
using identical conditions except for a grafting time of 22 h (sample
1B; 5.6 wt% grafted), the material exhibited significantly worse
performance in controlled uptake and release experiments
(Table 1, samples 2B and 3B). Similarly, when an equal amount
of coumarin substituent was grafted in a short period (15 min) to
calcined MCM-41 (sample 1C; 4.0 wt% grafted), cholestane uptake
was significantly diminished (Table 1, samples 2C and 3C). Finally,
coumarin-modified MCM-41 was also prepared by one-pot hydro-
thermal synthesis (sample 1D; 5.6 wt% grafted), but showed no
evidence for controlled release after extraction of the surfactant, or
of cholestane storage after photo-irradiation (Table 1, sample 2D).

Figure 3 gives the UV spectra of samples 24, 2B, 2C and 2D after

photodimerized and washed 4 wt% coumarin grafted on calcined MCM-41 for 15 min)
and sample 2D (cholestane absorbed, photodimerized and washed 5.6 wt% coumarin
grafted MCM-41 produced by one-pot synthesis).

photo-irradiation (at wavelengths >310nm) over 200 min. In the
case of sample 2A, the coumarin absorption at 324 nm has almost
disappeared, indicating complete dimerization of coumarin
(>98%). In the case of sample 2B and 2C, the less-pronounced
decrease in the absorption at 324 nm indicates poor (25%) and
incomplete (63%) dimerization, respectively, while sample 2D
shows essentially no evidence for photodimerization (<1%).
These results indicate that, as expected, the position of the coumarin
substituents in the pore of MCM-41 determines their reactivity to
photodimerization. That is, the crowding of coumarin substituents
at the pore outlets in sample 1A enables almost complete photo-
dimerization, whereas the more dispersed attachment in samples 2B
and 2C allows for only limited coumarin photodimerization. In the
case of sample 2B, which used as-synthesized MCM-41, the long
grafting time permits gradual displacement of surfactants and
diffusion of coumarin reagents into the inner pore space. (More
than 90% of the template was removed after this procedure). In the
case of sample 2C, grafting® on calcined MCM-41 but only over a
short period resulted in preferential attachment near the outlet of
the pores®™'. We expect that the large size of the coumarin
substituents that we used, and their associated slow diffusion, will
have enhanced this tendency, thus explaining the overall better

Table 1 Properties of various modified MCM-41 samples

Sample Status d100” Sgert Vot APD§ Peak pore diameter Cholestane storage
(nm) m”g™") cm®g™) (nm) (nm) (wt%)
MCM-41 Unmodified 4.06 982 0.84 2.80 3.0 0.0
Sample 1A# Modified 4.06 970 0.82 2.79 3.0 0.0
Sample 2A Dimerized 4.06 275 0.21 1.99 1.9 28.0
Sample 3A Cleaved 4.06 747 0.61 2.60 2.8 6.4
Sample 1B+ Modified 4.06 907 0.74 2.71 2.7 0.0
Sample 2B Dimerized 4.06 790 0.58 2.43 2.6 4.8
Sample 3B Cleaved 4.06 842 0.70 2.69 2.8 1.4
Sample 1C** Modified 4.04 916 0.77 2.74 2.8 0.0
Sample 2C Dimerized 4.04 615 0.49 2.42 2.3 12.8
Sample 3C Cleaved 4.04 798 0.70 2.72 2.8 2.1
Sample 1D1f Modified 3.95 853 0.62 2.38 2.2 0.0
Sample 2D Dimerized 3.95 856 0.62 2.38 2.2 < 0.1

*d 100 X-ray diffraction (100) interplanar spacing.

1 Sger: BET specific surface area.

$V,: Primary mesopore volume.

§APD: average pore diameter = 4V//Sg,, Where Sgy is the BJH specific surface area.

||Peak pore diameter calculated from BJH pore size distribution curve using adsorption branches.

9 Weight per cent of cholestane stored in the modified MCM-41 materials after thorough washing with n-hexane.

#Sample A: 4 wt% coumarin grafted MCM-41; grafting time, 15min.
+rSample B: 5.6 wt% coumarin grafted MCM-41; grafting time, 22h.
**Sample C: 4wt% coumarin grafted on calcined MCM-41 for 15 min.
F1Sample D: 5.6 wt% coumarin grafted in one-pot synthesis.
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controlled-release performance of sample 2C, relative to that of
sample 2B (Table 1). Of course, we expect that the entire external
surface of all these modified MCM-41 samples has been functio-
nalized during treatment with the coumarin derivatives, but this
should not affect the performance of the materials in our con-
trolled-release experiments. Finally, in the modified MCM-41
sample produced by one-pot synthesis (sample 2D), the coumarin
substituents are expected to exist randomly in the pore space, with
this highly dispersed placement of the substituents preventing
photodimerization of coumarin groups and the storage of chemi-
cals in the pore.

The use of as-synthesized MCM-41 and a short time of grafting
are essential for preparing materials that allow effective and direct
control over guest uptake and release. Porous materials with
interconnected pore architectures, such as silica gels, are expected
to be less effective, because guest molecules could diffuse to
the outside through remaining unmodified (not closed) pore out-
lets. Indeed, controlled release using coumarin-modified silica
gel was not successful: although the photodimerization took
place, no cholestane was stored in the gel. The present work
shows that the isolated, one-dimensional cylindrical pores of
MCM-41 render this material particularly suitable for controlled-
release applications. O

Methods

Preparation of the coumarin-modified MCM-41

MCM-41 was prepared using gel of the following molar composition; 1 SiO,: 0.51
CTMABr: 0.67 TMAOH: 0.46 Na,O: 0.65 H,SO,: 80 H,O (pH 9.75). The gel was heated at
373 K for 3 d. The obtained material was filtered off, washed and dried at 373 K for24h.2 g
of as-synthesized MCM-41 was suspended in a solution containing 20 ml of n-hexane and
0.20 g of 7-[(3-triethoxysilyl)propoxy]coumarin under stirring at ambient temperature
for 15 min. n-Hexane was evaporated by a rotary evaporator at 353 K for 2 h, and the
resulting material was dried under vacuum at 423 K for 12h. 2 g of this coumarin-
modified as-synthesized MCM-41 with surfactant was refluxed in 100 ml of ethanol
containing 4 ml of HCI (1 M) at 353 K for 4 h. The solid was descended and washed with
ethanol. This process was carried out twice to ensure the complete removal of surfactant
from the pores of MCM-41. The obtained solid was filtered off, washed with ethanol
and water, and finally dried at 353 K for 12 h. This material was referred as sample 1A.
Sample 1B was prepared by the same grafting procedure as sample 1A for 22 h
duration. Sample 1C was obtained by grafting 4.0 wt% of coumarin substituent on
calcined MCM-41 at ambient temperature in hexane solution under stirring for 15 min.
Sample 1D was synthesized from the mixed solution of tetraethoxysilane and 7-[(3-
triethoxysilyl) propoxy]coumarin (5 mol% to tetraecthoxysilane) by the same procedure
as mentioned above. The removal of surfactant and the amount of substituents in
MCM-41 were assessed by gas chromatography, thermogravimetric analysis, and chemical
analysis.

Preparation of 7-[(3-triethoxysilyl)propoxy]coumarin

7-Allyloxycoumarin was obtained from umberiferon and allyl bromide in the presence
of potassium carbonate, and purified by recrystallization from ethanol. The yield was
over 90%. 7-[(3-triethoxysilyl)propoxy]coumarin was prepared as follows; after
bubbling dry nitrogen into a toluene solution (100 ml) of 7-allyloxycoumarin 3.24 g
(16 mmol) and triethoxysilane 2.94 g (17.6 mmol) for 10 min, 0.8 ml of a toluene
solution (2mM) of Pt (dvs) [platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane
complex] (Aldrich) was added, and the resulting solution was stirred for 12 h at room
temperature. After removing solvent under reduced pressure, the oil obtained
(successfully identified as 7-[(3-triethoxysilyl)propoxy]coumarin) was used directly to
modify MCM-41.

Photoresponsive on-off controlled-release experiment

1 g of coumarin-modified MCM-41 (samples 1A, 1B, 1C and 1D) was suspended in an
n-hexane solution (20 ml) containing 1 g of cholestane at ambient temperature for 24 h.
The resulting solid was filtered off, washed with n-hexane many times on a filter, and dried
at 333K for 12 h. The content of cholestane in the filtrate was analysed using gas
chromatography. The obtained solid was photodimerized by irradiation with UV light of
wavelength >310 nm for 30 min using a 450-W high-pressure mercury lamp through a
Pyrex glass cooler. After the dimerization, the solid was suspended in n-hexane (100 ml)
and stirred at room temperature for 48 h. Finally, the solid was filtered off, washed with
n-hexane and dried at room temperature (samples 2A, 2B, 2C and 2D). The amounts of
cholestane in samples 2A, 2B, 2C and 2D were estimated from the difference between
the initial and the recovered amounts. This dimerized material was subjected to
photocleavage by irradiation at around 250 nm wavelength for 2.5 min with a low-pressure
mercury lamp through a quartz glass cooler, and treated with n-hexane (100 ml) at room
temperature under stirring for 48 h. Finally, the solid was descended, washed and dried at
room temperature (samples 3A, 3B and 3C). The amounts of cholestane released
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(dissolved in n-hexane) were analysed using gas chromatography and thermogravimetric
analysis.
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