2722

Chem. Mater. 2001, 13, 2722—2729

Effective Inclusion of Chlorophyllous Pigments into
Mesoporous Silica Modified with o,w-Diols

Shusaku Murata,’ Hiroyasu Furukawa,’ and Kazuyuki Kuroda* '+

Department of Applied Chemistry, Waseda University, Ohkubo-3, Shinjuku-ku,
Tokyo 169-8555, Japan, and Kagami Memorial Laboratory for Materials Science and
Technology, Waseda University, Nishiwaseda-2, Shinjuku-ku, Tokyo 169-0051, Japan

Received April 20, 2001. Revised Manuscript Received May 23, 2001

FSM-type mesoporous silica modified with various diols was utilized as an inorganic
medium for immobilizing chlorophyll a (Chl a) without denaturation. The energy transfer
from Chl b to Chl a in the mesopores was also observed for the first time. Silanol groups on
the mesoporous silica were esterified with diols, and this was confirmed by *C MAS NMR,
IR, N, adsorption, and elemental analysis. The suppression of the pigment degradation in
modified FSM was confirmed by both visible absorption spectroscopy of the FSM/Chl
compounds and the analysis of the extracts from FSM/Chl by high-performance liquid
chromatography. The fluorescence emission bands of Chl a and Chl b in FSM modified with
1,6-hexanediol appeared at 672 and 654 nm, respectively. In the FSM/Chl containing both
Chl a and Chl b, the emission band due to Chl b was decreased whereas the band due to
Chl awas increased. This is in sharp contrast to the emission spectrum of an acetone solution
containing both of Chls, implying energy transfer from Chl b to Chl a in modified mesoporous

silica.

Introduction

The primary part of the photosynthesis process is
driven by a light-induced redox reaction in a reaction
center complex, and sunlight is collected by antenna
complexes. In the redox reaction, energy is efficiently
transferred to a specific site (primary donor) to generate
a high-energy electron.%2 The primary processes are
driven by chlorophylls (Chls, Figure 1) and bacterio-
chlorophylls. It is of general interest to construct
artificial photoredox systems for conversion and storage
of solar energy as an alternative to using fossil fuels.3#
To this end, two basic approaches have emerged. One
is to build up supramolecules such as multiporphyrin
arrays whose chromophores are fixed by covalent bonds.>
Although these supramolecules exhibit high efficiency
in energy and electron transfers, it is very difficult to
design and synthesize these supramolecules, indicating
that this strategy is not always attractive for mimicking
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Figure 1. Molecular structure of chlorophyllous pigments
with partial numbering according to the IUPAC system: Chl
a, R = Me, M = Mg; Chl b, R = CHO, M = Mg; Pheo a, R =
Me, M = 2H.

natural photosynthesis. The other approach is to use
adequate media for immobilization of chlorophyllous
pigments. Since biofunctional molecules are more easily
obtained than those described by the former method,
there have been many reports that deal with the energy
transfer between chlorophyllous pigments. These occur
not only in various solutions® but also in various
immobilization media such as surfactant micelles,’
liquid crystals,? lipid vesicles and bilayers,® LB films,0
polymer films,'* and cast films.'2 However, little is
known about appropriate inorganic media, though they
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are very suitable for applications in energy conversion
and storage. We have recently proposed the use of
mesoporous silica as the adsorbents of Chls.1314

Ordered mesoporous silicas possess both high surface
areas with ordered mesopores and large adsorption
capacities,’> which make them useful as catalysts,
catalyst supports, and adsorbents for larger molecules.6
The advantages of mesoporous silica in comparison with
conventional media are as follows. (1) The high surface
area (ca. 1000 m? g~1) of mesoporous silica is suitable
for increasing the amount of adsorbed pigments per unit
volume. This assumes that most of immobilized pig-
ments are inclined to be in a monomeric state in the
adsorbents. As such, they have higher fluorescence
guantum yields than aggregates. It would also facilitate
the spectral analyses because the systems would contain
only monomeric species. (2) To decrease the dissipation
of energy, chlorophyllous pigments in living organisms
are in close contact with surrounding proteins.'” Here
we point out the possibility that immobilized Chls are
fixed in the mesopores, with very little diffusion. Such
immobilization is appropriate for rapid energy transfer
with high efficiency as in protein matrices. (3) Silica
pigment complexes without solvents are suitable for
simple handling. These systems also suppress pigment
denaturation because chlorophyllous pigments in solid
states are less prone to be denatured than those in
solutions. (4) Extended applications of mesoporous silica
have been proposed by using surface modification (such
as esterification and silylation) of silanol (Si—OH)
groups in mesopores.8 The surface modification should
create a variety of applications of mesoporous materials
because they retain their desirable features, including
mechanical strength.

In a previous paper, we reported the adsorption of Chl
a into FSM-type mesoporous silica derived from a
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layered polysilicate kanemite.1® However, almost all of
the Chl a was pheophytinized (demetalation of Chl)
after adsorption due to interactions with acidic silanol
groups on the silica surface. Pheophytinization of Chl
a was appreciably suppressed by use of FSM modified
with 1,4-butanediol®® or by incorporation of transmeta-
lated Chls such as Zn—Chl a into bare FSM.1* Never-
theless, it is well-known that chlorophyllous pigments
are labile to heat or solvent treatments, resulting in
pheophytinization and allomerization (oxidation of ring
V).1® Furukawa et al. reported that Zn—Chl a was
mostly allomerized during the adsorption, though such
denaturation is not detectable by visible absorption
spectra.l* In this context, the estimation of a variety of
Chl denaturations in immobilized media is still an
essential subject to be tackled before construction of
artificial photosynthetic models.

There are only a few works detailing pigment dena-
turation in immobilized media (an exception is LB
films).20 The reasons why the integrity of Chls have not
been examined in more detail are (1) the lack of the
adequate procedures for pigments separation and analy-
sis by high-performance liquid chromatography (HPLC)
and (2) the difficulty in the extraction of pigments from
immobilized media. In this report, we describe the
synthesis of useful inorganic adsorbents that suppress
denaturation of Chls. The validity of FSM modified with
diols was estimated from the degree of denaturation by
use of normal phase HPLC analysis. Furthermore, the
occurrence of the energy transfer from Chl b to Chl a
in mesopores was investigated by fluorescence emission
for the first time. A series of results provide valuable
insight into the design of silica/organic materials for
artificial photosynthesis systems.

Experimental Section

Materials. High-purity water glass (SiO, = 21.12%, Na,O
= 6.57%, Nippon Chemical Ind. Co.) was used as a silica
source. Reagent-grade 1,4-butanediol, 1,6-hexanediol, 1,8-
octanediol, acetone, and toluene were purchased from Kanto
Chemical Co. HPLC-grade hexane, methanol, 2-propanol, and
acetone (Wako) were used for HPLC analysis. Reagent grade
hexane and acetone (Wako) were also used for preparative
HPLC.

Synthesis of Mesoporous Silica and Surface Modifica-
tion. FSM-type mesoporous silica (FSM) was prepared by the
following method.*31%21 Kanemite was prepared by dispersing
5 g of 0-NazSi,Os in 100 mL of water, followed by stirring for
30 min. The wet kanemite was dispersed in 100 mL of a 0.1
M (1 M = 1 mol dm~3) octadecyltrimethylammonium chloride
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([C18H37N(CH3)3]ClI, Tokyo Kasei) solution. After the suspen-
sion was stirred at 70 °C for 3 h, the pH was adjusted to 8.5
by adding 2 M HCI and the stirring was continued at 70 °C
for 3 h. The solid product was recovered, washed with water,
air-dried, and calcined at 550 °C for 6 h in air.

The reaction of FSM-type mesoporous silica with diols was
performed as follows.'® FSM was pretreated at 150 °C for 3 h
in vacuo to remove adsorbed water. The dried FSM (1.0 g) and
75 mL of 1,4-butanediol (BD), 1,6-hexanediol (HD), or 1,8-
octanediol (OD) were refluxed for 24 h under an N, atmosphere
at 230, 250, or 280 °C, respectively. The esterified products
(BD-FSM, HD-FSM, and OD-FSM) were washed twice with
acetone to remove unreacted diols and dried at room temper-
ature in vacuo.

Preparation and Adsorption of Chls. The preparation
of pure Chl a and b was described elsewhere.?>?* Briefly,
chlorophyllous pigments were extracted from lyophilized
spinach leaf tissues, and purified using a preparative normal-
phase HPLC (column: Senshupak Silica-5251N, 20 mm diam-
eter x 250 mm, 4 °C; eluent: hexane/acetone/methanol = 100/
5/1.5 for Chl a; hexane/2-propanol = 100/3 for Chl b). The
adsorption of Chl a and Chl b by FSM modified with diols was
performed as follows:'® a prescribed amount of Chl was
dissolved in 5 mL of toluene, and then 0.1 g of FSM modified
with a diol was dispersed in the Chl solution. The mixture was
stirred at room temperature for 3 h in the dark and centrifuged
to remove supernatant and dried at room temperature in
vacuo. Chlorophyllous pigments adsorbed on bare FSM and
modified FSM were extracted with acetone and injected onto
an analytical HPLC column to determine the degree of
pigment degradation (column = Senshupak Silica-1251N 4.6
mm diameter x 250 mm, 4 °C; the eluents were the same as
for preparative HPLC; integrator, Shimadzu C—R6A). The Chl
a/Pheo a molar ratio was deduced from calibration curves as
described previously.??24

Instrumentation. X-ray powder diffraction (XRD) patterns
were obtained with a Mac Science MO3XHF?? diffractometer
(Mn-filtered Fe Ko radiation). The nitrogen adsorption—
desorption isotherms were measured at 77 K in the relative
pressure range from about 107 to 0.99 on a Belsorp 28SA
instrument (Japan Bell Inc.). The pore size distributions were
calculated from the adsorption data by the BJH method.?® The
BET surface areas were determined by using the data under
the relative pressures between 0.05 and 0.25 before the
capillary condensation. The pore volumes were obtained by
the t-plot method. Infrared spectra were recorded on a Perkin-
Elmer FTIR 1640 by Nujol and KBr disk techniques. For the
measurements of Nujol technique, the esterified products were
preheated at 120 °C for 3 h to remove adsorbed water. Solid-
state °C magic angle spinning (MAS) NMR measurements
were performed on a JEOL JMM-CMX400 spectrometer at a
spinning rate of 10 kHz and a resonance frequency of 100.54
MHz with a pulse length of 4.0 us and a recycle time of 60 s.
The chemical shifts were expressed with respect to hexa-
methylbenzene. Solid-state 2°Si MAS NMR measurements
were performed at a spinning rate of 3.5 kHz and a resonance
frequency of 79.42 MHz with a 45° pulse length of 2.0 us and
a recycle time of 100 s. The *3C and 2°Si MAS NMR spectra
were deconvoluted with the program package IGOR Pro Ver.
3.1 (WaveMatrix, Inc.). Proton NMR spectra (CDCl; solutions)
were recorded on a 270 MHz spectrometer (JEOL JNM-
EX270). Differential thermal analysis (DTA) curves were
obtained with a Mac Science 2000S analyzer at a heating rate
of 10 °C min~! under a dry air flow (standard: a-Al,Os).
Elemental analysis (CHN) was performed on a Perkin-Elmer
PE—240011. Diffuse reflectance visible absorption and fluo-
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Figure 2. Solid-state *C MAS NMR spectra of esterified
FSM.

rescence spectra were recorded on a Shimadzu spectropho-
tometer (UV-3101PC) and a Hitachi spectrofluorophotometer
(F-4500), respectively. The fluorescence spectra were corrected
using an attachment of standard tungsten lamp (Hitachi).

Results

Characterization of FSM Modified with Diols.
The XRD pattern of FSM had four peaks at d-spacings
of 3.9, 2.3, 2.0, and 1.5 nm (see Supporting Information,
Figure S1), which are characteristic of a typical hex-
agonal array of mesopores.1%¢ The XRD patterns of diol-
modified FSM (BD-, HD-, and OD-FSM) were quite
similar to that observed for unmodified FSM, indicating
the retention of the structure after the esterification.

Esterified FSM powders were characterized by 13C
MAS NMR, FT-IR, DTA, and N, adsorption analyses.
The 13C MAS NMR spectra of diol-modified FSM are
shown in Figure 2. All the signals were assigned to
corresponding carbon atoms in 1,4-butanediol, 1,6-
hexanediol, and 1,8-octanediol, indicating the presence
of —O(CH3),0—, —O(CH;)sO—, and —O(CH5)sO— groups,
respectively.?6 Two kinds of carbon atoms bonded to
oxygen were detected at around 61 ppm, showing that
one or two OH groups in diols were linked to the surface
silanol groups of FSM. The ratio of diols having both
OH groups esterified with silanol groups (the bridged
type) increased with an increase in the alkylene chain
length for diol, that is, in the order BD-, HD-, and OD-
FSM. The ratios of the terminal carbons of one side and
both sides in the diols used for esterification were
estimated to be 99:1, 81:19, and 65:35 for BD-, HD-, and
OD-FSM, respectively.

Surface modification of FSM was also confirmed by
the DTA curves (see Supporting Information, Figure
S2). Sharp exothermic peaks appeared at 282, 272, and
267 °C in the curves of BD-, HD-, and OD-FSM,
respectively. These DTA curves were reminiscent of the

(26) Tuel, A.; Hommel, H.; Legrand, A. P.; Balard, H.; Sidqgi, M.;
Papirer, E. Colloids Surf. 1991, 58, 17.
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tion obtained from the adsorption branch by the BJH method.

exothermic peaks of FSM modified with n-alcohols,!&
indicating the combustion of the esterified organic
groups.

Figure 3 shows the IR spectra of unmodified and
modified FSM. In the IR spectrum of unmodified FSM
obtained by the Nujol technique (Figure 3A), the band
due to v(OH) of Si—OH groups was observed at 3690
cm~1.18> This peak all but disappears after the reaction
with diols. The bands at around 2900 cm~?! due to the
vibrations of C—H bonds were observed for modified
FSM by the KBr disk technique (Figure 3B)%” and these
bands increased from BD-FSM to OD-FSM. These
findings indicate that most of the Si—OH groups on
FSM surfaces reacted with diols to form 1-hydroxy-
alkoxide groups.

The N adsorption isotherms of esterified FSM and
the pore size distributions estimated by the BJH method
are illustrated in Figure 4. All of the N, adsorption
isotherms are type 1V, indicating the presence of me-
sopores after the surface modification. This trend is

(27) Burkert, S. L.; Sims, S. D.; Mann, S. Chem. Commun. 1996,
1367.
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Figure 5. Diffuse reflectance visible absorption spectra of Chl
a adsorbed on unmodified FSM and esterified FSM. (Note: the
absorption maxima of Pheo a in toluene were 415 (Soret), 538
(Qy), and 672 nm (Qy), and those of Chl a were 433 (Soret),
580 (Qy), and 665 nm (Q,). See the text for the details.)

Table 1. Pore Characterization of Unmodified FSM and
Esterified FSMs and Grafted Numbers of the Organic
Groups in the Esterified FSMs

no. of grafted

BET surface pore vol pore groups

area (m?-g~t) (mL-g™%) size (nm) (groups-nm2)
FSM 1000 0.82 3.2 -
BD-FSM 760 0.63 2.8 24
HD-FSM 610 0.42 2.7 2.0
OD-FSM 540 0.32 24 2.0

similar to that reported previously for the adsorption
isotherms of mesoporous silicas before!l® and after
modification.18 The BET surface areas and the pore
volumes of modified FSM decreased with the alkylene
chain length of the diols (Table 1). The full widths at
half-maximum of the pore size distributions were nar-
row in all the samples, and no drastic changes were
detected by the modification. It should be noted that the
pore size of these FSM decreased with an increase in
the alkylene chain length (Figure 4 inset and Table 1).

Visible Absorption Spectra of Adsorbed Chl a.
The Qy, Qyx, and Soret absorption peaks of a monomeric
Chl a solution containing 100 nmol of Chl a are located
at 665, 580, and 433 nm, respectively (in toluene, data
not shown). Modified and unmodified FSM were dis-
persed in the Chl solutions described in the Experimen-
tal Section. The supernatants became almost colorless
after several minutes. Considering both the decrease in
the absorption of the supernatant solutions containing
Chls and the large inner surface area of FSM in
comparison with outer surface area,?! it is assumed that
most of the Chls were introduced into the pore system
of FSM.28

Surface modification of FSM considerably affects the
spectral shape of the absorption spectra (Figure 5). The
Qy, Qx, and Soret absorption peaks of Chl on bare FSM
were located at 659, 541, and 410 nm, respectively.
There are several differences from the spectrum of Chl

(28) Because the amount of adsorbed Chl was so small, there was
some uncertainty in the determination of the amount of incorporated
Chl by the N, adsorption data.
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a in toluene. The peak positions in the Soret and Qy
regions were similar to those of Pheo a in toluene due
to pheophytinization of adsorbed Chl (Soret, 415 nm;
Qx, 538 nm; Qy, 672 nm for Pheo a in toluene). The Qy
peak position of FSM/Chl was located at shorter wave-
length than that of Pheo a in toluene, because of the
partial protonation of Pheo a.2° These findings indicate
that most of incorporated Chl were pheophytinized in
the adsorption process. This is reminiscent of the
absorption spectrum of bare FSM containing pure Pheo
awith a Soret band at 406 nm.'* The 'H NMR spectrum
of the pigments extracted from bare FSM showed the
peak due to the N—H group in Pheo a at —1.9 ppm (data
not shown).3°

On the other hand, Chl a incorporated into the
modified FSM exhibited an absorption spectrum similar
to that of Chl a in toluene with Q, and Qy peaks at
around 665 and 580 nm, respectively. There was no
absorption band assigned to the Qy transition of Pheo a
at around 540 nm. When HD- and OD-FSM were used,
the absorption peaks in the Soret region appeared at
around 430 nm. These spectral shapes are similar to
the spectrum of Chl a in toluene, indicating that
pheophytinization was effectively suppressed by the
surface modification with diols. However, BD-FSM/Chl
gave two Soret absorption peaks at 418 and 430 nm,
which suggests partial pheophytinization of Chl a in this
system.

The Qy peaks of Chl on surface modified FSM were
broadened in comparison to that of Chl a in toluene (full
width at half-maximum of Q, band: 840 cm™! in HD-
FSM; 400 cm~! in toluene). Similar tendencies were
reported for clay/Chl and FSM/Zn—Chl systems.1431
Although aggregate species generally gave broadened
absorption peaks,3233 the broad Qy, band observed here
probably resulted from a single species, because the
second derivative of the absorption spectrum in the Q,
region yielded a curve with one minimum. Conse-
qguently, almost all Chl was in a monomeric state in the
pore system.*

HPLC Analyses. HPLC analyses of chlorophyllous
pigments extracted from the FSM/Chl system were
performed to estimate the degree of pigment degrada-
tion (Figure 6). The extracted pigments were classified
into four categories: (1) Chl a, (2) Chl a' (C13?%-(S)-
epimer of Chl a),%? (3) Pheo a/a’ (demetalated compounds
of Chl a/a’), and (4) allomers (oxidation of ring V of
Chls).’® Because Chl a == Chl a' epimerization is
reversible sterecisomerization at the C132 moiety, Chl
a isomerizes to Chl a' in solutions, especially under the
presence of a base catalyst.3* Because the visible
absorption and fluorescence spectra and redox proper-
ties of Chl a and a' are almost the same due to the
common z-conjugated system,?2.23:35 in this report, we

(29) The Qy band of protonated Pheo a, was at 654 nm in a HCI/
acetone solution (data not shown).

(30) Hynninen, P. H.; Lotjonen, S. Magn. Reson. Chem. 1985, 23,
605.

(31) Itoh, T.; Ishii, A.; Matsushima, A.; Hiroto, M.; Nishimura, H.;
Tsuzuki, T.; Kamachi, T.; Okura, I.; Inada, Y. Bioconjugate Chem.
1998, 9, 409.

(32) Oba, T.; Mimuro, M.; Wang, Z.-Y.; Nozawa, T.; Yoshida, S.;
Watanabe, T. J. Phys. Chem. B 1997, 101, 3261.

(33) Furukawa, H.; Oba, T.; Tamiaki, H.; Watanabe, T. J. Phys.
Chem. B 1999, 103, 7398.

(34) Watanabe, T.; Mazaki, H.; Nakazato, M. Biochim. Biophys.
Acta 1987, 892, 197.
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Figure 6. HPLC traces of Chls extracted from unmodified
FSM and esterified FSM. The unidentified minor peak at 11

min (top trace) may be due to a pheophytin allomer.

regard pheophytinization and allomerization as dena-
turation of Chl a during the adsorption process.

Almost all the Chl a molecules changed to Pheo a/a’
when unmodified FSM was used (Figure 6 top). On the
other hand, pheophytinization of Chl a was effectively
suppressed by the surface modification of FSM with
diols. Though the composition of the pigments extracted
from BD-FSM showed small demetalation of Chl (ca.
5%), no Pheo derivatives were detected for the extracts
from HD- and OD-FSM. The traces for the diol-modified
FSM also revealed the formation of allomers of Chl a
in the pore systems, being consistent with the view that
Chls are liable to be allomerized.3® The ratio of allom-
erization of Chl was suppressed to ca. 20%, indicating
that a large part of Chl a was not denatured within diol-
modified FSM. This is in sharp contrast to the HPLC
trace for Zn—Chl a extracted from naked FSM (ap-
proximately 90% of Zn—Chl a was allomerized).14

Coadsorption of Chl a and b into Diol-Modified
FSM. As proved clearly in the above subsection, surface
modification of FSM with diols is quite useful to
suppress the degradation of Chls. It is very intriguing
to mimic some functions of photosynthesis, such as
energy transfer from Chl b to Chl a in native light-
harvesting antenna complex Il (LHC I1).172 To this end
Chl a and Chl b were coadsorbed onto the HD-FSM pore
system (the amounts of Chls added were Chl a/b = 50/
0, 0/5, and 50/5 nmol). The difference in the absorption
spectra of the supernatant solutions before and after
the adsorption indicates that roughly 90% of Chls were
incorporated into the HD-FSM mesopores. The result
means that the amount of immobilized Chls in the
coadsorbed system (Chl a/b = 50/5 mol) was almost
same as a simple sum of Chl a (Chl a/b = 50/0 nmol)
and Chl b (Chl a/b = 0/5 nmol) into HD-FSM.

Figure 7 depicts the diffuse reflectance visible absorp-
tion spectra of Chls in HD-FSM. Chl a and Chl b gave
the Soret peaks at 430 and 459 nm and the Qy peaks at
665 and 648 nm, respectively (Figure 7, curves a and

(35) Hynninen, P. H.; Sievers, G. Z. Naturforsch. 1981, 36B, 1000.
(36) Mazaki, H. Doctoral thesis, The University of Tokyo, 1990 (in
Japanese).
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Figure 7. Diffuse reflectance visible absorption spectra of (a)
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Figure 8. Fluorescence emission spectra of (a) Chl a, (b) Chl
b, and (c) Chl a/b in HD-FSM (excited at 470 nm).

b). The absorption spectrum of coadsorbed Chls was
interpreted as a simple sum of those of neat Chl a and
Chl b. The integrity of Chl b was also retained, as
determined by analytical HPLC (data not shown).

The fluorescence emission spectra of HD-FSM/Chls
are illustrated in Figure 8 (excited at 470 nm). Concen-
tration quenching is negligible in all these HD-FSM/
Chls (data not shown). The emission peaks of Chl a and
Chl b on HD-FSM were located at 672 and 654 nm (Qy-
(0—0) transition), respectively, with a small shoulder
due to the Qy(0—1) transition at 710—720 nm (Figure
8, curves a and b).3” On the other hand, the coadsorbed
system (curve c) gave the emission peak at 672 nm with
a shoulder at around 650 nm. When the ratio of Chl
a/b was varied at 10/1, 4/1, and 1/1, the emission
intensity for 672 nm band decreased with the corre-
sponding increase in the 654 nm band (see Supporting
Information, Figure S3). This clearly demonstrates that
the 672 and 654 nm emission bands originate from the
emission of Chl a and Chl b, respectively. The peak area
originating from the Chl b emission band in the coad-
sorbed system (curve c) was roughly 0.3-fold smaller
than that in the pure Chl b emission band (curve b),
while the fluorescence intensity of the 672 nm band in
the coadsorbed system double that of pure Chl a (curve
a) when the Chl a/b ratio was 10/1.38 The findings
strongly suggest that Chl b was quenched by neighbor-

(37) Petke, J. D.; Maggiora, G. M.; Shipman, L.; Christoffersen, R.
E. Photochem. Photobiol. 1979, 30, 203.
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ing Chl a and that the excited energy of Chl b was
transferred to Chl a. When the Chl a/b ratios were
4/1 and 1/1, the peak areas of the emission from Chl b
were about 0.65 and 0.9 times smaller than that from
the single Chl b system (see the Supporting Informa-
tion Figure S3). The results suggest that the energy
transfer becomes more difficult as the Chl a/b ratio
decreases.

Fluorescence Emission Spectra of Chls in Ac-
etone. Emission spectra of Chls in acetone were exam-
ined as a reference (see Supporting Information, Figure
S4, excited at 470 nm). There was no quenching of the
emission band at around 651 nm (originated from Chl
b) under the presence of both Chl a and b, if compared
with the case of excited neat Chl b. The emission
spectrum of the system is almost the sum of the
emission spectra of Chl a and Chl b.

Discussion

Surface Modification of FSM. The number of
grafted diols, calculated based on the CHN data, and
the porosities!® are listed in Table 1. The ratio of
hydroxyl groups from singly vs doubly grafted diols (see
Results) should be considered. In addition to esterified
OH groups on one side of diols, roughly /5 and /5 of
the OH groups on the other side in 1,6-HD and 1,8-OD
were linked to Si—OH groups of FSM, respectively.
Accordingly, the coverage of esterified Si—OH groups
are estimated to be 2.4, 2.4, and 2.7 groups nm~2 for
BD-, HD-, and OD-FSM, respectively. These values,
however, are slightly lower than the density of silanol
groups on the bare FSM surface (2.8 groups nm~2;
calculated by the intensity ratio of 2°Si MAS NMR
signals due to Q3 and Q* Si environments, data not
shown). Therefore, some unreacted Si—OH groups exist
after the modification of FSM.

As mentioned above, the pore size decreased with the
alkylene chain length whereas the full widths at half-
maximum of the peaks of the pore size distribution
curves hardly changed after the modification (Figure 4
inset). This means that the mesopores are uniform after
the modification and that the organic groups cover the
mesopores homogeneously. The pore size of FSM (3.2
nm) decreased by 0.4, 0.5, and 0.8 nm after the
modification with 1,4-BD, 1,6-HD, and 1,8-OD, respec-
tively (see Table 1). If the alkylene chains of the diols
take the all-trans conformation and are directed toward
the center of the mesopores, the pore size should
decrease by 1.1, 1.7, and 2.2 nm for BD-, HD-, and OD-
FSM, respectively. The actual decreases are lower than
those values, suggesting that the diols are inclined to
some extent to overlap with each other to cover the inner
surfaces of FSM.

Denaturation of Chl a. Because silanol groups act
as acid sites in FSM,® the central Mg ions are ex-
changed with protons when Chls are adsorbed onto bare
FSM.13 Chls are allomerized in a much more facile
manner than Pheo.3¢ Figure 6 (top) shows that only a
very small peak (designated as X), due to allomers of

(38) The emission spectrum of coadsorbed Chls in the HD-FSM pore
system was approximately interpreted as a summation of the 2-fold
Chl a emission spectrum and the 0.3-fold Chl b one.

(39) Yamamoto, T.; Tanaka, T.; Funabiki, T.; Yoshida, S. J. Phys.
Chem. B 1998, 102, 5830.
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Pheo, was observed. Therefore, Chl was pheophytinized
before allomerization; that is, the rate of pheophytini-
zation of Chls is much faster than that of allomerization.
On the other hand, pheophytinization was not observed
when the surface was modified by diols. The fact that
pheophytinization was largely suppressed in the diol-
modified mesoporous silica means a wide applicability
of FSM mesoporous silica as an immobilizing medium
for functional and biochemical molecules.

Pheophytinization occurred slightly (~5%) on the
adsorption of Chls to BD-FSM, suggesting that unest-
erified silanol groups are present to some extent after
the esterification. When the longer alkylene chains were
used, pheophytinization due to residual silanol groups
was not observed. Therefore, unreacted silanol groups
should be effectively covered by those diols. This sup-
position is in line with the proposed inclined arrange-
ment of diols in the mesopores.

Many organic substances can be used to modify inner-
surface silanol groups in FSM. To cap silanol groups
(acidic sites), silylating reagents like chloroalkylsilane
are possible to be employed. However, Chls are not
adsorbed onto trimethylsilylated FSM.13 This fact means
that hydrogen bondings between Mg in the chlorin ring
or C13'=0 groups and the functional groups in the
mesopores are required for Chls to be introduced and
adsorbed effectively onto the mesopores.1* Diols used in
this study have OH groups esterified with silanol groups
and the OH groups at the w-terminal that can act as
hydrogen bonding sites with Chls after esterification.
These OH groups at the w site play a crucial role for
immobilizing Chls. This finding also indicates that the
organic modifiers for FSM should possess functional
groups (—OH, —SH, or —NH; for example), which can
coordinate with Chls.12¢

Modification with diols suppresses not only pheophy-
tinization but also allomerization, as shown in Figure
6. Allomerization was suppressed to 20% when Chls
were adsorbed onto diol-modified FSM. On the other
hand, denaturation of chlorophyllous pigments in LB
films was not suppressed completely though the prepa-
ration conditions can be controlled easily.?° Indeed, the
degree of suppression based on our HPLC results,
especially in the cases of HD- and OD-FSM, was
superior to that in the LB films reported in ref 20c.

Energy Transfer from Chl b to Chl a. Comparing
the absorption (Chl a) and emission (Chl b) spectra, the
overlap of the donor emission and acceptor absorption
is relatively large (Figures 7 and 8). This overlap
indicates that the inductive resonance transfer mech-
anism for the donor—acceptor interaction (Forster type)
should occur.?® The absorption spectrum is made up of
the superposition of Chl a and Chl b (Figure 7c¢),
indicating that the individual Chls do not exhibit any
specific interactions in the ground state within the
mesopores, which denies the Dexter type energy trans-
fer.#? Moreover, because esterified diols in mesopores
should be regarded as a sort of solvent, any other
chemical interactions between diols and Chls should be
negligible. Thus, the Forster type energy transfer is
expected to dominate here.

(40) Forster, T. In Modern Quantum Chemistry; Sinanodlu, O., Ed.;
Academic Press: New York, 1965; p 93.
(41) Dexter, D. L. J. Chem. Phys. 1953, 21, 836.
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Although there are several reports on the energy
transfer between Chls in homogeneous media contain-
ing Chls with very high concentrations (e.g., 1078
M),60.6d.42 it scarcely occurs at the much lower concen-
tration (roughly 108 M) in homogeneous media where
fluorescence intensity is proportional to pigment con-
centration. However, even at concentrations as low as
107% M, the energy transfer may occur if Chls are
included in surfactant micelles, because Chl molecules
are concentrated 10—1000 times higher in micelles.’ab
This is ascribed to the difference in the average distance
between the pigments.”@ To induce the energy transfer,
chlorophyllous pigments are required to be accom-
modated in a confined medium. As a result of the
incorporation of Chls in HD-FSM, the distance between
the pigments in the mesopores is expected to be shorter
than that in a solution; thereby, a similar energy
transfer was observed for Chls introduced into HD-FSM.
On the basis of the pore volume and the amount of Chl
introduced, the concentration of Chl in the mesopore is
increased to about 1072 M.*3 It is of interest that the
fluorescence intensities of the pigments are proportional
to the pigment concentrations under such concentrated
conditions and that the energy transfer occurs. On the
basis of the pore volume, the distance between neigh-
boring Chls is roughly calculated to be about 14 nm.
This value is larger than the Forster critical distance
(5—8 nm) calculated in the case of various immobilized
media.’ab.fc11a.12a This difference implies the possibility
that the dispersibility of chlorophyllous pigments in
mesopores is not so high. Other possibilities are that
the chromophores assemble to form an island structure,
as in the case of LB films,* or that they migrate to the
pore entrance during the evaporation of solvent.

The energy transfer efficiency between Chl b and Chl
a in HD-FSM is estimated to be ca. 70%.38 The efficiency
in solution is generally low (20—50%),52 while Chls in
detergent micelles give high energy transfer efficiencies
(>80%).72b Furthermore, in the case of 7.9 x 1073 M
Chls in polystyrene films, efficiencies in excess of 90%
were reported.'? These efficiencies are influenced not
only by the pigment concentration but also by the
donor—acceptor ratio. Therefore, it is difficult to com-
pare these energy transfer efficiencies to each other.
Taking into account the trend that high energy transfer
efficiencies are obtained at the highest pigment concen-
trations, diol-modified FSM is of great value as the
adsorbents for the effective energy transfer, because
small amounts of Chls in the mesopores enable the
energy transfer to occur. Nevertheless, the efficiencies
in the Chl a/b ratios of 1/1 and 4/1 were not so high as
that observed for 10/1. Consequently, the energy trans-
fer efficiency depends on the number of acceptors (Chl
b-Chl a pairs). In fact, in the light-harvesting Chl a/b-

(42) 1t should be pointed out that the Chl concentration of 1073 M
needed to be much higher to bring about the energy transfer without
concentration quenching.

(43) Enrichment of Chl in the mesopore is also supported by HPLC
results. Normally epimerization of Chl scarcely proceed in a toluene
solution (20 uM) of Chl a if base catalysts such as triethylamine are
absent.2334 However, when the concentration of Chl is increased, Chl
itself has its own catalytic action and epimerization of Chl proceeds
(self-catalyzed epimerization).**

(44) Mazaki, H.; Watanabe, T. Biochim. Biophys. Acta 1990, 1016,
190.

(45) Tamai, N.; Yamazaki, T.; Yamazaki, I. Chem. Phys. Lett. 1988,
147, 25.
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protein complex (LHC I1I), Chl a is in close contact with
Chl b for rapid energy transfer.17246 Thus, to induce
highly efficient energy transfer, it may be necessary to
optimize the orientation as well as distance between the
chromophores.*’

Conclusions

Chls, which tend to be susceptible to various trans-
formations, are successfully immobilized with sup-
pressed denaturation onto mesoporous silica whose
inner surfaces are modified with diols. Effective energy
transfer from Chl b to Chl a in this inorganic medium
implicates that mesoporous silica FSM modified with
diols can act as both an immobilizing medium of high
mechanical strength and also as a confined environment
similar to those found in biological systems. The present
silica/organic mesostructured materials, which appear
to play the role of effective concentration of Chl and
light-harvesting antenna, provides very useful informa-

(46) Van Grondelle, R. Biochim. Biophys. Acta 1994, 1187, 1.
(47) Van Patten, P. G.; Shreve, A. P.; Lindsey, J. S.; Donohoe, R. J.
J. Phys. Chem. B 1998, 102, 4209.
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tion on the studies on the development of photosynthetic
model systems. Modification of mesoporous silicas with
other reagents and the study on the arrangement of Chl
are now in progress.
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