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T
he control of molecular transfers is
an important technique of modern
science, because it is closely related

to biological phenomena such as mem-
brane transportation.1–4 Some living bod-
ies apply the solar or ATP energies to trans-
port the ions and molecules, creating
energies for life and controlling the cell
environment.5,6 The manipulations of mo-
lecular transfers by artificial systems using
light energy are also important research
subjects of chemistry and photoscience.7–11

The azobenzene moiety is one of the most
familiar molecules that respond to light and
is often applied to the photoresponsive ma-
terial systems and devices.12–17 Especially,
the switching of a molecular length of
azobenzene between its trans and cis forms
by photoisomerization originates various
responsive stationary situations in the mo-
lecular level and/or nanolevel.18–26 Some
reports demonstrated that the photo-
switching operations by the photoisomer-
ization of azobenzene create macroscopic
mechanical movements.18,19,22,23

Molecular machine systems installed in
ordered pore voids are currently active tar-
gets in the fabrication of functional
nanomaterials.27–31 As the diffusion behav-
iors (infiltration and defiltration) of mol-
ecules in nanopores are affected by the
solid matrices, significantly different from
bulk space, the substituents tethered on the
mesoporous materials enable the domina-
tion of the molecular transports in these
minute pore voids.32–37 These approaches
revealed that the gating behaviors of the
tethered substituents on mesoporous sili-
cas control the accesses of molecules be-
tween the inside and outside of the
mesopores.38–52 Various kinds of stimuli
and the corresponding responsive func-
tional groups are employed for the gating

systems of mesoporous materials. Nowa-
days, these technologies are expected to be
utilized in drug delivery and related
applications.53–56 The good reversible per-
formances of azobenzene photoisomeriza-
tion are also used as promising photore-
sponsive gating systems of mesoporous
materials.57–61 The driving force of infiltra-
tion and defiltration produces the diffusion
effect resulting from the concentration gra-
dient of the molecules between the inside
and outside of the mesopores in all the
above-mentioned cases. The active accel-
eration of molecular release from mesopo-
res by external stimulation will provide
novel technologies of nanospace and
molecules.6,8,62,63

Recently we reported that the continu-
ous photoisomerization of the azobenzene
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ABSTRACT The switching of a molecular length of azobenzene between its trans and cis forms by

photoirradiation originates various photoresponsive systems in the molecular level and/or nanolevel. Recently,

we and another group separately reported that some azobenzene-modified mesoporous silicas remarkably

promote the release of molecules from the inside of the mesopore to the outside, when the lights, both UV and

visible lights, were irradiated simultaneously. In these cases, the release rates of molecules were enhanced by the

impeller-like effect of molecular motion of azobenzene moiety attributed to the continuous photoisomerization

between the trans and cis isomers. This paper presents that azobenzene-substituent-tethered amorphous silica gel

could promote the development of solvents in chromatography systems by photoirradiation. In column

chromatography system where azobenzene-tethered silica gel was packed, the irradiation of both UV and visible

lights increased the effluent rate of the developing solvents. The single irradiation of UV light scarcely enhanced

the rate, while the visible light irradiation longer than 400 nm in wavelength also accelerated the development of

the solvent moderately. The same kinds of phenomena were observed when this photopromoted chromatography

system was applied to thin layer chromatography (TLC). Hydrocarbon developing solvents in the regions, where

UV and visible lights were irradiated, moved up the TLC plate higher than those without photoirradiation. When

the pyrene solution in the developing solvent was utilized in the chromatography systems, the similar

photoacceleration of pyrene development was observed at the same level as the developing solvents.

KEYWORDS: amorphous silica · azobenzene · photoisomerization · column
chromatography · photoacceleration
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group between its trans and cis forms, which is grafted
on the surface of mesoporous silica, remarkably acceler-
ates the release of cholesterol from the pore void.64

The research groups of Prof. Zink and Prof. Stoddart
also claimed analogous phenomena of the photodriven
release system of azobenzene-tethered mesoporous
silicas.65,66 Although the ordered pore structures of me-
soporous materials must be advantageous to these
photopromotion behaviors, the similar effects in less-
ordered matrices will expand the versatility of these
photoinduced technology systems. Moreover, the ac-
celeration of the development of bulk solution by pho-
toirradiation will be useful in microfluid device sys-
tems. These considerations motivated us to attempt
further applications of these photopromotions to the
flow systems of solid matrices bearing less-ordered
pore structures. In this paper, we report our latest re-
searches on the photoinduced acceleration of molecu-
lar transports in chromatography systems using amor-
phous silica gel as a less-ordered solid matrix. When
silica gels with a tethered azobenzene moiety were
packed in common column chromatography and thin
layer systems, the irradiations of light that cause the
continuous photoisomerization of azobenzene moieties
evidently increased the effluent rate of developing sol-
vents and a monitor molecule.

RESULTS AND DISCUSSION
(1) Properties of Azobenzene-

Tethered Silica Gel Particle. An azoben-
zene moiety was installed on the
surface of a common silica gel by
a grafting process as shown in Fig-
ure 1. The successful grafting of the
azobenzene substituent was en-
sured by the orange color and the
UV�vis spectrum of the silica gel
solid. We also prepared
n-octadecyl group-tethered silica

gel as a reference sample by the analogous proce-
dures. The diffuse reflectance UV�vis spectrum of
azobenzene-tethered silica gel is shown as line a in Fig-
ure 2A. Two characteristic absorptions of azobenzene
moiety at 340 and 430 nm were clearly found in this
azobenzene-tethered silica gel. These absorptions are
naturally absent in the original (not modified) silica gel
and the n-octadecyl-group-tethered one. Figure 3A in-
dicates the nitrogen adsorption�desorption isotherms
of the original silica gel and azobenzene-tethered silica
gel. The original silica gel had a broad peak of meso-
pores around 7 nm in diameter according to the BJH
pore distribution plot. The specific surface area and the
pore volume of this silica gel were calculated to be
544 m2/g or 0.703 mL/g, respectively, as listed in Table
1. The nitrogen sorption isotherm of the azobenzene-
tethered silica gel was slightly changed from the origi-
nal ones, and the corresponding specific surface area
and the pore volume decreased approximately 10%
from the original silica gel (to 492 m2/g and 0.637 mL/g,
respectively). On the other hand, the peak pore diam-
eter was the same as before grafting as shown in the
pore size distribution of Figure 3C. The nitrogen
adsorption�desorption isotherm of n-octadecyl group-
tethered silica gel was also compared with that of the
original silica gel (Figure 3B). The changes of isotherms,

specific surface area, and pore
volume were approximately
similar to the azobenzene-
tethered silica gel. Therefore,
the pore structures of these
two modified silica gels are
thought to be analogous.
n-Octadecyl triethoxysilane
molecule is slightly longer than
the compound 1 according to
the molecular sizes calculated
by Chem 3D (shown in the Sup-
porting Information). As the
pore size of the original silica
gel is large enough, no signifi-
cant differences of the pore
structures were observed in
the difference of these substitu-
ents. It should be noted that

Figure 1. Preparation of azobenzene silane (compound 1) and azobenzene-tethered silica gel.

Figure 2. Diffuse reflectance UV�vis spectra of azobenzene-tethered silica gel under various irradia-
tion conditions. Panel A: (a) without photoirradiation; (b) UV irradiation for 30 min; (c) 90 min in room
light after UV irradiation for 30 min; (d) visible light irradiation for 20 min after UV irradiation for 30
min. Panel B: (a) without photoirradiation; (b) UV irradiation for 30 min; (c) UV and visible lights irra-
diation for 30 min.
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these modified silica gel materials still had wide pores

(approximately 7 nm) in comparison with the hydrocar-

bons we employed as developing solvents in this

research.

The changes of UV�vis spectra by the photoirradia-

tion are also shown in Figure 2A and 2B. The irradiation

of UV light (approximately from 310 to 400 nm in wave-

length) using band-pass filter U350 and an average glass

filter caused the photoisomerization from trans to cis iso-

mer. Under these conditions, the reverse isomerization

from cis to trans isomer was not favorable. After the UV ir-

radiation for 30 min, the absorption around 340 nm de-

creased and that around 430 nm increased considerably

as shown in line b of Figure 2A. This change of UV�vis

spectrum is a typical observation that trans azobenzene

isomerizes to the cis isomer. Thus, the photo isomeriza-

tion occurred smoothly even in the case of azobenzene-

tethered on the surface of silica gel. Although the reserve

isomerization of cis to trans isomer occurs by heat as

well as visible light, this isomerization proceeded very

slowly at room temperature in darkish room light. Even af-

ter 90 min after the UV irradiation was stopped, the re-

turns of the UV�vis absorptions at 340 and 430 nm were

moderate as shown in line c of Figure 2A. However, the

visible light irradiation longer than approximately 410 nm

for 20 min smoothly regenerated the trans isomer (line d

in Figure 2A). Therefore, the irradiation of the visible light

was necessary for the rapid reverse isomerization of the

azobenzene moiety. When both UV and visible lights

from 310 to 800 nm in wavelength were irradiated, the

decrease of the absorption around 340 nm and the in-

crease around 430 nm were stopped after 30 min with

slight variations (line c in Figure 2B). Even when the irra-

diation time was extended for over 120 min, no further

change of the UV�vis spectrum was observed to indicate

that the photoisomerization achieved an equilibrium situ-

ation. In this case, it is thought that the azobenzene

moiety-tethered silica gel sample isomerized between

trans and cis isomers continuously.

(2) Photopromotion of Effluent Rate of Developing Solvent in

Column Chromatography. This azobenzene-tethered silica

gel was packed in a range of 3.5 cm long into a Pyrex

glass tube for column chromatography. Various kinds of

lights were irradiated to this packed silica gel using

the experiment arrangement shown in Figure 4. At first,

the effluent rates of developing solvents without pho-

toirradiation (in darkish room light) were monitored as

standard times for draining of a certain volume of sol-

vents. The promotion effects of the various photoirradi-

ations on the effluent rate (time) were indicated with

enhanced ratios compared with the standard times

without photoirradiation. The results of these promo-

tion effects are summarized in Table 2.

Figure 3. Panel A: Nitrogen adsorption�desorption isotherms of (a) the original silica gel and (b) azobenzene-tethered silica gel. Panel
B: Nitrogen adsorption�desorption isotherms of (a) the original silica gel and (c) n-octadecyl-tethered silica gel. Panel C: BJH pore size dis-
tributions using the adsorption branches of the corresponding isotherms.

TABLE 1. Porosity Data of Various Silica Gel Samples

sample SSA (m2/g)a PPD (nm)b PV (mL/g)c

original silica gel 543.56 7.05 0.7027
azobenzene-tethered 492.43 7.05 0.6366
octadecyl-tethered 507.70 7.05 0.6585

aSpecific surface area calculated by BET method. bPeak pore diameter estimated by
BJH method. cPore volume estimated by BJH method.

Figure 4. The pattern diagram of the experimental arrange-
ment for light-promoted development of solvent in column
chromatography.
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When no tethered silica gel (original silica gel) was

used, no promotions on the effluent rates of develop-

ing solvents were observed in all kinds of the photoirra-

diations. Although the common silica gel absorbs no ir-

radiated lights, a slight increase of the temperature

(approximately from 2 to 5 °C) was detected during

the photoirradiation. Although the temperature eleva-

tion might decrease the viscosity of solvents to pro-

mote their development in silica gel, a negligible in-

crease of the effluent rate was found only in the case

of decane solvent. Furthermore, when a heating cut fil-

ter (HA50) was not used, the temperature elevation

sometimes reached about 12 °C. However, no signifi-

cant differences of the effluent rates were detected be-

tween with and without the heating cut filter. Thus,

the influences of the temperature increase and the re-

sulting viscosity decrease on the effluent rate could be

excluded in our research system. On the other hand, the

promotion effect of some photoirradiations was re-

markably found in the cases of azobenzene-tethered

silica gel as summarized in Table 2. For example, the ef-

fluent rate was enhanced about 13% with UV and vis-

ible lights irradiation compared with no irradiation,

when decahydronaphthalene was used as eluent devel-

oping solvent. In all solvents employed in this research

(decahydronaphthalene, tetradecane, decane), the in-

creases of the effluent rates were observed clearly. The

promotion effect in the case of decane was lower than

decahydronaphthalene and tetradecane, suggesting

that the molecular sizes of developing solvents might

be involved in this promotion effect. Even the irradia-

tions of visible lights with longer wavelength than 400

or 500 nm increased the effluent rate as well as the si-

multaneous irradiation of UV and visible lights, al-

though the acceleration effects were lower. It is re-

ported that this visible light irradiation enhances the

release rate of molecules from azobenzene-tethered

mesoporous silica by the continuous photoisomeriza-

tion of the azobenzene group between trans and cis

isomers.65,66 However, the most effective enhancement

of the effluent rates was found in the case of the irradia-

tion of both UV and visible lights, where the continu-

ous isomerization of azobenzene between the trans
and cis isomer is accelerated more efficiently.

It is noteworthy that the irradiation of single UV
light from 310 to 400 nm in wavelength had no promo-
tion effect on the effluent rate of the developing sol-
vents. In our previous report about the release behav-
iors of cholesterol from M41s-type mesoporous silica,
although the promotion effect by UV light was less than
simultaneous UV and visible lights, the release rate
was higher than the single visible light irradiation and
no photoirradiation.64 It was also reported that the
isomerization of azobenzene from the trans to cis iso-
mer promotes the access of molecules in the pore voids
of ordered mesoporous materials.58,59 In these reported
cases, the photoisomerization from trans to cis isomer
shortens the molecular length of azobenzene substitu-
ents, expanding the effective pore size of the channels.
Consequently, the expansion of the effective pore size
reduces the obstruction effect of the azobenzene sub-
stituents to result in the improvement of the accesses of
molecules in the mesopores.58,59 In the meantime, in
our present case with amorphous silica gel the shorten-
ing of the molecular length of the azobenzene substit-
uents might have no significant effects on the diffusion
of molecules in the irregular and interconnected pore
structures. As mentioned before, the peak pore diam-
eter of the azobenzene-tethered silica gel was mea-
sured to be 7.05 nm, which was sufficiently wide com-
pared with the shortened molecular length of
azobenzene moiety by the isomerization (approxi-
mately 0.34 nm).58 It is considered that the extension
of the effective pore size was not responsible for the ob-
vious acceleration effect on the effluent rate found in
the cases of azobenzene-tethered silica gel with UV and
visible irradiation (and only visible light irradiation).
This promotion effect must be caused by the continu-
ous and repetitive isomerization of the azobenzene
moiety tethered on the silica gel surface between the
trans and cis forms in a similar fashion to our previous
case and other reports.64–66

The same types of experiments were carried out us-
ing octadecyl-group-tethered silica gel. The molecular
length of this substituent is comparable with the

TABLE 2. Promoted Effects of Various Photoirradiations on Effluent Rates of Developing Solventsa

wavelength of irradiated light (nm)

sample developing solvent effluent time (sec) 310�800 310�400 400�800 500�800

no tethered decahydronaphthalene 320 �0 �0 �0 �0
tetradecane 318 �0 �0 �0 �0
decane 196 �1 �0 �0 �0

azobenzene decahydronaphthalene 450 �13 �0 �11 �7
tetradecane 470 �13 �0 �12 �7
decane 468 �9 �0 �8 �6

octadecyl decahydronaphthalene 470 �1 �0 �1 �1
tetradecane 401 �0 �0 �0 �0
decane 390 �0 �0 �0 �0

aPromotion effect is calculated from [(time for effluent without photoirradiation/time for effluent with photoirradiation) � 1] � 100.
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azobenzene substituent we employed here. Although
octadecyl group scarcely absorbs UV and visible lights,
molecular movements of this linear long alkyl chain
tethered on the surface of silica gel might bring some
enhancement effects on the effluent rate. However, no
promotion effects were observed in all the cases of
octadecyl-group-tethered silica gel as listed in Table 2.
Thus, it was concluded that the increases of the effluent
rate of the aliphatic hydrocarbon solvents in the
azobenzene-tethered silica gel under suitable photoir-
radiation conditions were caused by the expulsion ef-
fect of the continual propalinal movement of azoben-
zene moiety. As a summary, the repeated motion of
azobenzene moiety that was tethered on silica gel sur-
face enhanced the development of some aliphatic sol-
vents in column chromatography system. The release of
molecules from the inside to the outside of mesopores
has already been accelerated in the reported cases.64–66

In the present case, the photopromotion of fluid devel-
opment was also achieved using the movement of
azobenzene.

(3) Photopromotion of Effluent Rate of Developing Solvent in
Thin Layer Chromatography. In the previous paragraph, the
photoirradiation that induces the continuous motion of
the azobenzene moiety between the trans and cis iso-
mers increased the effluent rates of aliphatic develop-
ment solvents in column chromatography system.
This phenomenon could be also applied to a thin-
layer-type of chromatography system. On a ready-
made silica gel TLC plate, the same solution of the
compound 1 used for the preparation of the
azobenzene-tethered silica gel particle was pasted
in approximately 5 cm height. The azobenzene-
tethered TLC plate thus obtained was set in a com-
mon TLC developing chamber as shown in Figure
5. To the central part of this azobenzene-modified
part, various kinds of lights were irradiated during
a hydrocarbon solvent is developing. The size of
the main irradiated circular area was approximately
5 cm in diameter. After the developing solvent at-
tained a certain level sufficiently higher than the
azobenzene-tethered area, the developed height
levels of the solvent were compared between the
regions with and without the photoirradiation.

Figure 6 illustrates some picture images of
silica gel TLC plates used for these experiments,
where decahydronaphthalene was employed as
developing solvent. In the case of original silica
gel TLC plate (without tethered azobenzene), the
borderline of the developed solvent was horizon-
tally straight even when UV and visible lights
were irradiated. No bulgy parts of the borderline
were found in all areas including the photoirradi-
ated region (Figure 6A). Without photoirradia-
tion, no flection of the borderline of the devel-
oped solvent was observed in the azobenzene-
tethered silica gel TLC plate (Figure 6B). When UV

and visible lights were simultaneously irradiated to the
azobenzene-modified area of the TLC plate, the central
part of the borderline was clearly raised upward as
shown in Figure 6C. The difference of the distances
from the button to the borderline between the central
part and the left side was approximately 7 mm. This ob-
servation indicated that the exposure of the central re-
gion of the azobenzene-modified silica gel thin layer
TLC to UV and visible lights accelerated the develop-
ment rate of the solvent to curve the borderline up-
ward. However, the single UV irradiation to the same
place as the UV and visible lights resulted in no convex
borderline of the developing solvent (Figure 6D). As ob-

Figure 5. The pattern diagram of the experimental arrangement for pho-
topromoted solvent development in TLC experiment system.

Figure 6. Pictures of silica gel TLC plate used for solvent developing experiments.
(A) No-tethered (original) TLC plate with UV and visible light irradiation. The main
region, where UV and visible lights were irradiated, was indicated with black circle.
In experiments C and D, the respective lights were irradiated at the approximately
same areas as this TLC plate: (B) azobenzene-tethered TLC plate without photoirra-
diation (in darkish room light); (C) azobenzene-tethered TLC plate with UV and vis-
ible light irradiation; (D) azobenzene-tethered TLC plate with UV light irradiation.
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served above, the formation of the convex borderline
induced by the acceleration of the development rate of
the solvent took place only when the UV and visible
lights were simultaneously irradiated to the
azobenzene-tethered region of the TLC plate. These re-
sults are consistent with those of the column chroma-
tography mentioned in the previous section. Conse-
quently, the photoacceleration of the effluent rate of
the developing solvents in azobenzene-tethered silica
gel was observed even in the thin layer chromatogra-
phy system.

(4) Fluorescent Analysis of the Photopromotion of the Effluent
Rate in Azobenzene-Tethered Silica Gel. Previous papers re-
ported that the release of molecules inside the ordered
mesopores of silica materials to the bulk solution phase
is promoted by the continuous reversible motion of
the azobenzene moiety.64–66 The transportation of
some monitor molecules from the mesopores to the so-
lutions was analyzed in these cases, while the diffusion
rate of the solvents was not measured. Our present re-
search revealed that the effluent rate of developing sol-
vents in amorphous silica gel was accelerated by the re-
peated movement of the azobenzene moiety tethered
on the silica surface. This meant that the spreading of
solvent molecules (not monitor molecules) was en-
hanced by the photoirradiation. Then, we examined
the effect of the photoirradiation on the transportation
of a larger monitor molecule dissolving in the develop-
ing solvents. These approaches are also expected to as-
certain the detailed mechanism of the accelerated re-
lease of monitor molecules from the pore voids of
mesoporous materials. There are two possibilities of
the mechanism of the release promotion of monitor
molecules. The first possibility is that the movement of
the azobenzene moiety directly accelerates the trans-
portation of the monitor molecules. The second one is
that the movement increases the diffusion of the sol-
vent molecule to result in enhancing the spreading of

the monitor molecules as
well. For these experiments,
we selected pyrene as a
monitor molecule, because
this molecule is a relatively
large molecule and fluores-
cent which will be advanta-
geous for clear observation
of its developing behaviors.

At first, pyrene was loaded
at the top of the stationary
phase of a silica gel particle
using decahydronaphthalene
solution in the similar man-
ner to the separation proce-
dure of column chromatogra-
phy. The acceleration effect
of the irradiation of UV and
visible lights on the effluent

rate of decahydronaphthalene was ensured even in
the case of the pyrene solution, when azobenzene-
tethered silica gel was used (results are not shown
here). The regions of pyrene were monitored using its
fluorescent emission at appropriate times during the
development of the pyrene�decahydronaphthalene
solution. We also found that the effluence of pyrene
with simultaneous UV and visible light irradiation was
faster than that with other irradiations, no light irradia-
tion, and single UV irradiation. Figure 7 shows the fluo-
rescent observation pictures of pyrene in azobenzene-
tethered silica gel of column chromatography under
various irradiation conditions. These four images of
fluorescent pyrene were captured with excitation light
emission during a temporary halt of the photoirradia-
tion. Figure 7 panels A and B are pictures of the fluores-
cent pyrene at different times, when UV and visible
light were irradiated from the left-hand. The luminous
white domains where pyrene existed were inclined to-
ward the left side clearly. The inclination of the lumi-
nous domains of pyrene became steeper with its de-
scent (Figure 7B). These observations meant that the
effluent rate of the left side was higher than the right
side. It is thought that the irradiated light from the left-
hand activated azobenzene moieties in the left part
more efficiently than those in the right part, resulting
in higher effluent of the molecules in the left side. On
the other hand, the domains where pyrene located
looked horizontal in the both cases of no photoirradia-
tion (Figure 7C) and single UV irradiation to
azobenzene-tethered silica gel (Figure 7D).

Then, we examined the detail relations between
the effluent rates of developing solvent and pyrene.
The fractions of the drained developing solutions
were collected every 3 min or every 1.3 mL in sepa-
rate experiments. In these experiments, decane was
employed as developing solvent, because the efflu-
ent rate was comparatively high to be suitable for

Figure 7. The pictures of fluorescent observation of pyrene in azobenzene-tethered silica gel in column
chromatography under various photoirradiation conditions. The lights were irradiated from the left-
hand: (A, B) with the irradiation of UV and visible lights; (C) without photoirradiation; (D) with the irradia-
tion of UV light.
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collecting the constant amount of the eluent sol-

vent. Figure 8 shows the pyrene contents in the re-

spective fractions of the drained decane solutions

as functions of developing time (Figure 8A) or frac-

tion number (Figure 8B). The vertical axes indicate

the relative amounts of pyrene determined by the

peak areas of GC analysis in each fraction. As can be

seen in Figure 8A, it was ascertained that the pyrene

effluent rate was enhanced by the simultaneous irra-

diation of UV and visible lights in comparison to no

photoirradiation. The maximum of pyrene effluence

with the UV and visible light irradiation was ob-

served at the fraction from 21 to 24 min, whereas

the maximal content of pyrene was detected in the

fraction from 24 to 27 min in the case of no photoir-

radiation. The variations of the pyrene contents as

a function of fraction number are illustrated in Fig-

ure 8B. The times required for filling up each fraction

with drained decane to ensure the promotion ef-

fects of the photoirradiations in these cases are sum-

marized in Table 3. The results in Table 3 demon-

strated that the effluent rate was certainly enhanced

with the UV and visible light irradiation. If the pho-

topromotion of the effluent rate of pyrene is mainly

caused by the direct interaction between the pyrene

and azobenzene moiety, there must be some differ-

ences between the effluent rates of pyrene and de-

cane solvent. However, the two plots with

UV�visible lights and without photoirradiation in

Figure 8B completely overlapped to indicate that the

developments of pyrene and decane were equally

enhanced by the photoirradiation. Therefore, it is

likely that the increase of the effluent rate of pyrene

was principally caused by the accelerated develop-

ing of decane by the UV and visible light irradiation.

The promotion of pyrene development was also

found in the case of silica gel TLC. The two images

in left-hand side (top and bottom) of Figure 9 are the

pictures of the same TLC plate after a pyrene solu-

tion in decahydronaphthalene was developed in the

original (no tethered azobenzene) TLC plate with

the simultaneous UV and visible light irradiation. The

picture A (top) was photographed in room light,

and the picture C (bottom) was in the dark with UV

excitation light. The photoirradiation area was simi-

lar to the cases of the TLC experiment mentioned

previously. Although some deposition of pyrene spe-

cies on silica gel was found (dark-colored regions in

the central area of the picture A), both the borderline

of the developed decahydronaphthalene (Figure

9A) and the developed pyrene spots (Figure 9C)

were horizontal. On the other hand, in the same TLC

experiment using azobenzene-tethered silica gel,

the central regions of the white pyrene spots ob-

served in Figure 9D appeared higher than other re-

gions as well as the borderline of the developed

decahydronaphthalene (Figure 9B).

From these observations, the photopromotion of

pyrene effluence must be caused by the indirect effect

of the photoinduced motion of the azobenzene moiety

TABLE 3. Times (in Minutes) Required for Filling up Each Fraction in
Figure 8B

Fraction 1 2 3 4 5 6 7 8 9 10

UV � vis 2.22 4.45 7.07 9.26 11.49 14.09 16.78 18.47 21.09 23.30
no light 2.35 5.12 7.48 10.22 12.58 15.34 18.11 20.47 23.22 25.57

Figure 8. The comparison of the pyrene contents in the respective fractions of decane solutions drained from azobenzene-tethered silica
gel column. The comparative amounts of pyrene were estimated by capillary GC analysis: (A) as a function of developing time (3 min);
(B) as a function of fraction (1.3 mL).
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through the coexisting solvent. Although this chroma-

tography system cannot be regarded as the same as the

previously reported cases of the photoaccelerated re-

leases of molecules from the mesopore materials,64–66

the influences of coexisting solvents on the effluent rate

of monitor molecules from the mesopores are essen-

tial to the photopromoted release reported.

CONCLUSIONS

This paper revealed that the continuous
movement of azobenzene moiety tethered on
the surface of amorphous silica gel between its
trans and cis forms by some photoirradiations re-
markably increased the effluent rates of develop-
ing solvents in chromatography systems. The
single irradiation of UV light was not effective to
accelerate the rate. The photoirradiations to
isomerize azobenzene moiety not only from the
trans to cis isomer but also from the cis to trans
one, such as the simultaneous irradiation of UV
and visible lights, were essential to this photopro-
motion. The movement of the azobenzene group
increases the fluidity of molecules inside the
pores of silica gel, enhancing the effluent rate of
developing solvents and coexisting molecules.
The focus of the applications of the photorespon-
sive properties of azobenzene groups have been
on the switching functions of the photoisomer-
ization between its trans and cis forms, but the ef-
fects of the continuous motion have not re-
ceived attention in recent times. However, the
accelerations of molecular transports using pho-
toirradiation are potent novel technologies in the
manipulation of molecules with various photo-
techniques. Moreover, the accelerations of mo-
lecular transports using lights will provide a new
technology in the conversion of photoenergy
into other forms such as motional energy. These
kinds of technologies are closely related to pho-

tovoltaic generation. Although the acceleration

of molecular transportations reported here was not ac-

tive transport, our results provide the control systems of

the spreading of molecules at the nano level. The accel-

eration of the effluent of solvents by the photoisomer-

ization of the azobenzene moiety we reported here

might be applied to microfluid device systems as well.

EXPERIMENTAL SECTION
Chemicals. 4-Hydroxyazobenzene (4-phenylazophenol),

3-(triethoxysilyl)propyl isocyanate, octadecyltriethoxysilane,
pyrene and other chemicals such as decahydronaphthalene (as
mixture of trans and cis isomers) employed here were commer-
cially available ones, and used without further purification. Dry
solvents utilized in this study were purchased as dried solvents
and used without further treatment. Amorphous silica gel we uti-
lized in this research was Merck Silica gel 60 for column chroma-
tography. The thin layer chromatography plate of silica gel was
also purchased from Merck (TLC aluminum sheet 20 cm � 20 cm
Silica gel 60).

Preparation of Azobenzene-Tethered Silica Gel Particle. 4-(3-
Triethoxysilylpropylaminocarbonyloxy)azobenzene (compound
1) was prepared by the direct reaction of 4-hydroxyazobenzene
(1.08 g, 5.433 mmol) and 3-(triethoxysilyl)propyl isocyanate (1.33
g, 5.377 mmol) in dry DMF at 120 °C for 24 h as shown in Fig-
ure 1. The complete consumption of the isocyanate was ensured
by the disappearance of a characteristic infrared absorption of
the isocyanate at 2271 cm�1. This DMF solution was directly

used for grafting on amorphous silica gel. Silica gel particles
(Merck Silica gel 60) were dried at 150 °C for 2 h prior to graft-
ing. The DMF solution of compound 1 (5 ml) was added to the
dry toluene (125 mL) with suspension of 15.00 g of the dried
silica gel. This mixture was refluxed for about 18 h, and the vola-
tiles were removed under reduced pressure. The orange color
solid thus obtained was heated at 80 °C in air for 20 h to form
the tight binding of azobenzene substituent with silica surface.
This solid was washed with acetone (800 mL to 15 g of the solid)
two times, and finally dried at 70 °C for 6 h. Octadecyl group-
tethered silica gel was obtained by the analogous procedures us-
ing octadecyltriethoxysilane instead of the compound 1.

Measurement Procedure of the Effluent Rate of the Developing Solvent
in Column Chromatography. The azobenzene-tethered silica gel was
packed in a range of about 3.5 cm long as stationary phase into
column chromatography tube made of Pyrex glass (1.5 cm in in-
ner diameter) with the bottom of the glass filter (filter size: G-2).
At the upper part of the outlet, a faucet made of Teflon was lo-
cated to control the effluent. This system was totally analogous
to the common column chromatography for separation. Eluent

Figure 9. Images of developments of pyrene solution in decahydronaphthalene in
a TLC system with simultaneous UV and visible light irradiation: (A) image of origi-
nal (no tethered azobenzene) TLC plate in room light; (B) image of azobenzene-
tethered TLC plate in room light; (C) image of original (no tethered azobenzene)
TLC plate in dark with UV excitation light; (D) image of azobenzene-tethered TLC
plate in dark with UV excitation light.
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developing solvents are filled on the top of the silica gel. To
this packed silica gel, various kinds of lights were irradiated from
one side using Xenon short arc lamp (USHIO UXL-500SX) with
USHIO OPTICAL Module X. The distance from the irradiation cyl-
inder to the column was about 5 cm. When the distance be-
tween the irradiation cylinder and the column was increased,
the promotion effect on the effluent rate was diminished prob-
ably because of the decrease of the illuminance of the irradiation
light. Therefore, the experimental arrangement shown in Figure
4 was strictly fixed and was never moved during research. The
pattern diagram of this experimental arrangement is shown in
Figure 4. In all experiments, both an average glass filter to re-
move UV light shorter than about 310 nm in wavelength and a
heating cut filter (HA50) to absorb infrared light longer than ap-
proximately 690 nm in wavelength were set in the front of the
lamp. Thus, neither short-wavelength UV light nor infrared light
was irradiated to the silica gel. Strong UV light might cause some
decompositions of the substituent, and the infrared light might
produce some considerable heat effects on this experiment.
These influences should be eliminated for revealing the propel-
ling effects of the continuous photoisomerizations of azoben-
zene. The additional filters to regulate the wavelength ranges of
irradiation lights were fixed at 1 cm from the column. A filter
U350 was for UV light transmission, L42 and Y52 were for vis-
ible light transmission obtained from HOYA Corporation. The
light transmission characteristics of these filters are shown in
Supporting Information.

In all experiments of the solvent developing, only aliphatic
hydrocarbons that absorbed neither UV light nor visible light
used for the irradiation were employed as developing solvents.
The Teflon faucet of the column was fully opened during the ex-
periment. The times required for the dropping down of develop-
ing solvents in a certain level were monitored visually from three
to five times (depending on repeatability), and the average times
are adopted as experimental results. The reproducibility of the
effluent times was generally high (within � 5%). The certain lev-
els of the dropped developing solvents were varied from 0.5 to
6 cm depending on the effluent periods of the solvents. The
times needed for the dropping were fixed in the range of from
3 to 8 min. The initial height of the developing solvents was fixed
in all cases, because the volume (and the weight) of the sol-
vents located in the upper part of the silica gel might influence
the effluent rate of the solvents. The promotion effects of the
photoirradiation listed in Table 2 are estimated by the following
calculations. Actual volumes and times for the effluent are sum-
marized in Supporting Information. These values indicated the
enhanced effluent rates compared with the standard times ob-
tained in the experiments without photoirradiation. When no
change of the effluent rate was observed, the promotion effect
is calculated to be 0 (zero).

promotion effect ) (T0 ⁄ T1 - 1) × 100

where T0 and T1 are times for the effluent without
photoirradiation or with photoirradiation, respectively.

The procedures of the experiments using pyrene as a fluores-
cent monitor molecule was approximately the similar manner
to the separation technique using column chromatography
without the sea sand of the top of the silica gel stationary phase.
A 0.2 mL portion of the concentrated pyrene (nearly saturated)
solution of the effluent solvent was pipetted on the top of the
silica gel. The position of developed pyrene with the eluent sol-
vent was monitored as a luminous band with the aid of a com-
mon UV lamp with temporary blocking of the photoirradiation.
The contents of pyrene in sampled fraction solutions were ana-
lyzed by a capillary GC apparatus (Shimadzu GC-1800).

Preparation of Azobenzene-Tethered Silica Gel Thin Layer. Azoben-
zene moiety was installed on a silica gel thin layer plate by a
grafting procedure. At first, 5 mL of the solution of the com-
pound 1 obtained in the previous section was dissolved in 15
mL of dry toluene. This impregnation solution was infiltrated into
the silica gel of Merck thin layer plate (20 cm � 20 cm) to the en-
tire width of the plate between 3 and 8 cm from the button of
the plate. The entire solution was impregnated uniformly to the
above domain. This plate was heated at 160 °C for 12 h in air to

remove the volatiles and to form stable bonds between the or-
ganic substituent and silica surface. The plate thus obtained was
immersed in 1 L of acetone two times for washing and finally
dried at room temperature over 24 h.

Measurement Procedure of the Effluent Rate of the Developing Solvent
in Thin Layer Chromatography. This procedure was essentially similar
to the common TLC chromatography except for the photoirradi-
ation. A thin layer plate obtained by the aforementioned proce-
dures was dipped into a developing solvent in a glass container,
and the container was sealed with a glass plate cover. The cen-
ter part of the azobenzene-tethered silica gel thin layer was ex-
posed to various kinds of lights from a Xenon short arc lamp pre-
viously mentioned. The distance from the irradiation cylinder to
the plate was approximately 5 cm. When the solvent reached ap-
proximately 7�8 cm from the top side of the plate, the plate
was taken out from the container, and the distance of the
boundary of the solvent from the bottom was immediately mea-
sured. The pictures of TLC plates were taken by a common digi-
tal camera. The experimental technique of pyrene developing
was also analogous to the thin layer chromatography manipula-
tion. Approximately 19 small spots of the solution containing
pyrene (in the same solvent as developing solvent) were applied
to a plate about 1.5 cm from the bottom. Then, this plate was
dipped in the container, and the various kinds of lights were ir-
radiated in the same manners as described above. The regions of
developed pyrene were monitored as luminous spots with the
aid of the handy UV lamp.

Analyses. SEM (scanning electron microscopy) images were
measured using a JEOL JSM-6390 scanning electron microscope
apparatus. Infrared spectra were monitored with a Perkin-Elmer
Spectrum One spectrometer. Diffuse reflectance UV spectra were
obtained with a JASCO V-550 spectrometer equipped with an in-
tegrating sphere. Kubelka�Munk functions were plotted against
the wavelength. Nitrogen adsorption�desorption isotherms
were obtained at �196 °C (in liquid N2) using a Bellsorp Mini in-
strument (BEL JAPAN, Inc.). Outgassing was performed under dry
nitrogen flow at 100 °C over 12 h. BET plots were used for esti-
mating the specific surface area of the silica samples. BJH calcu-
lations were applied to evaluate the mesopore sizes and the pore
volumes using adsorption branches of the isotherms.
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