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Abstract—We developed an effective microfluidic device for
photoreactions with low reflectance and good heat conductance. The
performance of this microfluidic device was tested by carrying out a
photoreactive  synthesis of benzopinacol and acetone from
benzophenone and 2-propanol. The yield reached 36% with an
irradiation time of 469.2 s and was improved by more than 30% when
compared to the values obtained by the batch method. Therefore, the
microfluidic device was found to be effective for improving the yields
of photoreactions.
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I. INTRODUCTION

HOTOREACTIONS are caused by light (photon) and the

reactants go through electronically excited states with high
reaction activities, such as much higher energies, different
molecular geometries, and different molecular configuration.
Compounds are known to exhibit different chemical behaviors
in their excited states when compared to those in their ground
state [1]. Therefore, photoreactions allow for the simplification
of complicated chemical syntheses, and have been considered
as environmentally benign reactions. Various kinds of
photoreactions are known to occur under the influence of
visible or ultraviolet light. However, photoreactions proceed
less effectively by used of batch reactors because it is difficult
to homogeneously irradiate light throughout the reactors from
the top of the bottom.

Recently, microfluidic devices with micro channels on the
scales of micrometers have attracted much attention owing to
their ability to permit the occurrence of chemical reactions in a
reaction space that is several orders of magnitude smaller than
that in conventional batch reactors [2], [3]. In microfluidic
devices, the effects of parameters associated with surface,
diffusion, heat transfer, viscosity, and surface tension are
pronounced, while the effects of parameters associated with
volume, mass, and inertia force are small. In a small reaction
space that exhibits a high surface-to-volume ratio, microfluidic
devices enable fast mixing and allow for accurate thermal and
reaction time control [4], [5]. Because of these features,
microfluidic devices enable better control of chemical
reactions, acceleration of reaction rates and improved yields.
This has been reported for various reactions including
Friedel-Crafts monoalkylation [6], Grignard-based reactions
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[7], and Sonogashira coupling [8].

It is known that a variety of photoreactions proceed more
effectively through micro channels in microfluidic devices,
rather than in batch reactors, which typically exhibit low
efficiencies [9], [10]. This has been reported less extensively,
although the differences in the efficiencies of some reactions
including pinacol formation reaction [11], cyanation [12],
photocatalysis employing titanium dioxide photocatalyst [13],
and photocyclo addition [14]-[17] have been observed. Some
photoreactions, in particular, have been performed using
energy-saving low-power black light and ultraviolet LED (light
emitting diode) sources.

However, current microfluidic devices used for
photoreactions that are made of quartz glass may cause
inaccurate temperature control and vaporization of liquid
components because of the low heat conductance. They may
also cause instability in terms of the incident light wavelength
originating from the heating of the light source, owing to
diffuse reflection to the bottom surface of channels. The diffuse
reflection depends on the accuracy of processing of the bottom
surface of the channels.

In this study, we developed effective microfluidic devices for
photoreactions that used a black aluminum oxide channel
substrate with low reflectance and good heat conductance,
which can be applied in photoreactions. The performance of
this microfluidic device was tested by carrying out a
photoreactive synthesis of benzopinacol and acetone from
benzophenone and 2-propanol.

I11.PHOTOREACTIVE SYNTHESIS OF BENZOPINACOL

The target reaction is the photoreactive synthesis of
benzopinacol and acetone from benzophenone and 2-propanol
as shown in chemical reaction (1) and Table 1. This reaction is
known to need long reaction times (i.e., more than 24 h) by the
batch method [18].

hy=366nm )
Benzophenone + 2 — Propanol ——— Benzopinacol + Acetone (1)

TABLE |
DETAILS OF PHOTOREACTIVE SYNTHESIS

Benzophenone 2-Propanol Benzopinacol Acetone

oo S @88

I11.  MiICROFLUIDIC DEVICE FOR PHOTOREACTION

Fig. 1 shows the configuration of a microfluidic device. The
microfluidic device consisted of a channel plate obtained by

765



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:8, No:8, 2014

welding two substrates and three holder parts made of stainless
steel. The holders that exhibited good heat conductance might
contribute to the removal of heat from the microfluidic device
plate.

Fig. 2 shows photograph of the assembled microfluidic
device. The channel width was set to 1.0 mm. The channel
depth was set to 0.2 mm and 1.0 mm in order to represent the
features of a “micro” scale device as shown in Table Il. The
channel plate constructed with quartz glass as the top substrate
and black aluminum oxide as the channel substrate might have
furnished.

Top substrate

made of
transparent
sapphire

Housing Channel substrate
made of e [ made of black ]
[stainless steel ] <& §§*\5 aluminum oxide

Channel wid

Fig. 1 Configuration of a microfluidic device

TABLE I
SPECIFICATIONS OF MICROFLUIDIC DEVICES
Micro-1 Micro-2
Channel width [mm] 1.0 1.0
Channel depth [mm] 0.2 1.0

Fig. 2 Photograph of the assembled microfluidic device

IV. EXPERIMENTAL METHOD

The reaction solution with the concentration of 0.5 mol/L
(0.5 kmol/m®) was obtained by dissolving benzophenone in
2-propanol [19]. No catalyst such as glacial acetic acid was
added to this solution.

Fig. 3 shows the schematic of the microfluidic device system
used in this study. The reaction solution of benzophenone in
2-propanol was introduced into the microfluidic device through
the polytetrafluoroethylene (PTFE) tube. The microfluidic
device was exposed to an ultraviolet LED source (wavelength
hv = 365 nm) to carry out the reaction. The product solution
was obtained from the microfluidic device through the PTFE
tube and collected in a vessel filled with acetone. The outlet of
the tube was immersed into acetone to prevent the precipitation
of benzophenone and benzopinacol bearing in mind that
2-propanol and acetone vaporized readily. The time period of
irradiation was controlled from 46.9 to 469.2 s within the
controllable flow rates, and the reaction temperature was set at
room temperature (296-297 K).

The batch syntheses were also performed for comparison.
The reaction solution (10 mL, 1.0 x 10 m?) was stirred in a 20
mL (2.0 x 10° m®) vessel with a depth of about 10 mm being
irradiated by the LED source. The reaction temperature was set
at room temperature (296-297 K).

The benzophenone and benzopinacol in the product solution
were analyzed by high performance liquid chromatography
(HPLC) produced by Hitachi High Technologies, Ltd. using the
analysis conditions. The photoreaction yield of benzophenone
was obtained as defined by (2).

_ [Benzopinacol]
~ B[enzophenone]

Yield[%]

X 100 )

+[Benzopinacol]

Here, [C] indicates the concentration of the substance C.
Note that one mole of benzopinacol is obtained from two
equivalents of benzophenone.
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LED source
Ultravioletemission LED (hv = 365 nm, 5 by 5)
emission angle:5°, radiation flux:2.2 mw

i

D UUJ:L Ultravioletlight

=T

L ] - Product
Microreactor — solution
for photoreactions
Reaction solution ™ Acetone
bbyd'ssﬁ""”g PTFE tube PTFE tube
enzophenone (ID:0.17 mm, length:0.2m) (1D:0.17 mm, length:0.2m
in 2-propanol or ID:0.33 mm, length:0.05 m
Fig. 3 Schematic of the microfluidic device system used in this study
It is known that the light intensity of a LED is unstable even Ultraviolet emitting LED (hv = 365 nm, 5 by 5)
just after it begins irradiating light. The LED becomes heated emission angle:5°, radiation flux:2.2 mw
and the wavelength of light becomes unstable, as the irradiation %
is prolonged over a period of time. Furthermore, it is estimated -
that the intensity of light becomes inhomogeneous because the LED
emission angle leads to overlapping intensities. source

Therefore, we measured the dependence of the light intensity
on the irradiation time when the working distance (WD)
between the LED source and the measurement position was set
to 20 mm or 60 mm as shown in Fig. 4. We used the ultraviolet
emitting LEDs (wavelength: 365 nm, emission angle: 5°, and
radiation flux: 2.2 mW) from Nichia Corporation. The LED
source consisted of a 5 x 5 matrix of 25 LEDs at an interval of 8
mm. The measurement position was defined as an extension of
the center or edge of the LED source.

Fig. 5 shows the light intensity of the LED source used in this
study. More than 7 min was needed until the light intensity was

W orkng distance % D)
@0mm or60mm)

ay e
Center

Fig. 4 Diagram showing the system used for measuring the light
intensity of the LED source used in this study

stable at an extension of the center of the LED source, while a 4

few minutes were required to achieve stable intensity when the ‘E 35 ¢ WD = 60 mm. center

extension was measured at an extension of the edge of the LED S 3 & WD =20 mm, center

source. At a WD of 20 mm, the difference in the light intensity % 25 L /

by the measurement positions was only about 0.3 mW/cm? (3 x > 5 IR

10% mW/m?), while at a WD of 60 mm, the difference was about @ R T \ __________

0.8 mW/em? (8 x 10° mW/m?). The light intensity depended ~ & 15 WD =20 mm. edge
. £ | WD=60mm, edge » €09

largely on the measurement positions. The overlap between the e 1

radiation was small at shorter WD because the emission angle 2 o5t

was only 5°. However, the overlap became larger at larger WD 0 , , ,

and the influence caused by the overlap became larger 0 5 10 15 20
particularly at an extension of the edge of the LED source.

. . . . . . Lightirradiation ti i
The difference in the light intensity was considered to be Ightiradiation time min]

small in the channels of the microfluidic device for Fig. 5 Light intensity of the LED source used in this study
photoreactions, when the difference in the measured intensity
between at extensions of the center and edge was small. V. EXPERIMENTAL RESULTS

Therefore, we set the WD at the shortest possible value of 20 We measured the yield of the photoreaction of benzo-

mm and began the experiments after the LED source had  phenone by changing the irradiation time from 46.9 to 469.2 s

irradiated light for more than 10 min. and studied the differences in the efficiencies exhibited by the
two kinds of microfluidic devices.

Fig. 6 shows the vyields of the photoreaction of
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benzophenone. The upper horizontal axis shows the flow rates
corresponding to the irradiation time shown in the lower
horizontal axis. The reaction proceeded more rapidly in
Micro-1 with shallower channels than in Micro-2. Under the
conditions of high concentration of benzophenone (0.5 mol/L
(0.5 kmol/m®)) used in this study, most of the incident light was
absorbed when the channel depth was ~0.25 mm. In the
channels with a channel depth of 1 mm, therefore, about
one-fourth of the solution (measured from the top) contributed
to the photoreaction. In reactor 1, the channels remained
unblocked at an irradiation time for more than 187.7 s, which
corresponded to flow rates of less than 0.025 mL/min (2.5 x
10® m*min). The yield reached 36% with an irradiation time of
469.2 s and was improved by more than 30% in comparison to
values achieved by the batch method. This was because heat
converted from the incident light was quickly removed at the
bottom surface of the channels with better heat conductance
and the liquid components hardly vaporized. Therefore, it was
confirmed that the microfluidic device method with shallow
channels was effective for achieving high vyields in
photoreactions.

Flow rate [mL/min]

0.1 0.05  0.025 0.01
40 T T T

35 L Micro-1
(Width=0.2mm)

30 L
25 L

20 | Micro-2
(Width=1.0mm)

e

0 100 200 300 400 500

Yield [%]

Lightirradiation time [s]

Fig. 6 Yields of the photoreaction of benzophenone
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