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Development of a Photochemical Microfluidics Platform
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In an effort to utilize microfluidics to enable photochemistry, we have devised a method for fabrication of devices with 
UV-transmissive glass. The photochemical device is successfully incorporated into a system utilizing high-pressure 
capillary mercury lamps and cooling system. We have demonstrated the ability to carry out photochemical transfor-
mations with substantial rate acceleration. Furthermore, we highlight the ability to carry out analytical-scale reactions 
on a pulse flow automated system while modulating wavelength and residence time to identify optimal photochemical 
reaction conditions. The analytical conditions were also successfully converted to continuous-flow preparative scale.

1. Introduction

Photochemistry enables powerful transformations which have 
been used for the synthesis of unique and often unprecedented 
structures [1]. Photocatalyzed reactions such as [2 + 2] cyclo-
additions [2], alkylations–arylations [3], selective oxidation and 
reduction reactions [4], and photodeprotection reactions [5] 
also enable facile introduction of desired functionalities and 
molecular frameworks. In many cases, photochemical reac-
tions allow utilization of less reagent, little or no workup, and 
in some cases reactions that are otherwise energetically unfa-
vorable under anything but extreme conditions. Traditionally, 
photochemical reactors have operated in batch mode with con-
figurations resulting in nonuniform distribution of UV light and 
oftentimes recombination of generated radicals due to slow dif-
fusion. These aspects can also cause localized heat and reduced 
efficiencies. As a result, photochemical reactions are often run 
at very dilute conditions to overcome some of these issues. 
Traditional batch photochemical reactions also require large 
scale and suffer from poor mixing and cooling. Thus, compared 
to other reaction types, photochemical reactions have been less 
widely adopted.

Microreactors, with channel dimensions of a few hundred 
microns, enable optimum utilization of incident radiation and 
consequently result in order-of-magnitude increases in quan-
tum efficiencies [6]. Microfluidic devices also provide excel-
lent control of temperature, pressure, reaction time, and mixing 
[7,8]. In light of these advantages, there have been a number 
of developments in the area of flow-based photochemical pro-
cesses [9]. Herein, we report the development of a microfluidic 
system utilizing high-pressure, high-power mercury-vapor cap-
illary arc lamps which may be utilized in both continuous flow 
and automated pulse flow.

2. Results and Discussion

We have described the development and application of micro-
fluidic devices fabricated from silicon wafers anodically bonded 
to Pyrex glass [7]. However, Pyrex has limited transmission in 
the UV region hampering its broad application in photochem-
istry. One solution involved the use of quartz which cannot be 
anodically bonded and must be alternatively bonded to the sili-
con wafer using polymers such as CYTOP [6]. This approach 

has limited application due to chemical incompatibilities of 
CYTOP. As an alternative we identified Schott 8337 which is 
a Pyrex-related glass that may be anodically bonded to silicon 
and has transmissivity down to 200 nm [10].

Fabrication of devices utilizing Schott 8337 proceeded 
through standard procedures developed for Pyrex/silicon 
devices. A photoresist is spin coated on a treated silicon wafer 
and after exposure to UV through a mask, the resist is post-
baked and developed. This is followed by deep reactive ion 
etching (DRIE) to produce inlet and outlet patterns. A second 
DRIE step produces the channel pattern along with inlet and 
outlet holes. The silicon wafer is then bonded to the Schott 8337 
wafer.

Anodic bonding of the Schott 8337 to silicon involves appli-
cation of a potential difference at elevated temperatures. The 
values of the coefficient of thermal expansion (CTE) under 
bonding conditions must be similar; otherwise the stresses 
induced lead to failed bonds and/or breakage [11]. The CTE 
value for Schott 8337 is 4 × 10−6 K, approximately 30% higher 
than that of Pyrex. Optimized bonding affording excellent inter-
face with Schott 8337 occurred with 1250 V at 225 °C for a 
3–4-h period.

We fabricated a five-port microreactor and an associated 
compression packaging on the basis of designs previously 
described [8]. The design consists of three fluid inlets, followed 
by a 18-mL mixing zone, and a 69-mL reaction zone (Figure 1a 
and b). A quench inlet and quench mixing zone is located 
between the reaction zone and the reactor outlet. Unused 
ports can be blocked using end-capped tubing. The devices 
are enclosed in a compression packaging chuck utilizing 
6–40 unions and Markez Kalrez o-rings (Figure 1c and d).

We began our studies utilizing low-pressure mercury lamps 
which would allow us to quickly assess the design and appli-
cation of the reactor. Two low-powered UV lamps were used 
to illuminate 50-mM reaction solutions flowing at a rate of 
4 mL/min (residence time approximately 50 min). We evalu-
ated three reactions, which are excellent benchmarks and well 
established in the literature (Table 1). The first reaction was 
cycloaddition of cyclopentene 1 with cyclohexenone 2 to afford 
cyclobutane 3 [12]. The conversion after 50 min was 30% with 
a 17% yield. In batch, these reactions have been reported to 
afford a 68% yield after 75 min. The second reaction was rear-
rangement of 4,4-dimethylcyclohexenone 4 to afford a mixture 
of cyclopropane 5 and cycloheptenone 6 [13]. This reaction 
proceeded to a 40% conversion and yield. These reactions have * Authors for correspondence: kfjensen@mit.edu and beelera@bu.edu
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been typically reported to require similar reaction times and 
afford similar yields in batch. The third reaction was addition of 
methanol to limonene 7 to afford methyl ether 8 and rearranged 
product 9 [14]. The reaction proceeded only to 14% conversion 
after 50 min with a 6% yield. This reaction in batch has been 
reported to have significantly higher conversion (>90% in 2 h). 
The low conversion may be due to the focused emission spec-
trum of the low-pressure lamp, which does not have significant 
irradiation in the 263-nm region required for excitation of tolu-
ene. Overall, these results were promising considering the rela-
tively short reaction time and the moderate irradiation of the 
low-pressure lamp. Although these results validated the use of 
our microreactor design and Schott 8337, it was clear that better 
conversions would require either very long residence times or 
stronger and broader UV irradiation.

To maximize yields and minimize residence times, a setup 
incorporating a high-pressure capillary mercury vapor lamp was 
designed. These lamps require a power input of 1 kW and have 
an electrical conversion efficiency of 50%. They have long been 
utilized for photolithography of printed circuit boards. Due to 
the high intensity, active cooling is required for both the lamp 
and the reactor. The lamps are cooled by passing water through 
a quartz jacket housing the lamps utilizing a centrifugal pump 
running approximately 7 LPM.

In order to have effective control of reaction temperature, 
active cooling was also required for the microfluidic device. 
In the absence of active cooling, temperatures on the chip can 

quickly reach 250 °C. To overcome this, we designed a circula-
tion chamber into the compression chuck which was connected 
to a glycol chiller allowing for flow rates ranging from 4 to 
7 LPM. This design provides enough heat removal to maintain 
on chip temperatures as low as −20 °C.

We proceeded to repeat the three benchmark reactions uti-
lizing high-pressure mercury lamps. Cycloaddition of cyclo-
heptene 1 and cyclohexenone 2 afforded 100% conversion to 
cyclobutane 3 with a 40% yield after only 1 min reaction time. 
The lumiketone rearrangement of 4 also proceeded to 100% 
conversion with a higher yield (81%) of 5 and 6 after 2-min 
reaction time. Addition of methanol to limonene 7 proceeded 
to 44% conversion after 1 min with a 21% yield of 8 and 9. 
On the basis of these results, there is up to a 150-fold improve-
ment utilizing the high-pressure mercury lamps, clearly dem-
onstrating the benefit of utilizing the capillary high-pressure 
mercury lamps.

We also evaluated the overall quantum efficiency by moni-
toring the fragmentation of 2-hexanone to acetone and propene 
[15]. The quantum yield based on the formation of acetone 
(52%) is 0.22. Calculation of incident photons based on this 
value gave a quantum efficiency of 0.2 for the addition of meth-
anol to limonene.

An important aspect of photochemical reactions is con-
trol of UV wavelength. To address this, we designed a holder 
which would allow us to insert optical filters. In order to eval-
uate the effectiveness of UV filters in the high-pressure sys-
tem, we considered the known photoconversion of a-santonin 
10 to lumisantonin 11 and mazdasantonin 12 (Figure 2) [16]. 
In this reaction, the product ratio may be shifted by control of 
wavelength, irradiation time, and solvent. We also wanted to 
evaluate the ability to run photochemical reactions utilizing 
our pulse-flow automated system in order to quickly screen 
photochemical reaction conditions on an analytical scale [8]. 
We anticipated that optimized conditions could be directly 
scaled up utilizing continuous flow.

Utilizing the automated system, we injected reaction plugs 
containing a-santonin 10 in acetonitrile which were delivered 
through the microfluidic device at a set flow rate at 25 °C. The 
reaction plugs were collected and analyzed by UPLC/MS/ELS. 
Without the use of a filter, full conversion was observed with 
a ratio of 1:0.14 (11:12) after only a 20-s reaction time. Under 
the same reaction conditions in continuous flow, the reaction 
afforded a 76% isolated yield and comparable ratio (1:0.2). 
We attribute the lower isolated yield (relative to conversion) to 
side reactions and decomposition. When the reaction time was 
extended to 2 min, we observed a significantly higher amount 
of mazdasantonin 12 in both the analytical pulse flow (0.1:1, 
11:12). However, the isolated yield from the continuous flow 
was lower (66%) likely due to further decomposition during the 

Figure 1. Design and photo of photochemical microfluidic device 
and system. (a) Schematic of microfluidic device, (b) photograph of 
front (left) and back (right) of a microfluidic device, (c) schematic of 
holder for microfluidic device and filters, (d) photograph of an assem-
bled system

Figure 2. Photoconversion of a-santonin to lumisantonin and 
mazdasantonin

Table 1. Reactions using low-pressure and high-pressure lamps
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longer reaction time. Use of a filter with a 50% cutoff at 280 nm 
afforded a lower overall conversion (30%) after a 40-s reac-
tion time and a very low isolated yield from continuous flow 
(16%). However, if the reaction time was extended to 2 min, we 
observed 75% conversion with a product ratio of 1:0.25 and a 
comparable isolated yield of 78% and ration in continuous flow. 
These results indicate that by adjusting the wavelength with a 
cutoff of 280 nm, we were able to utilize long reaction times 
to afford mazdasantonin while minimizing side reactions and 
decomposition. Changing the filter to one with a 50% cutoff of 
320 nm decreased the overall conversion significantly (35%) 
after 2 min of irradiation and a very low isolated yield was 
obtained. Overall, utilizing this model reaction we were able to 
demonstrate the ability to rapidly screen wavelength and reac-
tion time in order to identify optimal reaction conditions and 
subsequently scale these reactions utilizing continuous flow.

3. Conclusion

In an effort to utilize microfluidics in photochemistry, we 
have devised a method for fabrication of devices with UV trans-
missive glass (Schott 8337). The photochemical device has been 
succesfully incorporated into a system with a high-pressure 
capillary mercury lamp and a cooling system to carry out pho-
tochemical transformations with substantial rate acceleration. 
Furthermore, we have demonstrated the abilty to carry out ana-
lytical reaction screening with pulse-flow modulating wave-
length and residence time to identify optimal photochemical 
reaction conditions. The analytical conditions were successfully 
converted to continuous-flow preparative scale. Further utiliza-
tion of this system for large multidimensional reaction screen-
ing efforts is underway and will be reported in due course.

4. Materials and Methods

4.1. Low-pressure Lamps. Low-pressure Hg vapor capillary 
UV lamps were purchased from JKL Components Corporation, 
CA, and were powered using a 10 V dc inverter. These lamps 
consume 0.8 W of power and emit radiation concentrated 
around 254 nm.

4.2. High-pressure Lamps. High-pressure Hg vapor cap-
illary UV lamps were purchased from Advanced Radiation 
Corporation, CA. Transformers and water jacket for the high-
pressure UV lamps were purchased from RHB Corporation, 
Denver, CO. General info: Reagents were purchased and used 
as-is from Sigma-Aldrich Fine Chemicals Corporation. Five-
hundred microns thick 6-inch Schott 8337 wafers were pur-
chased from Schott North America, Elmsford, NY. Reaction 
analysis was performed on an Agilent 6890 GC/MS or a Waters 
Acquity UPLC/MS.

4.3. Irradiation of Cyclohexenone 2. Solutions of cyclo-
hexenone and cyclopentene were prepared in 50 mM isopropa-
nol. The solutions were loaded into a 10-mL Hamilton gas-tight 
glass syringe and flowed into the microfluidic device at 2 mL/min 
(low-pressure lamps) and 100 mL/min (high-pressure lamps). 
After reaction, the flow was collected into a vial and subjected 
to GC analysis without any further dilution.

4.4. Irradiation of 4,4-dimethylcyclohexenone 4. A solu-
tion of 4,4-dimethylcyclohexenone was prepared in isopropa-
nol at 50 mM. The solution was loaded into a 10-mL Hamilton 
gas-tight glass syringe and flowed into the microfluidic device 
at 2 mL/min (low-pressure lamps) and 50 mL/min (high-pressure 
lamps). After reaction, the flow was collected into a vial and 
prepared for GC analysis without any further dilution.

4.5. Irradiation of Limonene 7. Solutions of 50 mM limonene 
and 10 mM toluene were prepared in MeOH. The solutions were 
loaded into 10 mL Hamilton gas-tight glass syringe and flowed 
into the microfluidic device at 2 mL/min (low-pressure lamps) 
and 100 mL/min (high-pressure lamps). After reaction, the flow 
was collected into a vial and subjected to GC analysis without 
any further dilution.

4.6. Irradiation of a-santonin 10 (pulse flow). A stock 
solution of a-santonin (8 mM) in MeCN was placed in a 
96-well aluminum holding block, which was then covered with 
an inert gas chamber and sealed. The block was connected to 
the microfluidics device and a slow steady stream of argon was 
passed through the inert gas chamber. The system was fitted 
with the appropriate filter and the flow parameters were set for 
the appropriate reaction time at 25 °C. Eight microliter plugs 
were injected into a stream of acetonitrile. The reactions were 
collected into 96-well plates with use of optical detection and 
analyzed by UPLC/MS/ELSD (10–40% MeCN, 3 min).

4.7. Irradiation of a-santonin 10 (continuous flow). The 
system was fitted with the appropriate filter and a solution of 
a-santonin (0.01 g, 0.04 mmol) in MeCN (5.1 mL) was loaded 
into a syringe and flowed through the device via a syringe pump 
set at the appropriate flow rate at 25 °C. The reactions were 
collected in a vial, concentrated in vacuo, and purified by flash 
chromatography (hexanes/EtOAc, 2:1) to afford lumisantonin 
and mazdasantonin as a mixture.
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