
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 1

:4
1:

20
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Photon upconve
aUniversity of California, Irvine, Irvine, CA 9
bUniversity of Chicago, Chicago, IL 60637, U
cSyracuse University, Syracuse, NY 13244, U

† Electronic supplementary informa
10.1039/c9ra03468d

‡ These authors contributed equally to th

Cite this: RSC Adv., 2019, 9, 26172

Received 8th May 2019
Accepted 2nd August 2019

DOI: 10.1039/c9ra03468d

rsc.li/rsc-advances

26172 | RSC Adv., 2019, 9, 26172–2617
rsion for the enhancement of
microfluidic photochemical synthesis†

M. Wu,a B. A. Moser,b T. M. Steeves,b A. Figueroa,a B. M. Wallace,a S. T. Kim,c

A. P. Esser-Kahn b and R. C. Steinhardt ‡*bc

Photochemical transformations are greatly improved in yield by fluidic reactor technology. However, the

delivery of synthetically-active light to the reactants is a challenge. Here, we use upconversion in a bio-

inspired microreactor to augment the flux of critical wavelengths of light. This new technology increased

of a model reaction by converting a greater portion of sunlight to photochemically-available photons.
Fluidic systems provide great advantages for use in chemical
synthesis due to their size and scalability, limitation of the
accumulation of hazardous compounds, reduction of side
products, and increase in reaction efficiency. These properties
permit pharmaceutical and other ne chemical synthesis to be
efficiently miniaturized, with concomitant increase in safety.
Processes may then be scaled-up or the optimized reactors may
be numbered-up.1,2 Thus, uidic devices are used as microscale
chemical production facilities, enabling multiple drugs to be
synthesized with the same reactor, by switching feedstocks.
Unfortunately, despite the tremendous potential of uidic
chemistry, many open challenges still remain – one of the most
important is reactor design. A “one size ts all” uidic reactor
does not exist. New uidic reactor designs and technologies are
needed to include more reaction conditions and facilitate
increased throughput.

One class of reactions critical to ne chemical production
that greatly benets from microuidic processes is photo-
chemical transformations. This reaction class includes such
broadly important methodologies as carbon–carbon bond
formations, chlorinations, electrocyclizations, isomerizations,
oxidations, and polymerizations.3 In western Europe alone,
6750 kW of power was used for preparative-scale photochem-
istry in 2012.3 The rapidly-expanding applications of photo-
chemistry benet and rely on improvements in microuidic
reactor design. This is due to the intrinsic requirements of
photochemical reactions – photon transfer and mass transfer –
which are highly dependent on the reactor.2

Photochemical transformations require a sufficient ux
density of photons throughout the reaction medium. The
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photon ux density is governed by two prevailing factors: (1)
ability for the reactor to transmit light, including losses due to
absorption, scattering, and other non-radiative phenomena;
and (2) the light absorption of the reactants and solvent itself,
which is governed by the Bouger–Lambert–Beer law.

This law relates the absorption of the chemical species is
dependent on the molar extinction coefficient (3) of the light-
absorbing molecules, the concentration of the light absorbers,
and the path length through which light has to travel. The
importance of the interdependence of these factors becomes
especially clear in systems that rely on light-absorbing
compounds with extremely high 3. These, unfortunately,
constitute the bulk of dyes and sensitizers used in photo-
chemical transformations. For example, the specic Bouger–
Lambert–Beer dependence of [Ru(bpy)3]

2+ – an extremely
versatile and popular photochemical reagent employed here –

shows that only 20% of incident light is transmitted to a depth
of 1 mm in a 0.5 mM [Ru(bpy)3]

2+ solution.2,4 Spectral intensity
and photon transport are still limiting even on the microscale.

To increase light transmission, we sought a reactor design
that would reliably enrich and increase photochemically useful
photon delivery. This would permit the use of lower intensity
incident light, as well as non-specialized light. Such a reactor
would be more efficient, useful with less specialized, expensive,
and energy-intensive inputs, require less thermal management,
and may be more amenable to known problems with scaling- or
numbering-up, due to reduced input light requirements.

To design our system, we looked to a photochemical reactor
optimized by millions of years of evolution: the leaf. The leaf,
viewed as a reactor, is an exquisitely optimized uidic system
for using photons to power the chemical conversion of CO2 into
carbohydrates and other metabolites. Chlorophyll – a magne-
sium porphyrin – handles this energy conversion process. Due
to the narrow absorbance spectrum of chlorophyll, antenna
pigment centres are interspersed throughout the leaf (Fig. 1a).
These pigments harvest a larger set of wavelengths of light, and
transfer the energy to the photosynthetic reaction centre –
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Antenna pigments housed in the leaf's antenna complexes permit the harvest and transfer of energy from a broader spectrum of light
for photosynthetic reactions, which are reliant on a microvascular network for mass transport. (b) Photon upconversion through triplet–triplet
annihilation: a dye-sensitizer combination enables two triplet dye excitons to create a singlet-exited dye molecule that decays to the ground
state with the emission of a photon of higher energy light.
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expanding the breadth of photosynthetically-active radia-
tion.14,15 We were inspired by this concept, and used it as
a model to create a system to convert a larger set of wavelengths
of light into synthetically useful energy.

We envisioned a system in which a microuidic channel was
surrounded by a polymeric material that increased the available
photochemically useful light. In effect, this would harness light
energy through chemical processes and convert it to chemical
transformations in a uidic channel. To replicate the leaf's
energy capture process, we used photon upconversion (UC),
a process where longer wavelength light is converted to shorter
wavelengths (Fig. 1b). Specically, we chose triplet–triplet
annihilation (TTA) UC because it functions with non-coherent,
low power light, such as that produced by the sun or articial
lighting.5,9 TTA UC works through a dye-sensitizer combination.
In the most common mechanism, the sensitizer molecule is
excited from the ground state to the rst singlet excited state
(1S*), then undergoes intersystem crossing (ISC) to the triplet
excited state (3S*), and transfers its energy to the emitter (now
3E*) via triplet–triplet energy transfer (TTET). Triplet–triplet
annihilation (TTA) of two 3E* produces a singlet excited emitter
1E* that radiatively decays to the ground state, emitting
a photon of light (Fig. 1b).5–8 Of the many dye-sensitizer pairs,
we selected diphenylanthracene (1) and 2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphine palladium(II) (2) because of the
pair's ability to convert longer-wavelength green light to the
strong emission of blue light, which is required for many
photochemical transformations.

Solid-state upconverting materials are an area of highly
active research.5,8–13 One area of this research is the matrix used
to embed the dye-sensitizer pair which must satisfy require-
ments for optical transmission, dye-sensitizer diffusion, and
must exclude O2 to prohibit triplet-state quenching. Clearex™
clear polyurethane matrix was used to embed 1 and 2, following
the work of the Castellano and Kim groups.9 This dye-sensi-
tizer–polymer combination has been shown to generate
upconversion with very low power irradiance, with a quantum
yield greater than 20%.8,9

We then commenced synthesis of the photochemical
reactor. The reactors were fabricated using a number of tech-
niques. Molds were custommilled or 3D printed and tubing was
This journal is © The Royal Society of Chemistry 2019
suspended in the molds by securing to the sides of the mold
housing with custom-etched brass plates, which allowed us to
precisely adjust the height of submerged tubing relative to the
surface of the reactor, permitting control of the thickness of the
upconverting layer (Fig. 2c). The molds and tubing were coated
with mold release and the urethane mixture doped with 1 and 2
was added and the cured in a vacuum oven at 60 �C for 24 h to
provide the nished reactor prototypes (Fig. 2b). The prototype
readily upconverted green light to blue light, from 532 nm laser
(Fig. 2d) or diffuse light from a window (Fig. 2b).

Conversion of a-terpinene to ascaridole.

(1)

The green light to blue light upconversion effect observed can
be explained by analysis of the absorption/photoluminescence
spectra of the dye-sensitizer pair, which Fig. 3 shows in
toluene. The sensitizer, 2, exhibits photoluminescence peak
centered at 668 nm, and absorbs with peaks centered at 398 nm
(Soret), and two Q-band peaks in the green wavelengths, centered
at 516 and 548 nm.17 In contrast, the lowest energy excitation
band for the dye 1 is at �397 nm, with emission maxima at
approximately 413 and 430 nm. Thus the Q-band absorbtion of 2
drive the photon upconversion process, as green light can only
excite the sensitizer at these wavelengths. This energy is then
transferred to the emitter molecule 1, which explains the blue
light emission observed with green light excitation.17

To assay the feasibility of this system, we chose the conver-
sion of a-terpinene to ascaridole, an anti-helminthic drug (eqn
(1)).16 This transformation can occur via an ene reaction with
singlet oxygen – generated photochemically – to yield the
endoperoxide product. This reaction is known to be kinetically
fast, and has been examined ow systems due to the spectral
requirements of dye-sensitized singlet oxygen generation, and
the hazardous nature of oxygen, oxygenated organic solvents,
and endoperoxides.2 [Ru(bpy)3]

2+ was chosen as the singlet
oxygen sensitizer due to its extremely high quantum yield of
RSC Adv., 2019, 9, 26172–26175 | 26173
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Fig. 2 (a) Dye-sensitizer pair for upconversion of greenlight to blue light, dye: diphenylanthracene (1), sensitizer: 2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphine palladium(II) (2); (b) microreactor demonstrating upconversion enrichment of blue photon flux in diffuse sunlight; (c) cross-
section of reactor surface showing depth of coating on channel; (d) dye-doped reactor upconverting a 532 nm (green) laser.

Fig. 3 Absorption (solid) and photoluminescence (dashed) spectra of
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine palladium(II) (PdOEP)
and diphenylanthracene (DPA) separately measured at 10 mM
concentration in toluene.
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singlet oxygen and high utility in photochemical trans-
formations. The emission of 2 overlaps well with the blue
wavelength excitation (�450 nm) of [Ru(bpy)3]

2+ (Fig. 4). We
employed a slug-ow format because of its superior gas–liquid
mixing qualities (Fig. 5). We then experimentally validated the
ability of photon upconversion reactor to enhance the rate of
chemical reactions.

To verify the enhanced production of chemically useful
photons, we assayed the production of ascaridole in our reactor
Fig. 4 Absorption (solid) and photoluminescence (dashed) spectra of
[Ru(bpy)]2+ in methanol.

26174 | RSC Adv., 2019, 9, 26172–26175
using a full-spectrum solar simulator (Fig. 6). We found that our
initial ow rate of 40 mL min�1 resulted in a signicant increase
in yield versus the control reactors that were un-doped, or doped
with only 1 or 2 (ESI Fig. S2†). We then assayed percent
conversion vs. ow rate and residence time for the doped and
un-doped reactor and found a consistent increase in percent
conversion for all conditions assayed (Fig. 6a), indicating that
light from upconversion phenomena may be used to raise the
yield of a photochemical reaction in these limited light condi-
tions. The increase in conversion is most enhanced at higher
ow rates and shorter residence times – at a ow rate of 100
mL min�1 there is a 475% increase in yield with the upconver-
sion reactor, corresponding to a residence time of 30 s (Fig. 6b).
We then studied yield as a function of irradiance, nding that
even at 113 W m�2 (less than 1/5 of a sun) the upconversion
system enhances conversion by �400%. For a discussion of the
chemical scope of this reactor, see ESI Discussion 1.† Overall,
these results demonstrate the dramatic increase in production
possible with upconversion technology. The improvement
observed from upconversion highlights the need for sufficient
light transport to the reactants of photochemical trans-
formations, a property that is signicantly improved by the
material composition and design components of our
microreactor.

In conclusion, we designed and developed a microreactor
technology that harnesses photon upconversion to signicantly
enhance the conversion of photochemical reactions. The
Fig. 5 Schematic of photon upconversion reactor. Feedstocks are
pumped through the upconverting reactor in slug-flow, reactor is
exposed to a solar simulator.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Percent conversion of ascaridole in upconversion and control (non-doped) reactors with constant irradiance; (b) percent conversion
of ascaridole vs. residence time in the illuminated reactor; (c) percent conversion vs. reactor irradiance at constant flow rate. Percent conversion
is measured by gas chromatography with secondary NMR confirmation.
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reactor efficiently upconverts low power non-coherent light,
enriching the ux of critical higher energy light, as evidenced by
the dramatic increase in reaction efficiency. The device out
performed controls at multiple ow rates and illumination
conditions. Further, we demonstrated the reactor's utility by
synthesizing an endoperoxide-bearing anti-helmenthic drug.
Overall, we have broadened the scope of upconversion
applications.

We envision this work may lead to new devices that act as
adventitious converters of white light to photochemical
reactions/organic energy storage molecules. For example, such
technologies could be used in conjunction with solar panels, or
on the interiors of buildings lit with articial lighting. By
enhancing catalysis of versatile, established organometallics
such as [Ru(bpy)]3+, the possibility of synthetic transformations
towards targets in ne chemical or organic energy molecule
families are now possible with this approach. We anticipate this
technology may be employed in reactor scaling- or numbering-
up, military eld synthesis of rare or unstable drugs, medicine
synthesis in disadvantaged countries, and energy storage
molecule synthesis.
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