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ABSTRACT: The use of phototaxis to move droplets in liquids offers the opportunity to emulate
natural processes such as the controlled transport of materials in fluidic environments and to undertake
chemistry at specific locations. We have developed a photoactive organic droplet whose movement in
aqueous solution is driven by a photoinitiator, as a result of a light induced reaction within the droplet
generating a Marangoni flow. The photoinitiator not only drives the droplet motion but can also be

used to initiate polymerization following transfer of the droplet to a specific location and its merging



with a secondary, monomer-containing droplet. The same light is used to control the transport of the
droplet and the polymerization. The efficacy of this droplet transport and reactor system has been
demonstrated by the site specific underwater polymerization of N-isopropylacrylamide to repair a

leaking vessel and the adhesion of two materials together.

Introduction

Remote activation of a reaction such as polymerization at a specific location would be very valuable,
particularly in challenging environments such as under water. For example, defects in fluidic channels
or tubes could be remotely repaired by directing each reactant of an adhesive to the defect and effecting
the reaction at the point-of-need. Although this can be achieved by physical placement of the reactants
using devices such as syringes or pipettes, the directed transport of individual reactants is a much more
intriguing approach. One way to achieve this is through the controlled movement of reactant-containing
droplets to locations of interest, where the polymerization reaction then occurs.

Droplet movement can be invoked and controlled using a variety of stimuli, such as chemical, thermal,
and light amongst others.(1) Often, the droplet movement happens because of a chemical gradient in
the external environment as demonstrated by Lagzi et al. who reported complex maze-solving behavior
at the water—air interface using a simple fatty acid-containing organic liquid droplet propelled by pH-
regulated surface tension changes.(2) Control of the droplet movement was achieved through a
combination of the pH of the aqueous medium and the confines of the maze channel geometry. Toyota
and co-workers showed that an oil droplet containing a hydrolysis catalyst and hydrolyzable surfactant
as fuel could be self-propelled at moderate speeds (3-40 pm s ') on the surface of an aqueous
medium.(3) Nonetheless, this movement still required a specific external environment (basic solution)

and there was no control over the direction of motion.



The manipulation of droplets with light has always been appealing and has been used to move oil
droplets in water or water droplets in oil.(4) This has been achieved by both thermocapillary effects and
chromocapillary effects, which result in droplet motion by changes in surface tension or Marangoni
effects.(1,4) However, complete control of the movement of oil droplets both on and under water has
only been recently demonstrated.(5) Xiao et al. developed an internal chromocapillary droplet motion
in which a photoactive spiropyran or its merocyanine photoisomer present in an organic droplet could
induce droplet movement in aqueous surfactant solution (Figure la) as a result of the
spiropyran/merocyanine photoisomerization reaction changing the surface tension of the droplet/water
interface (Figure 1b).(5) These droplets can carry a “reactant cargo”, which can be delivered to and
merged with a second droplet containing another reactant to perform a chemical reaction. This system
offered the potential to achieve droplet-contained chemistry at a specific site, which could be useful for

a variety of applications such as sensing, signaling, or material repair.
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Figure 1. (a) Schematic representation of the directional movement away from the light source of a

light-irradiated (365 nm) droplet containing nitrospiropyran (SP) and HDA. (b) Photoisomerization
reaction of SP to nitromerocyanine (MC) in the presence of HDA that occurs in the droplet. Part (a) is
reproduced with permission.(5) Copyright 2018 Wiley-VCH Verlag GmbH & Co., KGaA, Weinheim.

Inspired by recent developments in the use of synthetic polymers as wet adhesive materials,(6—9) we
have investigated site-specific photopolymerization via a droplet-based approach that can be achieved

under water. Using our previous photoactive droplet system containing a commercially available nitro-



substituted spiropyran (SP) and 2-hexyldecanoic acid (HDA) (Figure 1),(5) we have now demonstrated
droplet-based transport of a photoinitiator to, and mixing with, a N-isopropylacrylamide (NIPAM)
monomer droplet, which results in polymerization at a specific location under water. This has led to the
discovery that the photoinitiator itself, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), can
be used to induce both droplet movement and photopolymerization. In order to demonstrate possible
applications of this droplet-based system, we have also shown that the BAPO-driven droplet system
can be used to achieve polymerization at a specific location by blocking a water leak and bonding a

Gortex strip to glass under water.

Experimental Methods

Droplet Experiments

Droplets were studied in glass Petri dishes (55 mm diameter) partially filled with an aqueous solution
of sodium dodecylbenzene-sulfonate (SDBS) (7 mM), a concentration well above its critical micelle
concentration (<1.5 x 10~ M).(10) The droplet speed was determined from movies, by calculating the

time droplets took to cover specific distances.

Movement of SP/HDA/DMPA Droplet 1A

SP, HDA (1:1, mol/mol), and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were dissolved in
dichloroethane (DCE) to give concentrations of 0.1 and 4.5 M, respectively. An organic droplet was
generated by loading 1 pL of the above solution, using an autopipette, onto the bottom of the Petri dish
containing the SDBS solution. On irradiation of the droplet with 365 nm light, it moved 8 mm away

from the light with a speed of 0.5 mm s~



NIPAM/SDBS Droplet 2
NIPAM (0.1 g) and SDBS (1.7 mg) were dissolved in 50 uL. of DCE. An organic droplet was generated
by loading 1 pL of the above solution, using an autopipette, onto the bottom of the Petri dish containing

the SDBS solution.

Polymerization Using SP/HDA/DMPA Droplet 1A and NIPAM/SDBS Droplet 2 (System A)

To achieve polymerization in system A, by using an autopipette, 1 pL of droplet 1A and 1 pL of
droplet 2 were formed on the bottom of the Petri dish containing the SDBS solution. Upon irradiation
of droplet 1A with 365 nm light, it moved away from the light toward the immobile droplet 2,
whereupon the droplets collided and merged, initiating the polymerization reaction, which was

essentially complete after almost 2 min of photoillumination as can be seen in Movie S1.

SP/HDA/BAPO Droplet 1B

SP, HDA (1:1, mol/mol), and BAPO were dissolved in DCE to give concentrations of 0.1 and 0.5 M,
respectively. An organic droplet was generated by loading 1 pL of the above solution, using an
autopipette, onto the bottom of the Petri dish containing the SDBS solution. On irradiation of the
droplet with 365 nm light, it moved 220 mm away from the light with a speed of 4.0 mm s~ as can be

seen in Movie S2.

Polymerization Using SP/HDA/BAPO Droplet 1B and NIPAM/SDBS Droplet 2 (System B)
To achieve polymerization in system B, 1 pL of droplet 1B and 1 pL of droplet 2 were loaded onto the
bottom of the Petri dish containing the SDBS solution using an autopipette. On irradiation of droplet

1B with 365 nm light, it moved away from the light toward droplet 2, whereupon the droplets collided



and merged, initiating the polymerization reaction and forming a polymer after 40 s of

photoillumination as can be seen in Movie S3.

BAPO Droplet 1C

BAPO was dissolved in DCE to give a concentration of 0.5 M. An organic droplet was generated by
loading 1 pL of the above solution, using an autopipette, onto the bottom of the Petri dish containing
the SDBS solution. On irradiation of the droplet with 365 nm light, it moved 90 mm away from the

light with a speed of 1.4 mm s as can be seen in Movie S4.

Polymerization Using BAPO Droplet 1C and NIPAM/SDBS Droplet 2 (System C)

To achieve polymerization in system C, 1 pL of droplet 1C and 1 pL of droplet 2 were loaded onto the
bottom of the Petri dish containing the SDBS solution using an autopipette. On irradiation of the
droplet 1C with 365 nm light, it moved away from the light toward droplet 2, whereupon they collided

and merged, forming a polymer after 40 s of photoillumination as can be seen in Movie S8.

Leak Repair by Droplet Polymerization

A hole was drilled in a glass Petri dish, which was then filled with aqueous SDBS solution. A NIPAM
droplet (droplet 2) was placed as close as possible to the hole and the BAPO droplet (droplet 1C) was
placed 1 cm from droplet 2. Droplet 1C was irradiated with 365 nm light and moved toward and
merged with monomer droplet 2. The merged droplets moved to the hole upon continued irradiation.
Further irradiation of the mixed droplets led to polymerization and sealing of the hole as can be seen

in Movie S9.



Underwater Adhesion of Gortex to Glass by Droplet Polymerization

A glass Petri dish was filled with aqueous SDBS and a small glass slide (0.4 g) was placed on the
bottom. A strip of hydrophobic PTFE Teflon-based membrane (Gortex) (3 x 1 cm) was immersed into
the solution in contact with the glass slide. NIPAM droplet 2 (20 pL) was placed underwater at the base
of the Gortex membrane and 3 uL of BAPO droplet 1C was placed on the glass slide. The BAPO
droplet was irradiated with 365 nm light and directed to merge with the NIPAM droplet on the Gortex
strip. Continued irradiation for 4 min led to polymerization of the NIPAM and attachment of the

Gortex membrane to the glass slide as can be seen in Movie S10.

Results and Discussion

Initially, the ability of the SP/HDA droplet system to transport a photoinitiator was investigated. A
neutral organic droplet (1 uL) comprising SP/HDA (1:1) and DMPA (Figure 2a) in DCE was prepared.
DMPA was chosen as the photoinitiator as it is commonly used for the free radical polymerization of

NIPAM (see Figure Sla).(11,12) The droplet was placed under an aqueous SDBS solution and

irradiated with a 365 nm light source, which led to droplet movement away from light, consistent with
the SP/HDA droplet previously reported (Figure 1a).(5) However, the movement was substantially
limited with the droplet only traveling 8 mm at a speed of 0.5 mm s'. As previously
reported,(5) SP/HDA droplets can move over several centimeters at speeds of up to 1.2 mm s '. The
reduced speed and lifetime of the DMPA-containing droplet suggested that the photoinitiator had

inhibited the droplet motion.
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Figure 2. (a) Structures of the NIPAM monomer and the photoinitiators (DMPA and BAPO). (b)
Schematic representation of the movement of the photoactive droplet 1 to mix with droplet 2 to achieve

polymerization and the description of the droplets used in each system.

Nonetheless, this DMPA-containing droplet was used to investigate the localized polymerization of
NIPAM (Figure 2a) as polymers of NIPAM have been used in several applications in microfluidics
such as for flow controllers and actuators,(13—15) drug delivery systems, and bioassays.(16,17) The
DMPA droplet (droplet 1A) was placed under the surfactant solution in a glass Petri dish close to 1 pL
of a second DCE droplet (droplet 2) containing NIPAM and the anionic surfactant, SDBS (Figure 2b,
system A). SDBS was added to droplet 2 to improve the mixing of the two droplets. As shown

in Movie S1 and Figure 2b, droplet 1A could be guided using the 365 nm light to droplet 2 and merged

with it, resulting in the formation of an orange solid polymer after irradiating the droplet mixture for a
further 2 min. The color of the polymer pNIPAM arises from the presence of the highly colored SP

photoisomer, nitromerocyanine (MC, Figure 1b), which is formed during illumination.



To increase the efficiency of polymerization, we changed the DMPA photoinitiator to BAPO

(Figure 2a).(18,19)Given that the BAPO absorption spectrum (Figure S2b) contained a more significant

absorption at 365 nm than DMPA (Figure S1b), it was likely that more organic free radicals could be
generated to increase the rate of polymerization.(20) Irradiation (365 nm) of a DCE droplet (1 pL)
containing SP/HDA/BAPO (1 pL) resulted in droplet movement away from the light (Movie S2) as it
occurred previously for DMPA-containing droplets, but the droplet speed was much higher (4.0 mm s~
") compared to the speed of the DMPA system A (0.5 mm s ') droplet and the SP/HDA droplet without
any photoinitiator (1.2 mm s ).(5) In addition, the droplet motion was more erratic in its direction than
that observed with a SP/HDA droplet. As it has been demonstrated that the movement of these types of
photoactive droplets is driven by a change in interfacial tension (IFT) and resulting Marangoni
flows,(5) the higher speed and erratic movement of the SP/HDA/BAPO droplet suggested that the
light-induced fragmentation of BAPO itself (Figure S2a) could also induce a differential IFT,
contributing to an overall increase in the IFT gradient.(21)

Polymerization using this SP/HDA/BAPO droplet was further investigated. Droplet 1B contained
SP/HDA/BAPO in DCE (1 pL), whereas the stationary droplet 2 comprised NIPAM/SDBS (Figure 2b,
system B). Irradiation of droplet 1B with 365 nm light in an aqueous SDBS solution led to rapid
merging of the two droplets with a faster polymerization rate, taking less than 1 min to form the reddish

solid polymer (Movie S3 and Figure 2b).

Given the apparent effect of the BAPO on the droplet speed, we investigated whether BAPO itself
could induce droplet movement. A 1 uL. DCE droplet containing only BAPO (0.5 M) was irradiated in
an aqueous SDBS solution with 365 nm light and the droplet did indeed move away from the light as
shown in Movie S4. This droplet traveled 90 mm with a speed of 1.4 mm s'. Varying the

concentration of BAPO showed that the speed could be increased to 2.0 mm s ' for a 2 M BAPO



droplet, which traveled 390 mm (Table S1). This was the maximum amount of BAPO that could be
dissolved in DCE. No significant movement was observed for droplets containing concentrations of
BAPO below 0.25 M. In addition, the distance traveled could be increased with the size of the droplet
(Table S2), up to 1120 mm for a 15 uL. BAPO droplet. Droplets larger than 15 mL tended to flatten and
became difficult to move.

We also examined the movement of the DMPA droplet, but it barely moved, most likely because of the
insufficient overlap of its absorbance spectrum with the 365 nm light source. At a DMPA concentration
of 0.5 M (the same concentration used in the BAPO droplet) the speed obtained was 0.11 mm s ',
ceasing after only 4 mm of movement. The DMPA concentration was increased to 4.5 M (the
concentration used for polymerization) and the speed and distance improved marginally to 0.35 mm s~
"and 10 mm, respectively.

To investigate the BAPO droplet movement further, the IFT was measured using a BAPO/DCE
pendant droplet suspended in DI water before and after irradiation (Figure S3), although this could only
be carried out in water without the presence of a surfactant. Irradiation of the BAPO droplet (365 nm)

led to a ~5 mN m ' decrease in IFT, consistent with that previously observed for SP.(5) This results

from photocleavage of BAPO (Figure S2a) and presumably subsequent reaction of the resulting
radicals with a radical-scavenging species like oxygen.(19)

As previously reported for self-propelled droplets and spiropyran photoactive droplets,(5,21) droplet
movement can be explained if a species within a microdroplet undergoes a chemical interaction with
the surfactant molecules, generating an internal Marangoni convection flow on the droplet surface,
resulting in an external Marangoni flow. An internal current can be seen in an irradiated immobile

BAPO droplet (Figure 3, Movie S5). The introduction of 10-25 pum glass microbeads into the

immobilized droplet, which moved to the liquid interface as a result of their hydrophilicity, allowed the

10



effective visualization of the external Marangoni current as can be seen in Movie S6. This Marangoni
flow was further confirmed by the movement of carbon particles in the surrounding aqueous medium

across the surface of the moving droplet (Movie S7).
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Figure 3. (a) Schematic representation of BAPO droplet 1C moving by Marangoni flow. (b) Side view
of Marangoni flow in the droplet (from Movie S5).

Therefore, it is likely that the photocleavage of BAPO leads to a change in surfactant distribution on
the surface of the droplet as a result of the interaction of the photocleavage product with the surfactant
inducing an internal droplet fluid flow and creating an IFT gradient that is continuously sustained. This
leads to the external Marangoni flow in the direction of the higher IFT that results in mass transfer
along the liquid interface (Marangoni effect),(21-23) propelling the droplet away from the light source,
as previously shown for other droplets moving by an analogous chromocapillary effect.(5,24)

While the droplet was moving, a narrow plume emerging from the droplet was visible (Movie S4). This
is not surprising given previous observations of plumes from photoactivated droplets and the reported

advection of materials from droplets driven by chemical reactions.(5) To attempt to identify the
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components of this plume, UV—vis spectra were collected from an irradiated (365 nm) pendant BAPO
droplet immersed in water (see Figure S4a). The spectra of the plume (Figure S4b) with the absorptions
at 360 and 280 nm suggested that BAPO was present in the released material. However, other aromatic
components from the BAPO photodegradation may have also contributed to the observed absorption.
The photoinitiator droplet movement provided the opportunity to use this simpler system without SP
for polymerization. Therefore, droplet 1C (BAPO) was illuminated with 365 nm light, whereupon it
moved toward and successfully merged with the NIPAM-containing droplet 2 (Movie
S8 and Figure 2b, system C). The resulting polymer was obtained after only 40 s of further light
irradiation. The completion of the polymerization was determined by infrared spectroscopy (Figure
S5), which showed an absence of the NIPAM monosubstituted C=C (vinyl) stretch at 991 cm ™', with
the spectrum consistent with that of pNIPAM as previously reported.(25)

The movement of a photoinitiator-based droplet provided the opportunity to carry out proof-of-concept
polymerizations at defined locations at which monomer droplets were placed. The repair of a leaking
vessel was initially undertaken to demonstrate this. A hole was created in a Petri dish that was then
filled with aqueous SDBS solution. A NIPAM monomer droplet was placed close to the hole and a
BAPO droplet positioned 1 cm away as shown in Figure 4a(i). The irradiated BAPO droplet 1C moved
toward and merged with the NIPAM droplet. The merged droplets continued to move to cover the hole
and, under further illumination, polymerization occurred, completely sealing the hole and stopping the

water leak (Figure 4a(ii-iv), Movie S9).
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Figure 4. Schematic representation of (a) blocking a hole to stop water leakage and (b) underwater
adhesion of a Gortex strip to glass. Photographs and illustrations of (i) initial droplet arrangement, (ii)
light-activated movement and mixing of the droplets, (iii) droplet photopolymerizations, (iv)
demonstration of polymerization outcomes for both (a) hole blocking and (b) Gortex strip attachment.

In both (a,b), all photographs were taken from Movies S9 and S10, respectively.

A further qualitative demonstration of the use of this polymerization system was undertaken by
adhering two different surfaces together under water. A glass Petri dish was filled with aqueous SDBS

solution and a small glass slide (0.4 g) was placed on the bottom of the Petri dish. A strip of
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hydrophobic PTFE-based membrane (Gortex) was immersed into the solution in contact with the glass
slide. Following that, a 20 pL. monomer droplet 2 (NIPAM/SDBS/DCE) was placed on the edge of the
Gortex membrane and a 3 pL droplet of BAPO (droplet 1C) placed on the glass slide (Figure 4b(i)).
The BAPO droplet was then driven with light toward the Gortex strip and merged with the monomer
droplet 2 (Figure 4b(ii)). Irradiation of the mixed droplets for a further 4 min led to polymerization of
the NIPAM (Figure 4b(iii)) and attachment of the Gortex membrane to the glass slide as can be seen

in Figure 4b(iv) and Movie S10.

Conclusions

In summary, we have demonstrated that photoactive droplets containing a nitrospiropyran (SP) can be
moved using light and used to transport polymerization photoinitiators to a second monomer-
containing droplet, leading to photopolymerization at a specific location. Thus, whereas the photoactive
droplet system containing SP and surfactant HDA in DCE was shown to move photoinitiator DMPA up
to 8 mm at a speed of 0.5 mm s, the analogous SP/HDA/BAPO droplet was still moving after 60 mm
at 4.0 mm s . In both cases, the movement was somewhat erratic compared to the droplet without a
photoinitiator, suggesting that decomposition of the photoinitiator itself was playing a role in droplet
movement. This led to the discovery that the photoinitiators could be used to move the organic droplets
without the need for SP.

BAPO was found to be particularly effective both at producing photogenerated movement because of
its efficient light absorption at 365 nm and faster photopolymerization. Depending on their
concentration and size, BAPO/DCE droplets traveled up to 1120 mm and speeds of 2.1 mm s '. A
BAPO droplet could be merged with a NIPAM droplet to effect photopolymerization in half the time

compared to a SPPHDA/DMPA droplet. IFT studies into the mechanism of BAPO droplet movement
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suggested that photofragmentation of BAPO caused a similar decrease in IFT to that obtained during
photoisomerization of the SP photoswitch as previously demonstrated for other droplets driven by the
chromocapillary effect.

The BAPO droplet was then used to demonstrate its potential for remote controlled polymerization at
specific locations under water. A hole in a Petri dish was able to be sealed using merged BAPO and
NIPAM droplets and the same approach was used to adhere two different surfaces together under
water. This ability to direct movement of reactant-containing droplets to predetermined locations using
light whereupon advanced functions like fluidic leak repair can be performed demonstrates one of

many potential possibilities of using this type of site-directed chemistry in futuristic microfluidic

systems.(26)
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»  Movement of a BAPO droplet (MP4)

+ Internal Marangoni convection current with a stationary 3 uL BAPO droplet (MP4)
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» Marangoni current on the surface of a 1 pL BAPO droplet containing 10-25 pum glass
microbeads (MP4)

» Marangoni flow around a BAPO droplet in a carbon nanopowder-containing aqueous medium
(MP4)

*  Movement of droplet 1C (BAPO) and mixing with droplet 2 (NIPAM:SDBS) (MP4)

» Use of a system C droplet to repair a hole and stop water leakage (MP4)
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