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ABSTRACT: Responsive surfactants designed with kinetic control to triggers are rare and offer new opportunities in gen-
erating tunable reactive assemblies. In this work, we discuss the design of novel molecular assemblies based on covalently
triggerable surfactants programmed to respond exclusively to nucleophilic triggers to cause interfacial alterations. Through
a formal Sn2’ type Michael addition chemistry, these induced alterations at the interface of single and dynamic double
emulsions can be kinetically tuned and brought about by various small molecule nucleophiles and functionalized nanoas-
semblies to cause macroscopic responses - bursting or morphology changes. In addition, separate responsive modalities
can be used to further control the emulsion systems to impart cascade trigger behavior and programmed release applica-

tions.

Introduction

One of the most promising methods to create respon-
sive assemblies of vesicles and emulsions is the tunable
control over the self-assembly of their amphiphilic con-
stituents. For example, simple changes to pH, tempera-
ture, or ionic strength can impact overall strength of sur-
factants without changes to their structure.”™ By utilizing
well-known chemical transformations, more promising
control is shown in systems where dramatic changes in
surfactant structure dictate their propensity to self-as-
semble. Specifically, switchable or cleavable surfactants
create responsive assemblies with both reversible and ir-
reversible responses.>® Such responsive amphiphiles, and
the molecular assemblies they form, are useful in many
applications including in oil recovery,”™ drug delivery,"
" biodegradation,” and sensing."*® Small molecules,””
polymers,” and Pickering particles® have been designed to
fulfil these applications. More sophisticated approaches
have utilized external stimuli, such as with light,"*"”
CO,,°"® enzymes,” heat induced retro-Diels-Alder, and
dynamic covalent chemistry, *** to trigger changes to
surfactant structure.

Although chemical reactions have been utilized for
structural changes in surfactant molecules, tunable ki-
netic control over these reactions and the effect of such
control over nanoassembly transformations has been less

1

studied. In one study, the inverse has been demonstrated,
where self-assembly is used to impart kinetic control of
the hydrolysis of cleavable ester surfactants of varying al-
kyl chain lengths.” In general, however, responsive sur-
factant based assemblies are in either the initial state or
final state - before and after reaction - providing an
“on/off” signal. Conversely, by controlling the rate and
extent of reaction, an assembly system under kinetic con-
trol can provide varying responses to subtle changes in
environment, adding system versatility beyond an
“on/off” signal. In this work, we are interested in design-
ing sophisticated single and double emulsion systems
with kinetic control of surfactant cleavage in response to
small molecule or molecular assembly triggers. For this
purpose, we have developed new surfactant molecules
that can be programmed to undergo covalent modifica-
tion by nucleophiles. Specifically, we use triggerable Mi-
chael acceptor (TMAc) functionalities as components of
head groups in the surfactant molecules that assemble at
and stabilize the interface of emulsions. Our group has
previously demonstrated kinetic control of TMAc small
molecule analogs.* The hypothesis is that the nucleo-
phile induced modification of the TMAc surfactant will
alter its ability to stabilize the emulsion interface, leading
to macroscopic changes in the emulsion systems. Alt-
hough previous work by our group and others have
demonstrated surfactant and emulsion responses to
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nucleophiles, this report provides investigations into ki-
netic control of the emulsions through surfactant reactiv-
ity. To establish this premise, we demonstrate that spe-
cific small molecule nucleophiles and nanoassemblies
with nucleophile functionality can affect the stability and
the morphology of single and double emulsions, respec-
tively. Further, the tunable reactivity of the surfactants
on the microscale can be observed through macroscopic
outputs of the emulsion systems, demonstrating the use
of reaction kinetics to affect extent of emulsion response.
Additionally, we show that these assemblies can be ren-
dered responsive to an unrelated cue by coupling these
processes to a nanoassembly that exhibits responsive mo-
lecular release features. Collectively, we demonstrate
highly controlled and programmable emulsion systems.

Methods/Experimental

Materials: All reagents were obtained from commercial
sources and used as received without further purification.
Sodium hydroxide (NaOH) was purchased from Macron.
Tetrahydrofuran (THF) was purchased from Acros Or-
ganic. Thiourea was purchased from Alfa Aesar. Zonyl FS-
300 (40 wt% solution, Zonyl), cetyltrimethylammonium
bromide (CTAB), sodium dodecyl sulfate (SDS), 2-(2-
methoxyethoxy)ethanol, p-toluenesulfonyl chloride,
concentrated HCI, hexamethylenediamine (HMDA), do-
decyl acrylate, 1,4-diazabicyclo [2.2.2] octane, phospho-
rous tribromide, triethyl amine, pyridine, xylene diisocy-
ante, 1,1,1-Tris(hydroxymethyl)ethane, 4-Cyano-4-(phe-
nylcarbonothioylthio)pentanoic acid N-succinimidyl es-
ter, octyl methacrylate, azodiisobutyronitrile (AIBN), 1,4-
dioxane, trifluoroacetic acid (TFA), and acetyl chloride
were purchased from Sigma Aldrich. FC-770 was pur-
chased from Synquest. Formaldehyde, methylene chlo-
ride, sodium sulfate, hexanes, ethyl acetate, diethyl ether,
4-dimethylaminopyridine, Invitrogen Attofluor Cell
chamber, and 3500 MWCO dialysis tubing were pur-
chased from Thermo-Fisher Scientific. t-Boc-NH-PEG-
Amine (M.W. 5000) was purchased from Laysan Bio. Pol-
ydimethylsiloxane (PDMS) Sylgard 184 elastomer kit was
purchased from Dow Corning. Milli-Q water from a barn-
stead Nanopure Water System (Thermo fisher Scientific)
was used for the preparation of the emulsions.

Instrumental: 'H- and *C-NMR spectra for 2-(2-meth-
oxyethoxy)ethanethiol (EG,-SH) were recorded on a
Bruker Advance DRX 600 spectrometer. The chemical
shift data are reported in units of § (ppm) relative to re-
sidual solvent. 'H and ®C NMR spectra of surfactants, pol-
ymers, and kinetic studies were recorded on a Bruker
DPX-400 MHz or 500 MHz NMR spectrometer and all
spectra calibrated against trimethylsilyl (TMS) standard.
Mass spectrometric data were acquired using electron
spray ionization (ESI) on a Q-tof-micro quadruple mass
spectrometer (Micro mass). Molecular weights of the pol-
ymers were measured using gel permeation chromatog-
raphy (GPC, Waters) with PMMA as standard fitted with
a refractive index detector, and THF as eluent with a flow
rate of 1 mL/min. Tip sonication for particle preparation
was performed with a Qi25 Sonica probe sonicator.

Dynamic light scattering (DLS) measurements were per-
formed on a Malvern Nanozetasizer-ZS. Fluorescence
measurements were performed using a PerkinElmer LS
55 Spectrometer. All optical images reported were taken
on an AmScope Bi120C-E1 equipped with an AmScope
MU1003 camera or collected using NIS-Elements AR soft-
ware on a Nikon TiE inverted microscope fitted with an
Andor Zyla sCMOS camera. Samples were treated with
UV irradiation (Black Ray UV lamp, 365 nm, 15 V ~ 60
Hz) or an LED Engin LZ1-ooUVoo 365 nm LED with a
fixed current 700 mA driver (Digikey). Monodisperse
double emulsions were prepared using a Dolomite Micro-
fluidic device equipped with two Mitos P-Pumps (Basic),
external Remote Chamber (30 mL), and Telos High
Throughput Droplet System.

Analyte and  Surfactant  Synthesis/Preparation:
Tetraalkylammonium-12 (TEA12), pyridinium-12 (PYR12),
and 4-dimethylaminopyridinium-12 (DMAP12) surfac-
tants and polymeric assemblies Amine-P2 and Acetam-
ide-P2 synthetic procedures are outlined in Schemes S1-2
and Figures Si-20. A modified literature procedure was
followed to synthesize EG,-SH (Scheme S3).” Amine-P2
and Acetamide-P2 assemblies were prepared by dissolv-
ing 0.4 mg of the respective P2 polymers in 200 pL meth-
ylene chloride. 1 mL water was added to the solution and
sonicated for 1 min using a probe sonicator and stirred
overnight to obtain the Amine-P2 and Acetamide-Pz self-
assemblies. HMDA encapsulated in a polymerosome
(PAP-HMDA) were prepared following a literature pro-
cedure”® by adding 100 pL of 2 mg/mL HMDA to a 1
mg/mL solution of PAP polymer (M, = 18,000 g/mol) in
water (20 wt% HMDA to PAP), and stirred overnight. The
solution was dialyzed against water for 24 h using 3k
MWCO membrane. The PAP-HMDA solution was then
concentrated to 4 mg/mL using 3K MWCO spin filters.
DLS results indicate that the size of PAP vesicles before
and after the addition of HMDA is ~200 nm (Figure S46d-
e).

Critical Micelle Concentration (CMC): CMC studies
were performed by first preparing 4 mL solutions of ei-
ther TEA12, DMAP12, or PYR12 solutions in deionized wa-
ter at a concentration of 2 mg/mL. Following this, 100 uL
of 1 mg/mL Nile Red in acetone was added to the aqueous
solutions and stirred overnight. The solutions were then
filtered across nylon syringe filter with a pore size of 0.45
pm to remove unencapsulated dye. Fluorescence meas-
urements of the surfactant solutions with encapsulated
dye were then performed at various concentrations to
calculate the respective surfactant CMC values (Figure
S21).

Critical Aggregate Concentration (CAC): CAC values of
the amine-P2 and Acetamide-P2 were also determined
using encapsulation of Nile Red. To 4 mg of either
Amine-P2 and acetamide-P2, 400 pL acetone was added
and sonicated for 5 minutes. Following this, 2 mL deion-
ized water was added dropwise to prepare polymer solu-
tions of 2 mg/mL. Following this, 100 pL of 1 mg/mL Nile
Red in acetone was added to the aqueous solutions and
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stirred overnight. The solutions were then filtered across
nylon syringe filter with a pore size of 0.45 pm to remove
unencapsulated dye. Fluorescence measurements of the
polymer assemblies with encapsulated dye were then
performed at various concentrations to calculate the re-
spective CAC values (Figure S22).

Emulsification: Single emulsions were prepared by
hand shaking hexanes and surfactant containing aqueous
solution (neutral pH) at a 1:4 volume ratio for 10 s. Poly-
disperse double emulsions were fabricated according to
published literature procedure.® A 11 volume ratio of
hexane and FC-770 were heated above their upper critical
temperature (Tc) to form a homogeneous mixture. 25 pL
of the heated hexane/FC-770 mixture was added to 500
pL of surfactant containing aqueous continuous phase
(neutral pH), and vortexed for 5 s to emulsify. Double
emulsions were imaged upon cooling and full phase sep-
aration of the hexane/FC-770 mixture. Monodisperse
double emulsions were fabricated on a Dolomite Micro-
fluidic device with 50 pm chip. The emulsion system con-
sisted of an aqueous solution of 1 wt% SDS as the contin-
uous phase (neutral pH) and a 1:1 volume ratio of hexanes
and FC-770 (heated above their Tc) as the droplet phase.
Pressures were controlled at 200 mbar for continuous
phase and 100 mbar for dispersed phase during droplet
formation through the chip. After double emulsion for-
mation, the continuous phase was exchanged for the de-
sired surfactant system. Monodispersity was retained
with solvent exchange.

Testing Setups and General Procedures: PDMS micro-
fluidic device fabrication procedure was modified from a
published protocol.”” Briefly, the microchannels were
constructed by casting a mixture of 10:1 base:crosslinker
onto a reverse mold of SU-8 photoresist on a silicon wa-
fer. After complete curing at room temperature for 48 h,
two holes were punched for the inlet and outlet, and the
layer was plasma bonded (Harrick Plasma, ambient air)
to a thin PDMS layer (1.5 mm thick) with a circular hole
(4 mm diameter) to create a holding well for emulsions.
The two bonded layers were then transferred and bonded
to another layer of flat PDMS bonded to the glass slide
for additional support (Figure S33).

PDMS microfluidic device channels and droplet well
were first treated with 0.1 M NaOH to increase the hydro-
philicity of the walls. Continuous phase and droplets
were then added to the well. After the initial morphology
was recorded, Pump 2 (continuous phase) flow rate was
set to a standard 100 pL/min and Pump 1 (analyte, 12.5-50
mM) flow rate was adjusted to achieve 0.25 - 1.1 equiv. of
analyte to triggerable-surfactant concentration. The ana-
lyte and continuous phase meet at the T-junction and
start reacting. Continuous flow through the droplet well
was sustained for 3 minutes, to completely exchange the
original continuous phase in the well with the mixed an-
alyte/continuous phase from the T-junction. After 3 min,
both pumps were stopped, and clips placed on the inlet
and outlet tubing to isolate the droplet well and to allow
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further reaction between analyte and triggerable-surfac-
tants without additional flow.

A glass chamber device was fabricated for single emul-
sion studies without flow. Two pieces of double-sided
tape were placed on a glass slide 1 cm apart (height of 70
pm). A cover slip was placed over the tape to form a thin
chamber. In general, 20 pL of single emulsion droplets
were injected into the chamber for all studies. 10 pL of
analyte solution was added to one end of the chamber to
allow slow diffusion into the emulsion system.

For studies without flow, double emulsions were tested
in an Invitrogen Attofluor Cell Chamber (Thermo
Fisher). In general, 10-20 pL of double emulsions were
placed in 400 pL continuous phase. After initial morphol-
ogy was recorded, analyte solution was added, and al-
lowed to sit to track morphology changes overtime.

For all studies presented in this report, the emulsion
studies and reactivity were started at neutral pH before
the addition of nucleophiles.

Small Molecule Nucleophile Studies: Single emulsion
studies: Studies were performed using both the PDMS
microfluidic testing device and no flow setups following
the general procedures outlined. TEA12, PYRi2, and
DMAP;12 stabilized single emulsions were exposed to an-
alyte solutions at desired equivalences. Additional nucle-
ophile studies and controls are outlined in the Support-
ing Information (Figure S34-37).

Double emulsion studies: Studies were performed us-
ing both the PDMS microfluidic testing device and the no
flow setups following the general procedures.
TEA12/Zonyl, PYRi2/Zonyl, and DMAP12/Zonyl double
emulsions were exposed to analyte solutions at desired
equivalences. Additional nucleophile studies and con-
trols are outlined in the Supporting Information (Figure
S38-42).

Polymeric Assembly Nucleophile Studies — Amine-P2:
Single emulsion studies: Studies were performed using
the no-flow setup and general procedure outlined for sin-
gle emulsions. TEA12 stabilized single emulsions were ex-
posed to 10 pL of 0.9 mg/mL Amine-P2 or Acetamine-P2.
Control experiments are outlined in the Supporting In-
formation (Figure S43).

Double emulsion studies: Studies were performed us-
ing the no-flow setup and general procedure outlined for
double emulsions. To the double emulsions, 20 pL of 4
mg/mL Amine-P2 or Acetamide-P2 in water were added
to Zonyl/TEA12 stabilized double emulsion droplets.
Control experiments are outlined in the Supporting In-
formation (Figure S44).

Cascade Nucleophile Studies — PAP-HMDA: Single
emulsion studies: Studies were performed using the no-
flow setup and general procedure outlined for single
emulsions. 4 mg/mL PAP-HMDA was exposed to 365 nm
UV light for greater than 25 minutes to pre-release
HMDA. TEA12 stabilized single emulsions were then ex-
posed to 10 pL of the pre-released PAP-HMDA solution
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following the no-flow general procedure. Control studies
are outlined in the Supporting Information (Figure S46).

Double emulsion studies: Studies were performed us-
ing the no-flow setup and general procedure outlined for
double emulsions with double emulsions stabilized by
Zonyl/TEA12. For excitation of PAP, 365 nm LED was
used. First, 100 pL. of PAP-HMDA (4 mg/mL) was irradi-
ated for 25 minutes to release HMDA. The entire mixture
was then transferred to the microscope chamber contain-
ing the double emulsion solution and the morphology
tracked overtime (Figure S48). Secondly, 100 pL of PAP-
HMDA (4 mg/mL) was added to the double emulsions
and excited in situ. After 5 min of'irradiation, the droplets
were removed from the 365 nm light, let sit under ambi-
ent conditions for 5 min to ensure no morphology change
after light removal, after which morphology changes
were recorded. The same droplets were excited for an ad-
ditional 5 min (10 min total), and the process repeated
(Figure S49). Double emulsion control studies are out-
lined in Figure S48.

Kinetics Studies: Kinetics studies were carried out by
observing the rate of product formation from TEAiz,
PYRi12 and DMAP:12 surfactants with 1.1, 0.5 and 0.1 equiv.
of EG,-SH (5.5, 2.5, and 0.5 mM for TEA12; 4.4, 2.0, or 0.4
mM for DMAP12 and PYRi2), using 'H-NMR. After dis-
solving the desired surfactant in 500 YL acetone-ds and
respective amounts of EG,-SH, the mixture was immedi-
ately monitored and then every 15 minutes to study reac-
tion kinetics over a 12 h period and then every 24 h (Fig-
ures S23-29). Studies were performed in acetone-ds,

a
Nu &)QLG B —— /\f + LG
& (o \
R  Hydrophilic
head
Hydrophobic >

tail
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¥ ro r@@

TEA12 PYR12 DMAP12 K‘\

because of complications resulting from precipitation of
the product in water. Partitioning studies of the product
in water vs. hexanes were additionally performed (Figure

S30-31).

Results and Discussion
Surfactants and Emulsion System Design

The structures of the triggerable surfactants, used in
this study, are shown in Figure 1a-b. These structures are
based on a quaternary ammonium moiety installed at the
o-methyl carbon of an alkyl-methacrylate molecule.
From a surfactant perspective, the quaternary ammo-
nium moiety serves as the hydrophilic head group and
the long alkyl chain as the hydrophobic tail. The inherent
Michael acceptor properties of the acylate moiety is fur-
ther aided by the quaternary ammonium moiety as the
leaving group. The triggering feature of these surfactants
is highlighted by the fact that they are susceptible to a
formal Sn2’ reaction, where incoming nucleophiles would
release the quaternary ammonium moiety (Figure 1a).
Such a reaction would deprive the surfactant of the
charged hydrophilic head group, causing it to alter its in-
terfacial stabilization characteristics. Note also that the
nature of the leaving group has a profound influence on
the kinetics of the Michael addition reaction. We take ad-
vantage of this feature to tune the kinetics of emulsion-
triggering with nucleophiles. The generally anticipated
reactivity profile is expected to follow the order (from
fastest to slowest): tetraalkylammonium-12 (TEA12),

&
* i /j“;‘io ﬁ?‘

A : *\ 7 ﬁ 7/)?{ 5\/&
(\@*

ch/ch <<1

SO

®-8-6

FC Ring
Perfect Janus HC/FC/W

Figure 1. Design of reactive surfactants and emulsions. a) Design of reactive amphiphilic HC-surfactants undergoing nucleophile-
triggered cleavage; b) Chemical structures of HC-surfactants in this work; c¢) Bursting of single emulsions as the result of nucleo-
phile (purple triangles) induced cleavage of charged hydrophilic head groups, thus reducing surfactant strength and destabiliza-
tion of the HC/W interface; d) Change in morphology of HC (red) and FC (blue) double emulsions from perfect Janus to HC-in-
FC-in-water (HC/FC/W) in response to the decrease in mass fraction of reactive HC-surfactant (fuc) to the FC-surfactant (frc)
with the addition of a nucleophile and resulting HC-surfactant cleavage. Changes in morphology are tracked optically by observing
the increase in size of the FC-ring. Nucleophile, surfactants, and emulsion sizes are not to scale.
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; pyridinium-12 (PYR12), and 4-dimethylaminopyridinium- instability of the hexane drops in surfactant solutions
12 (DMAP12). over the measurement timeframe, making equilibrium
i In systems comprising hydrocarbon-in-water single interfacial tensions inaccessible. Although not an abso-
. emulsions (HC/W), the nucleophile-triggered reactions ?ute ipterfacial tension measurement, the geometry at the
destabilize the HC/W interface to cause emulsions to junction between the three phases of double emulsions
6 break and phase separate from the aqueous solution; dur- can be used to determine relative interfacial tension at
7 i i i « » the HC/ and FC/W boundaries.” At a given morpholo
ing this process, the emulsions appear to “burst” to the : 8 phology,
8 naked eye (Figure 1c, Video S1). In double emulsions, the relative ratio of interfacial tensions at HC/W and
9 comprising immiscible HC and fluorocarbon phases (FC) FC/W interfaces will be consistent across different emul-
10 with a FC co-surfactant, destruction of the HC-surfactant sion and surfactant systems. Therefore, (?stimations of
11 would give rise to a clear morphological change (Figure equal YHOw were qualltatlvely determined Fhrough
12 1d). The morphology of dynamic double emulsions is matching morphologles for each double emulsion sys-
13 controlled by the balance of interfacial tensions (y) at the tem. The YrC/w 18 held constant across samples and the
14 HC/W and FC/W interfaces, and a Janus state will trans- Yrew is adjusted to be equal for each of the three HC-
15 form into an encapsulated morphology in response to surfactants. To this end, polydisperse double emulsions
16 changes in the relative strength or concentration of sur- of hexane( FC-770 In water with unlfom.l conﬁgura.itlon
17 factants stabilizing one of the interfaces.”® In a co-surfac- Weremreadlly tha.med by phase separation emulsifica-
18 tant system, Janus morphology (ysc/w = yrew) is achieved tion.” We maintained a con.stant 0.2 wt% FC—surfactant
19 with equal amounts of the immiscible liquids and a spe- Zonyl FS-300 (Zonyl) and adjusted the concentrations of
20 cific mass fraction of HC-surfactant to FC-surfactant the HC-surfactants to produce the perfect Janus mor-
21 (fc/frc). As the HC-surfactant concentration decreases phology, where ync/w = yro/w. Spec1ﬁ.cally, 5mM TEA12, 4
22 with nucleophilic addition and the benign FC-surfactant mM PYRi2, or 4 mM DMAP12 provided the fractlons of
23 concentration stays constant, the fuc/frc decreases lead- HC—surfactapt to ZQHYI (Jic/frc) necessary to yield p(.er.fect
24 ing to a HC-in-FC-in-W (HC/FC/W) morphology. Janus emulsions (Figure 83.2). Thesg Suc/frc were utilized
25 We initially determined the concentration of each HC- m all of the double emulsion studl.e.s. Thgs @ concentra-
. . . tions were found to be above the critical micelle concen-
26 surfactant to achieve the equivalent yuc/w, thereby elimi- . .
. . ... . e tration for each surfactant, which were calculated to be
27 nating differences in initial emulsion stability in the ob-
.. . . 0.6, 1.2 and 1.5 mM for TEA12, PYRi2, and DMAP12, re-
28 served reactivity. Pendant drop studies to determine ex- spectively (Figure S21)
29 act interfacial tensions were not possible due to the P yite ’
30
31 a
:
33 = Microscope
C
Outlet EG,SH
35 J>_H_®_'T\E © é @ —) @
36 — T-mixing Droplet well
=T F junction
37 Pump 2 Perfect Janus HC/FC/W
38
39 b » DMAP12
x WP o @ o}
41 o R S i, Initial
42 *‘ -~y Slowffast 7y . w ,
o, burstin PRS2 D=
43 % 9 e )
44 o ® O
45 TEA12 PYR12 DMAP12 . oA
[ - o~ ® A A L1 By N < 3 ="e . - %
46 ie, n‘:.;:’. :::"ﬁﬁ'*:- -’\' ?5‘,-f’¥{g Y q )OO O
. 3 0% V s 3. .". .o-'t * c.q. \O@
47 Initial PRSI PR =
48 SEAT TN p1eil e 80N -
49 fa: AL AN ®
v - 0.25 equiv. OFO
50 e - |
51 o . e&” g @
52 500 . 7 o .
53 LA
>4 Figure 2. Small molecule trigger studies. a) PDMS microfluidic device for controlled analyte addition; b) Schematic and optical
35 microscopy images of single emulsions stabilized by TEA12, PYR12, and DMAP:12 before and after 1.1 equiv. EG.-SH addition: TEA12
56 droplets after 8 minutes, PYR12 and DMAP:12 droplets after 15 minutes; ¢) Top-view schematic and optical microscopy images of
57 double emulsion morphology before and after 1.1 equiv. or 0.25 equiv. EG.-SH addition (1 min after addition). Scale bar = 50 pm.
58
59
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Small Molecule Nucleophile Studies

As a first step, we validated the strategy and kinetic
control with a small molecule trigger: 2-(2-methoxyeth-
oxy)ethanethiol (EG,-SH). Using a polydimethylsiloxane
(PDMS) microfluidic array device, the emulsions were ex-
posed to precise equivalents of analyte trigger by control-
ling the flow rates (analyte in Pump 1 and surfactant in
Pump 2, Figure 2a & Figure S33). The reactivity of the sur-
factants is reflected in the time required for single emul-
sion bursting and the extent of bursting, which depends
on the rate of decrease in fic. Introduction of 1.1 equiv.
(5.5 mM) EG,-SH relative to the TMAc surfactant trig-
gered bursting in TEAi12 stabilized single emulsions
within 45 sec. After 5 min, 90% of the single emulsions
had burst and macroscopic phase separation of hex-
ane/water was observed (Figure 2b). PYRi2 and DMAP12
displayed slower rates, with the onset of bursting occur-
ring only after 3 min with the addition of 1.1 equiv. (4.4
mM) EG,-SH. Also, at the end of 15 min, a significant
amount of PYR12 and DMAP:12 single emulsions were still
intact compared to the TEA12, which had completely
burst and phase separated over the same time frame.
Control experiments performed with cetyltrime-
thylammonium bromide (CTAB, 1 mM) stabilized hexane
emulsions revealed no response to the addition of 1.1
equiv. (11 mM) EG,-SH (Figure S34).

The much greater reactivity of TEA12 is consistent with
kinetic studies performed by Zhuang et al. with TMAc-
based small molecule reactions with thiols.** The slower
reactivity of the pyridinium-based TMAc molecules is un-
derstood based on the resonance stabilization of the pos-
itive charge, which results in a weaker leaving group in
the formal Sy2’ reaction. In their study, PYRi2 reacted
slower with thiol compared with DMAPi12 contrary to ex-
pectations of reactivity based on structure alone. They
reasoned that the DMAP base leaving group boosts the
nucleophilic reactivity of the thiol and thereby contrib-
uted to accelerated reactivity. The reactivity trend of TEA
> DMAP > PYR was reflected in kinetic studies performed
on the triggerable HC-surfactants (Figure S23-29). Stud-
ies in D,O were prohibitive as a result of insolubility of
the product; therefore, experiments were performed in
acetone-ds. We observed reaction completion within 15
min for TEA12 and 24 h for DMAP12 with 1.1 equiv. EG.,-
SH; However, conversion of PYR12 was only observed af-
ter > 2 days. The agreement of the kinetic results demon-
strates the added hydrophobic tail does not inherently
change the reactivity. Both of these kinetic studies con-
firmed the superior reactivity of TEA12 demonstrated in
the single emulsion system. However, PYR and DMAP
did not have differentiated reactivity in bursting studies,
contrary to kinetic expectations. The reactivity of PYR vs
DMAP leaving groups is greatly dependent on contribu-
tions from bases.” Our emulsion systems likely display
different reactivity as a result of the biphasic solvent con-
tributions, wherein the basic leaving groups partition
partially into the oil phase, diminishing their contribu-
tion to overall reactivity; we, therefore, expect trends
more similar to those based on structure alone. We also

note that all emulsion studies are conducted starting at
neutral conditions. As Zhuang et al. observed, basic con-
ditions can accelerate the reactivity of the formal Sx2’ re-
action.* In addition, pH conditions can have an impact
on nucleophile strength (extent of protonation) and sur-
factant stability (increased hydrolysis at basic condi-
tions). As a result of the complexity of pH influence on
reactivity, pH sensitivity was not investigated in this
study.

As a complement to bursting the single emulsions
with the nucleophile-induced reaction at the emulsion
interface, we explored the potential morphological
changes in double emulsions in response to this process.
The rate and extent of change in morphology resulting
from a decrease in fiic/frc after nucleophile addition can
also be used as a metric to characterize the reactivity in
the double emulsion system, as a result of complex dou-
ble emulsion morphology sensitivity to subtle changes in
surfactant environment. Further, any changes in mor-
phology provide an optical readout as a result of HC/FC
double emulsion micro-lens properties, which, if desired,
can be exploited for sensitive detection of nucleophile
triggers.”® In the present studies, the changes were meas-
ured by tracking the increase in FC-ring size by eye,
which provided valuable information on the macroscopic
response to nucleophile triggers. Janus droplets stabi-
lized by TEA12/Zonyl and PYRi2/Zonyl rapidly formed
encapsulated HC/FC/W double emulsions with the addi-
tion of 1.1 equiv. (5.5 mM and 4.4 mM, respectively) EG.-
SH within 1 min of flow through the PDMS device (Figure
2c; Figure S38). DMAP12/Zonyl system, however, dis-
played the anticipated slower reactivity as evidenced by
the smaller morphology change after 1 min exposure to 1.1
equiv. (4.4 mM) of EG,-SH. The slower reactivity of
DMAP12, compared to PYRi12, is understood as the elec-
tron-donating dimethylamino moiety would offer greater
resonance stabilization of the positive charge in the
TMAc molecule. Surprisingly though, there was no dis-
cernible difference between TEA12 and PYR12, thus we re-
sorted to lowering the concentrations. Indeed, clear reac-
tivity differences between TEA12 and PYR12 were revealed
at 0.25 equiv. (1.25 mM and 1 mM, respectively) EG,-SH
addition after 1 min of flow; full morphology changes
were observed with TEA12/Zonyl stabilized double emul-
sions, whereas PYRi12/Zonyl stabilized emulsions were
largely unaffected owing to the lower rate of reaction
(Figure 2¢). The double emulsion system allowed for clear
differentiation in reactivity between the three HC-
surfactants, particularly in differing macroscopic re-
sponses for PYRi2 and DMAP12. In control experiments,
no morphology changes were observed after addition of
1.1 equiv. (1.1 mM) EG,-SH to CTAB/Zonyl stabilized dou-
ble emulsions (Figure S40).

Overall, the reactivity in double emulsions followed
the trend: TEA12 > PYRi2 > DMAP12, faithfully reflecting
the anticipated reactivity based on structure of HC-
surfactant. As discussed, the observed difference between
kinetic experiments in acetone-ds and rate of morphol-
ogy changes is attributed to reduced contributions from
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base as a result of the multi-solvent system. In both single
and double emulsion systems, a simple small molecule
thiol successfully triggered bursting and morphology
changes through the reduction in fiic, with rates in accord
with the surfactant reactivity trends. While quantitative
kinetic reactivity is not measurable with the macroscopic
observations, the emulsion responses are capable of re-
flecting microscopic reactivity.

To further show the control over the reaction, addi-
tional nucleophiles were studied: hexamethylenediamine
(HMDA), ethanol, and acetic acid (Supporting infor-
mation). At 1.1 equiv. HMDA showed similar reactivity to
EG,-SH (Figures S35 & S39). Conversely, weaker nucleo-
philes such as ethanol and acetic acid are not expected to
react with the HC-surfactants quickly, as was demon-
strated by a lack of response in both the single and double
emulsion systems (Figures S37 and S42). Overall our re-
sults demonstrate the control over single and double
emulsion systems stability with simple triggers and by
tuning the reactivity of the surfactants. We utilized this
simple method for the controlled release of a payload to
synthesize polyurethane. The encapsulation of a di-isocy-
anate and subsequent triggered release into a triol con-
taining continuous phase could be used to produce on-
demand polymerization in a one-pot system (Figure S50).

Chemistry of Materials

Molecular Assembly Nucleophile Studies

Having validated the approach with small molecule
triggers, we explored the possibility a 3D-assembly trig-
gering a response in the emulsions systems, thus broad-
ening nucleophile triggers types for potential applica-
tions. Studies with small molecule amine, HMDA,
showed a similar reactivity profile to EG,-SH, demon-
strating the capability of utilizing amines as trigger. Sub-
sequently, we synthesized an amphiphilic block copoly-
mer that is functionalized with a primary amine moiety
at the hydrophilic terminus (Amine-P2, Figure 3). As a re-
sult of Amine-P2’s amphiphilic nature, the polymers self-
assemble in water to form nanoassemblies with an
amine-functionalized surface. The resulting assembly of
Amine-P2 was found to occur at concentrations of 0.25
mg/mL or greater and formed assemblies of ~150 nm,
which is consequently too small to be observed optically
in emulsion reactivity studies (Figure S22 and S43). To
study these processes, we adjusted our testing setup to
allow for direct diffusion-controlled contact of trigger,
without flow/continuous agitation. The testbed includes
a glass enclosure with an opening on the side to introduce
analyte into single emulsion samples, which are less
dense than water. An open-air microscope chamber was
used for double emulsions that are denser than water. We
again validated the new diffusion limited test protocol
with EG,-SH and HMDA to TEAi2 stabilized single
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Figure 3. Amine functionalized assembly studies. a) Synthesis, self-assembly, and assembly size of amine and acetamide end-
functionalized amphiphilic polymer (Amine-P2 and Acetamide-P2, respectively); b) Optical microscopy images of single emulsion
bursting with addition of Amine-P2 after 3 min; c¢) Top-view optical microscopy images of the morphology changes observed with
the addition of Amine-P2 to Janus double emulsions after 3 min. Amine-P2 assemblies are not visible in microscopy images. Scale

bar = 50 um.
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emulsions and TEA12/Zonyl stabilized double emulsions
and observed instantaneous bursting and morphology
changes, respectively (Figure S36 and S41). We then
moved on to experiments with Amine-P2 assembly to
TEAu12 stabilized single emulsions. Within 2 minutes, the
onset of bursting was observed with complete emulsion
destruction in under 3 minutes (Figure 3b).

Similarly, the morphology of TEA12/Zonyl stabilized
double emulsions exhibited complete conversion to the
encapsulated HC/FC/W morphology within 3 min due to
the decrease in fic/frc (Figure 3c). Since the nucleophile-
laden ‘attacking’ assembly is amphiphilic in nature, it is
possible that simple interfacial contact could cause mod-
ifications in the emulsion interfacial stability, without the
need for a specific nucleophile-induced modification of
the interfacial stability. To test for this possibility, the
amine moieties in the Amine-P2 functionalities were con-
verted to the corresponding amide moieties to form Ac-
etamide-P2 assemblies. Acetamide-P2 self-assembles at
concentrations of 0.22 mg/mL or greater, with an average
size of ~150 nm (Figure S22 and S43). When this assem-
bly, which is identical to the Amine-P2 assembly except
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that both the single and double emulsions macroscopic
responses are triggered through assembly induced mod-
ulation of the TMAc surfactants.

Light Triggered Cascade Studies

We were next interested in evaluating the possibility of
causing the transformations in the emulsions by the ac-
tuated release of a small molecule from another assem-
bly, thereby modulating emulsion response with an addi-
tional control beyond nucleophile addition. To this end,
we utilized a recently reported polymerosome, generated
through the self-assembly of an amphiphilic diblock co-
polymer comprising hydrophilic polyethylene glycol, an
azobenzene linker, and hydrophobic poly-lactide (PAP,
Figure 4a).”® This assembly has been shown to exhibit on-
demand release of guest molecules from the lumen of the
assembly. The on-demand nature of the process is possi-
ble because the membrane barrier is transiently compro-
mised only during the process of light-induced cis-to-
trans or trans-to-cis isomerization of the azobenzene
unit, but not at the equilibrium state of either of these
isomers (Figure 4b). This process represents a far-from-

PAP-HMDA R C= HMDA
~ 200 nm

&

RS Cot g O nimkel SR 4 - ~ = L =
Figure 4. Controlled on-demand triggered release and response. a) Amphiphilic diblock copolymer (PAP) with hydrophilic (or-
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ange) and hydrophobic (blue) units linked with an azobenzene unit (green); b) PAP self-assembles into a vesicle (~200 nm in
size) for UV-triggered release of HMDA (purple hexagon); ¢) Schematic and optical microscopy images of single emulsion burst-
ing after pre-release of HMDA. Images from left to right - initial, 2 min and 3 min after addition; d) Top-view schematic and
microscopy images of the morphology changes with in situ irradiation of PAP-HMDA with e) 5 min of irradiation and f) 10 total
min of irradiation. PAP vesicles are not visible in microscopy images. PAP, HMDA, and emulsion size in schematic representations

are not to scale. Scale bar = 50 pm.

for the nucleophilic functionality, was introduced to ei-
ther the single or the double emulsion systems, no burst-
ing or morphological changes were observed (Figure S43-
S44). Since these experiments were performed above the
CAC of Amine-P2 and Acetamide-Pz, it is likely that in-
duced changes in the emulsions are a result of assembly
interaction with the surfactants at the emulsion interface
and/or in the bulk solvent, rather than the reaction of
free polymer chains in solution. These results confirm

equilibrium behavior of the polymerosome, as the molec-
ular release is observed only in the presence of an active
energy source. We were interested in investigating the
possibility of bringing this module into our system, to
generate a cascade effect. For our experiments, we loaded
PAP assemblies with HMDA as the guest molecule (PAP-
HMDA). Mixing the PAP-HMDA assembly with the
TEA12-stabilized emulsions did not cause any bursting or
morphological changes (Figure S46 and S48). However,
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when the same PAP-HMDA assembly was first exposed
to light for ~25 minutes, bursting and morphology
changes indeed occurred in the single and double emul-
sion systems, respectively (Figure 4¢, Figure S48). PAP as-
semblies are ~200 nm in size, and therefore are not visible
in the microscope images. To further validate the re-
sponse seen, HMDA at low equiv. was studied with TEA12
emulsions. At equiv. similar to those expected to that
which is released, morphology changes and bursting was
observed (Figure S45 and S47).

To better demonstrate the cascade process, PAP-
HMDA was first introduced to the double emulsion sys-
tem and then photoisomerized in situ, the release behav-
ior and cascade effect can be concurrently observed. We
expect the double emulsions to exhibit morphology
changes only upon exposure to UV-light and by removing
the UV source, no additional changes in morphology
should occur. This modulation of an on-off morphology
change with UV-light exposure cycles was faithfully
demonstrated. Upon exposure to UV-light for 5 min, the
double emulsions underwent morphology changes and
did not change further upon resting in ambient condi-
tions for 5 additional minutes (Figure 4d-e). An addi-
tional 5 min of UV-light exposure resulted in a further
change in morphology, which is demonstrated by an in-
crease in the FC-ring size in the optical micrographs (Fig-
ure 4f). Under ambient conditions without any light ex-
posure, no additional morphology changes were ob-
served (Figure S49). Put together, these results show that
an in situ actuatable assembly can be combined as a mod-
ule to bring emulsion sensitivity to an entirely different
stimulus (light). A lack of response in the emulsion sys-
tems upon the addition of PAP-HMDA before irradiation
confirms the encapsulation of the nucleophile within the
PAP-HMDA vesicles and far-from-equilibrium release of
the nucleophile in the presence of light (Figure $48).

Conclusions

In this work, we have designed covalently triggerable
surfactants, based on TMAc chemistry that respond to
specific nucleophilic stimulus and utilized them as inter-
facial stabilizers of single and double emulsions. We have
shown that through rational design of the surfactant mol-
ecules, specific nucleophiles triggers reduce surfactant
strength through the loss of charged hydrophilic head
group, thus destabilizing HC/W interfaces. The destabi-
lization of HC/W interfaces causes single and double
emulsions to burst and undergo morphological changes,
respectively, providing macroscopic response to micro-
scale reactivity. Importantly, the structure of the surfac-
tant molecules imparted tunable kinetic control on the
emulsions response through changes in leaving group
ability. Further, we demonstrated that both small mole-
cule and nanoassembly nucleophiles can be utilized as
stimuli. Finally, by combining TMAc-functionalized
emulsions with an orthogonally responsive modality, a
cascade response was observed wherein light-induced re-
lease of nucleophile guest from a nanoassembly resulted
in emulsion response. Overall, a formal Michael-type Sn2’

Chemistry of Materials

reaction has been conveniently utilized to create pro-
grammable emulsion systems with significant control..
Such emulsion programming capability has implications
in sensing, delivery, adhesion, and self-healing applica-
tions.
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