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Isolating Reactions at the Picoliter Scale: Parallel Control of Reaction
Kinetics at the Liquid-Liquid Interface

Gia Chuong Phan-Quang, Hiang Kwee Lee, and Xing Yi Ling*

Abstract: Miniaturized liquid-liquid interfacial reactors offer
enhanced surface area and rapid confinement of compounds of
opposite solubility, yet they are unable to provide in situ
reaction monitoring at a molecular level at the interface. A
picoreactor operative at the liquid—liquid interface is described,
comprising plasmonic colloidosomes containing Ag octahedra
strategically assembled at the water-in-decane emulsion inter-
face. The plasmonic colloidosomes isolate ultrasmall amounts
of solutions (<200pL), allowing parallel monitoring of
multiple reactions simultaneously. Using the surface-enhanced
Raman spectroscopy (SERS) technique, in situ monitoring of
the interfacial protonation of dimethyl yellow (p-dimethyl-
aminoazobenzene (DY)) is performed, revealing an apparent
rate constant of 0.09 min~! for the first-order reaction. The
presence of isomeric products with similar physical properties
is resolved, which would otherwise be indiscernible by other
analytical methods.

Colloidosomes are robust spherical microcapsules formed
by the self-assembly of nanoparticles on the immiscible
liquid-liquid interface during emulsification.!! They inherit
the characteristics of an emulsion system, including a dual-
phase nature, large surface area, and remarkable interfacial
stability.”) Additional functionality can be imparted by the
choice of nanoparticles used.’! Notably, an attractive appli-
cation of colloidosomes is their use as liquid-liquid interfacial
picoreactors.! At their permeable shells they possess
a unique capacity for confinement of multiple reagents of
opposite solubility within close proximity.*>*! Furthermore,
the enhanced interfacial area of such picoreactors facilitates
diffusion-limited phase transfer of molecules across an
interface,* and improves interfacial reaction efficiency by
orders of magnitude compared to macroscopic systems.®
However, a major drawback of current colloidosome reactors
is their reliance on ex situ monitoring techniques that cannot
offer vital molecular information.”’ Consequently, it is not
possible to study the intrinsic reaction dynamics and
differentiation of physically similar isomeric species in the
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native biphasic environment common to colloidosome
reactors.

The aforementioned limitations may be tackled with
plasmonic colloidosomes, which are excellent three-dimen-
sional (3D) structures constructed from noble metal nano-
particles that are suited to surface-enhanced Raman spec-
troscopy (SERS).®! Featuring a high density of intense SERS
hot spots, ultrasensitive plasmonic colloidosomes provide
specific molecular vibrational fingerprints simultaneously
across the immiscible liquids.® Their ability to compartmen-
talize various liquids suggests that they have potential as
picoscale reactors for parallel reaction screening.”*! Most
importantly, they enable in situ tracking of molecular events
directly at the native liquid-liquid interface, which is crucial
for elucidating reaction kinetics and mechanisms,"” and
ultimately allows the discovery and optimization of new
reaction pathways in synthetic chemistry.!'!]

Herein, we describe fabrication of Ag octahedra-
stabilized plasmonic colloidosomes for use in confinement
of picoliter volumes of liquids, allowing control of parallel
reaction kinetics in multiple liquid-liquid interfacial reac-
tions. Our model reaction is the interfacial protonation of DY
across the decane-water interface. Together with computa-
tional density functional theory (DFT) simulations, our in situ
SERS highlights the unprecedented successful differentiation
and quantification of two isomeric products, exemplifying the
superiority of plasmonic colloidosomes compared to conven-
tional high performance liquid chromatography (HPLC)
techniques for resolving physically similar isomers. Corre-
spondingly, the reaction order and its kinetics are determined
by evaluating the consumption of H* protons over a number
of trials at various pH values, which showcases the quantita-
tive nature of SERS measurements carried out on plasmonic
colloidosomes. We also demonstrate the high throughput
monitoring of interfacial reactions on multiple colloidosomes
placed in a single organic phase.

Ag octahedra nanoparticles of 350+40 nm (Supporting
Information, Figure S1) are used as encapsulating solids for
the fabrication of plasmonic colloidosomes because of their
highly efficient light scattering effect."” Colloidosomes are
prepared by intense emulsification of an aqueous droplet
(microliter) in a colloidal decane suspension of hydrophobic
perfluorodecanethiol-grafted Ag octahedra (Figure 1 A). The
as-formed spherical colloidosomes exhibit an average diam-
eter of 72 +20 pum (Figure 1B) with closely packed plasmonic
shells comprising five (+1) layers of Ag octahedra
(Figure 1C,D). Furthermore, plasmonic colloidosomes dem-
onstrate the strongest SERS behavior at their Ag shell, which
is capable of sensing methylene blue down to an approx-
imately 20 attomole level (Figure 1E-G), corresponding to
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Figure 1. Fabrication and characterization of plasmonic colloidosomes.
A) Formation of plasmonic colloidosomes with PFDT-grafted

(PFDT = perfluorodecanethiol) Ag octahedra and their B) microscopic
images. SEM images of C) a hollow colloidosome shell and D) the
magnified segment of the dashed yellow box in (C). x—y SERS images
of a colloidosome encapsulating methylene blue (107 M) when a laser
is focused on the E) top and F) mid-plane of the particle. G) SERS
intensity—distance profile along the white dotted line of (F), from (1)
to (2).

an analytical enhancement factor of 10° (Supporting Infor-
mation, Figure S2). This characteristic is attributed to the high
density of intense SERS hot spots arising from closely packed
Ag octahedra clusters across the 3D surface of the colloido-
some. As a consequence of the size-independent SERS
sensitivity of plasmonic colloidosomes, we use structures
with a diameter of 72 +20 um (corresponding to ca. 195 pL)
to perform our subsequent interfacial reaction experiments.®!

Plasmonic colloidosomes are used to conduct a miniatur-
ized interfacial protonation of DY at the decane-water
interface (Figure 2). We aim to demonstrate that plasmonic
colloidosomes possess dual-functionality as 1) a permeable
picoreactor for liquid-liquid interfacial reaction, as well as
2) anin situ SERS monitoring platform. The reaction involves
the protonation of DY (yellow; dissolved in the organic
solvent decane), forming protonated DY (red HDY *; soluble
in water) at the liquid-liquid interface, followed by the
diffusion of HDY" into the encapsulated aqueous phase
(Supporting Information, Figure S3A). Notably, the inter-
facial protonation of DY only happens at pH values lower
than the pK, of DY at 3.3.% Such interfacial protonation
reactions are important and are widely applied as a separation
technique to extract organic molecules from the organic
phase into the aqueous phase, allowing purification or
characterization of organic materials."¥ However, there has
been no report on the quantitative examination of the kinetics
and molecular events occurring at the native interfacial
reaction site.
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Figure 2. Interfacial protonation of DY across the colloidosome shell.
A) Interfacial protonation of DY (DY—yellow) to form protonated DY
(HDY'—red) on colloidosomes encapsulating a pH 1 solution.

B) Molecular depiction of interfacial protonation of DY across the
liquid—liquid interface. C) SERS spectra recorded over time for colloi-
dosomes encapsulating a pH 1 solution submerged in a DY (10%m)
solution in decane. Blank control refers to a colloidosome encapsulat-
ing a solution of the same pH in pure decane. HDY™ SERS spectra are
obtained with a colloidal Ag solution. V(C—N,,.)py=1150 cm™' (orange
band), ¥(N=N),5y=1283 cm~'(purple band). D) SERS images of a col-
loidosome encapsulating a pH 1 solution in a DY solution at (i) T min
and (ii) 15 min; both the DY 1150 cm™" (yellow-indexed) and HDY
1283 cm™' (red-indexed) signals are specified.

Aiming to investigate reaction kinetics and molecular
information, we conduct our in situ SERS experiments with
time-dependent x—y SERS imaging using a laser focused on
the top of the colloidosome over 25 min (Figure 2C; Sup-
porting Information, Figure S4). Briefly, colloidosomes
encapsulating aqueous pH 1 or pH 7 solutions are immersed
in a decane solution containing excess DY (107>m). A control
experiment using colloidosome in pH 7 exhibits a consistent
band at 1150 cm ™" over the entire reaction duration," which
is the fingerprint C-N stretching mode of DY and indicates no
observable formation of HDY" (Figure 2C). Upon adjust-
ment to the pH 1 colloidosome, the SERS spectrum clearly
evolves new vibrational features at 1283 and 1633 cm ™!, which
are attributed to the N=N and C=C stretching modes of
HDY . The SERS image of a pH 1 colloidosome prior to
the reaction only shows a 1150 cm ' signal corresponding to
DY (yellow-indexed), whereas the SERS profile of the same
colloidosome after 15 min of reaction is overwhelmed by the
HDY" signature peak (red-indexed) at 1283 cm' (Fig-
ure 2D). This behavior is attributed to the protonation of
DY by H' at the liquid-liquid interface, generating proton-
ated HDY " ions that gradually penetrate from the interface
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into the encapsulated aqueous phase (pH 1; Supporting
Information, Figure S3). This observation agrees with our
control set-up, involving bulk biphasic protonation of DY.
Hence, we affirm the shell permeability of plasmonic
colloidosomes and exemplify their capacity for compartment-
alization of reactants, thereby enabling interfacial reactions
involving dynamic diffusion of molecules across the liquid—
liquid interface.

Plasmonic colloidosomes also excel at the in situ resolu-
tion of isomer structures. Asymmetry is observed in all the
HDY" SERS features in pH 1 colloidosomes (Figure 3 A,B).
Generally, each asymmetric peak can be attributed to the
presence of two contributing peaks (Figure 3 A). In particular,
the C—H wagging mode at 1180 cm ' comprises 1178 and
1190 cm™' peaks, the C—N stretching mode at 1220 cm™'
includes 1220 and 1229 cm ™' bands, and the N=N stretching
mode at 1283 cm ! is comprised of 1281 and 1305 cm ' signals
(Figure 3A). These results reveal the presence of two
isomeric products in the DY protonation reaction, which
possess similar vibrational profiles that overlap with each
other. In combination with our DFT simulations, we attribute
this observation to the two potential protonation sites in the
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DY molecule, each of which is situated at one of the N=N azo
nitrogen atoms (labeled HDY*(N1) and HDY"(N2); red
circles in Figure 3 C) because of their large coefficients in the
two highest occupied molecular orbitals (HOMO; Supporting
Information, Figure SSA). They are also the most electron-
rich atoms (Supporting Information, Figure S5B), and possess
the strongest affinity for H" protons according to Pearson’s
hard and soft acids and bases theory.!'"]

Additionally, DFT simulations affirm the protonation of
the azo nitrogen atoms of DY to form isomeric HDY*(N1)
and HDY"(N2) (Figure 3C). The simulated SERS spectra of
both HDY" isomers demonstrate the same characteristic
vibrational modes as that presented by HDY", with slight
differences in vibrational energies: C—H wagging modes at
1204 and 1197 cm™!, C—N stretching modes at 1249 and
1232 cm ™!, N=N stretching modes at 1320 and 1324 cm ™!, for
HDY"(N1) and HDY"(N2), respectively (Figure 3B; Sup-
porting Information, Table S3). This agreement with the
experimental spectra clearly indicates the presence of both
protonation isomeric products HDY*(N1) and HDY"(N2),
which have not yet been resolved in reported SERS studies of
this molecule.'”] Importantly, the normal Raman spectrum of

HDY" (in the absence of any Ag particles) exhibits

identical peak asymmetry (Supporting Informa-

tion, Figure S7), which confirms that asymmetry

does indeed arise from the presence of two isomers
& of HDY", rather than from different absorption
g configurations of HDY™" on the Ag surface. An
isomeric ratio analysis is performed on the basis of
the C—N stretching mode of HDY " at 1220 cm ™',
which comprises two signals at 1220 and 1229 cm ™
assigned to HDY*(N2) and HDY"(N1) isomers,
respectively (Supporting Information, Figure S6
and Table S3). This feature is also located in
a clear window free from DY SERS interference.
Notably, we observe a constant 1.5+0.2 relative
contribution ratio of HDY"(N2)/HDY"(N1)
throughout the reaction duration (Figure 3D).
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This relative contribution ratio is generally con-
stant for other characteristic vibrational modes of

- Ag surface [: 4 HDY" (Supporting Information, Figure S8). In
@N S fact, the relative SERS contribution ratio is an
ac HDY'(N2) 2 34 %‘% excellent measure by which the progress of the
" @ ‘/l @2 e g 2 (N reaction may be monitored.'”! The constant SERS
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Mé.\é/;\ % 1 veYE @ products of HDY ™" are directly formed in a thermo-

‘#\ ¥ “b‘i: E dynamically determined ratio from the start of the
J:\ 9 0 A—r—————T—7 reaction.'®! This characteristic can be vital in
@ ¥ Simulated 0 5 10 15 20 25 asymmetric synthesis, where mixtures of isomeric

Ag surface Time (min) products are common but remain indiscernible by

Figure 3. Interpretation of SERS spectra of DY and HDY", including likely molecular
structures and interactions with Ag. A) Magnified spectrum of the dotted region in
the “HDY* on pH 1 colloidosomes” spectrum in (B). Peaks pertaining to the two
protonated isomers of HDY" are fitted. B) SERS spectra of HDY" observed on
colloidosomes encapsulating a pH 1 solution submerged in a DY solution for

15 min. DFT-simulated SERS spectra of both isomers of HDY" are depicted for
comparison. C) Molecular structures of both isomers of HDY" with an Ag-6 cluster
(for SERS simulation) optimized by DFT-simulation. D) Relative ratio of contribu-
tions from the fitted C—N stretching mode at 1220 cm™' (experimental peak in the

HDY" spectra) with respect to time.
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chromatography techniques.'”! We also highlight
the superiority of plasmonic colloidosomes com-
pared to the HPLC technique: the latter is unable
to resolve the aforementioned isomers, which
possess highly similar structures and physical
properties (Supporting Information, Figure S9).
Elucidation of critical reaction dynamics with
the aid of plasmonic colloidosomes is further
demonstrated by quantitative investigation of the
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temporal evolution of the HDY* product in situ at the liquid—
liquid interface. We would like to emphasize that SERS
intensity measured at the colloidosome shell is accurate for
the kinetic modelling of the chemical species in both phases
because of their fast diffusion rate over the ultrasmall droplet
volume (Supporting Information). Briefly, interfacial proto-
nation of DY is described by Equation (1),

k
DY ) + H (i) — HDY" (1)

where k is the rate constant of our model interfacial reaction.
We treat [DY] as a constant, since there is a 10°-fold excess
of DY (2.5 x 107> mol) in the external organic phase compared
to H' in the encapsulated aqueous phase (2.0 x 10~"" mol), as
indicated by the constant intensity of the DY 1150 cm ' C—-N
stretching SERS band at
1510 £160 counts (Supporting Information, Figure S10).
Notably, the H" proton is Raman inactive, hence we use the
SERS responses of HDY™" to achieve time-dependent profil-
ing of H* consumption. The formation of HDY" product is
tracked on the basis of the relative intensity (R,) of the HDY™"
SERS signal (at 1283 cm™') against the constant SERS
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Figure 4. The formation of HDY™ at different pH values. A) Area ratio of peak
intensities, 11,33/ l1150- B) Time-resolved maps of the SERS spectra on the colloido- we
somes pH 1, pH 2, and pH 7 submerged in a DY (1072m) solution over time.

C) SERS images of a mixture of pH 1, pH 2, and pH 7 colloidosomes submerged in
a DY solution for 15 min. (i) 1150 cm™' (yellow-indexed); (ii) 1283 cm™' (red-
indexed); in the case of the 1283 cm™' shift, pH 1 colloidosomes exhibit strong
signals, pH 2 colloidosomes show weak signals, and pH 7 colloidosomes show no

response.
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intensity of DY (at 1150 cm™') at time (¢) [Eq. (2)]. This
strategy minimizes errors arising from experimental fluctua-
tions.

Ilzxzcm"_l aHDy[HDY+], .
RI B 150em ™ ¢ N aDY[DY] - C[HDY ]“
@)
Appy
where ¢ =
apy[DY]

and aypy and apy (countsLmol ™) are specific activity
constants of HDY™ and DY, respectively (Supporting Infor-
mation). To ascertain the [H'] necessary for the determina-
tion of k,,, we assume that all [H'] is consumed on
conversion of DY into HDY". Subsequently, we used the
infinity quantity method to relate the product formation
profile to the reactant consumption (based on the difference
of a physical quantity of the product at time infinity (co) and
a specific time (t); see Supporting information) to indirectly
extract the consumption profile of H* with respect to the
production of HDY™ [Eq. (3)].[""

c[H'],=R.—R, =4.6—R, (3)

where ¢ denotes the proportionality constant in
this relationship, which correlates with the afore-
mentioned variable ¢ in Equation (2). R, and R,
are the relative SERS intensities of HDY /DY at
infinity and time (¢), respectively (Figure 4 A). R,
remained constant at 4.6 +0.5 beyond 15 min of
reaction (Figure 4 A, B). Our derivation leads to
the following relationship between (4.6—R,) in
Equation (4),

Inc[H] = In (4.6-R,) = —k,t+A, 4)
where the reaction obeys first-order rate law
(reaction order is discussed in the Supporting
Information), and

A=In[H"],+Inc.

Using Equation (4), a linear relationship is
indeed evident in a plot of In(4.6—R,) against
reaction time (), which verifies that the formation
of HDY " obeys first-order kinetics with respect to
H* (Supporting Information, Figure S12). Deter-
mination of the gradient of a plot of In(4.6—R,)
against reaction time (), reveals that the apparent
rate constant (k,,) of our model interfacial
reaction is 0.09 min~', which agrees with the
value obtained at pH 2 (Supporting Information,
Figure S13). Similar reaction kinetic are deter-
mined using other HDY" vibrational modes,
such as the C=C stretching mode at 1633 cm™
(Supporting Information, Figure S14). Notably,
observe consistent kinetic profiles by
measuring the SERS spectra at the half-plane of
the colloidosome (Supporting Information,
Figure S15), which illustrates the advantage of
plasmonic colloidosomes as a 3D SERS plat-
form.
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Plasmonic colloidosomes enable high throughput SERS
monitoring of multiple interfacial reactions on colloidosomes.
Colloidosomes encapsulating pH 1, pH 2, and pH 7 solutions
are monitored simultaneously but independently as isolated
picoreactors in the same DY solution (Figure 4A,C). All
colloidosomes respond to DY similarly in the external phase
(labeled yellow) and exhibit a uniform 1150 cm™' SERS
intensity for DY throughout the reaction (Figure 4B,C).
Notably, pH1 colloidosomes exhibit the steepest growth
profile for HDY" signals (Figure 4 B), which is also illustrated
in our color-indexed SERS image where the pH 1 colloido-
some is brightly lit when the HDY" 1283 cm™' signal is
selected (labeled red, Figure 4 C(ii)). By comparison, pH 2
colloidosomes display an approximately five-fold weaker red
color intensity, as observed in the same SERS image. We
observe an approximately 10-fold slower initial formation
rate of HDY" in pH 2 colloidosomes relative to that for pH 1
colloidosomes (initial gradients of R; vs. time plot:
0.224 min™' and 0.029 min~' for pH1 and pH 2, respec-
tively),'®! which obeys the first-order kinetics of our model
interfacial reaction (rate = k,,,[H']; Figure 4 A; Supporting
Information, Figure S16). On the contrary, control pH7
colloidosomes do not exhibit observable HDY" signals in
the SERS spectrum and remained invisible in the SERS
image of HDY™" (Figure 4 C(ii)). We exclude errors resulting
from cross-talking between closely spaced plasmonic colloi-
dosomes,™ as well as those arising from SERS activity arising
from pH-induced effects on the Ag shell (Supporting
Information, Figure S17). Our results therefore emphasize
the importance of colloidosome robustness for achieving
efficient isolation of reactions intended for high throughput
reaction monitoring.

In conclusion, we have fabricated plasmonic colloido-
somes from Ag octahedra that are responsive to SERS. These
particles are dual-phase picoreactors for simultaneous in situ
reaction monitoring and molecular analysis of liquid-liquid
interfacial reactions, which are applied in the decane-water
interfacial protonation of DY on an ultrasmall droplet
(<200 pL). Our technique excels at distinguishing 1) the
protonated isomers of HDY™ in a constant thermodynamic
ratio, and 2) the pseudo first-order kinetics of the reaction
with an apparent rate constant of 0.09 min ! (as retrieved
from insitu SERS monitoring of the reaction progress).
Parallel reaction monitoring is performed with plasmonic
colloidosomes, demonstrating their potential benefits as
picoreactors for high throughput screening of reactions
involving multiple components that are soluble in a single-
or dual-phase solvent. Coupled with a SERS measurement
technique, plasmonic colloidosomes offer multiple advan-
tages for small-scale study of interfacial phenomena
commonly encountered in the fields of food chemistry,
clinical analysis, and drug treatment.
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