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Droplet-Based EPR Spectroscopy for Real-Time Monitoring
of Liquid-Phase Catalytic Reactions

Thomas Moragues, Mikhail Agrachev,* Sharon Mitchell,* Gunnar Jeschke,
Javier Pérez-Ramírez, and Andrew J. deMello

In situ monitoring is essential for catalytic process design, offering real-time
insights into active structures and reactive intermediates. Electron
paramagnetic resonance (EPR) spectroscopy excels at probing geometric and
electronic properties of paramagnetic species during reactions. Yet,
state-of-the-art liquid-phase EPR methods, like flat cells, require custom
resonators, consume large amounts of reagents, and are unsuited for tracking
initial kinetics or use with solid catalysts. To overcome these limitations, a
droplet-based microfluidics platform is introduced for real-time EPR
monitoring of liquid-phase catalytic reactions. By encapsulating solid and
dissolved species within nanoliter droplets, this approach enables precise
control over mass transport, reduces reagent consumption, and maintains
uniform residence times irrespective of acquisition duration, permitting
precise analysis of each spectral component under identical conditions. The
platform’s compatibility with standard resonators facilitates straightforward
integration into any EPR spectrometer. Its versatility is demonstrated by
monitoring dynamic ligand exchange processes, key for activating
homogeneous catalysts, and tracking redox and radical kinetics in ascorbic
acid oxidation by Cu(II) catalysts. Importantly, this method captures both
supported and dissolved transition metal species, offering comprehensive
insights into catalyst deactivation via metal leaching. This microfluidic
approach sets a new standard for liquid-phase in situ EPR measurements,
advancing studies of homogeneous and heterogeneous catalytic systems.

1. Introduction

Catalysis plays a central role in addressing the sustainability
challenges of the 21st century,[1] driving the development of
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sustainable processes for chemicals
production. Single-atom heterogeneous
catalysts (SACs) with their atomically
precise active sites and solid-state
recoverability, are emerging as promis-
ing alternatives to the homogeneous
catalysts traditionally employed in cross-
coupling chemistries.[2] Advancing the
design of catalytic materials relies on
a deep understanding of their struc-
ture and behavior under appropriate
reaction conditions, an endeavor for
which combining multiple characteriza-
tion techniques is paramount. Among
these, electron paramagnetic resonance
(EPR) spectroscopy is particularly pow-
erful for studying paramagnetic species
in catalytic processes,[3] especially re-
dox reactions. EPR is also well-suited
to investigating SACs,[4] in which
metal-metal interactions are minimal,
leading to improvements in resolution.

That said, in situ approaches to EPR
in the liquid-phase are relatively scarce.
Conventional measurement cells are un-
able to precisely control reaction resi-
dence time and are poorly suited to study-
ing fast kinetic processes. Due to the in-
creased complexity associated with mass

transport efficiency (i.e., mixing), they are even more challeng-
ing to adapt to liquid-solid (L/S) reactions (e.g., those involv-
ing heterogeneous catalysts).[5] Current continuous-wave (CW)
EPR setups employed for investigating such systems typically
consist of capillary tubes (used in a batch fashion) or flow cells
incorporating a catalyst bed. Both formats face additional chal-
lenges, such as poor spatial distribution of paramagnetic cen-
ters within the magnetic field, low quality factors of the EPR
cavity resonator when using polar solvents, and general in-
compatibility with the flow of solid suspensions.[6] To address
these limitations, we introduce droplet-based microfluidics for
in situ EPR spectroscopy of both homogeneous and hetero-
geneous species in liquid-phase catalytic applications. Droplet-
based microfluidic systems offer key advantages, like precise
control of mass transport, rapid reagent mixing, and minimal
sample consumption.[7] The small (pL – nL) volumes associ-
ated with microfluidically produced droplets reduce common is-
sues with polar solvents (i.e., high microwave absorption), elim-
inating the need for custom-built micro-resonators often used
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Figure 1. General workflow for droplet-based EPR measurements. a) Droplets are generated using a custom fluidic path and b) sent to the resonator
through a tubing loop inserted in a regular EPR quartz capillary, enabling CW-EPR signal acquisition, c) as exemplified for four homogeneous transition-
metal complexes (5 mm for [Cu(H2O)6]2+(aq), [Cu(NH3)4]2+(aq), [VO(acac)2](aq), 2.5 mm for [Mn(H2O)6]2+(aq)). Spectral parameters are reported in
Table S1 (Supporting Information).

to enhance signal-to-noise ratios.[8–10] Additionally, the compart-
mentalization of analytes within droplets allows for the safe and
uninterrupted flow of solid suspensions, enabling extended ac-
quisition times and precise residence time control by adjusting
the total flow rate.[11] Moreover, the constant linear velocity of
the droplets ensures their position at any given time directly
relates to the residence time. This remarkable feature grants
experimentalists complete freedom to accumulate signals for
as long as needed, overcoming the challenge of reduced sig-
nal intensities associated with low analyte concentrations. Con-
sequently, it becomes possible to measure kinetics for signals
with vastly different spin-Hamiltonian and relaxation parameters
(e.g., radical species and transition-metal complexes) within the
same experiment, a task that typically requires distinct instru-
ment settings for optimal detection. This capability enables the
maximization of spectral resolution without compromise. Im-
portantly, droplet generators are inexpensive, easy to fabricate,
and compatible with standard EPR setups, ensuring seamless
integration.

Specifically, we demonstrate the broad applicability of droplet-
based EPR through case studies in liquid-phase transition metal
catalysis. First, we follow copper centers during reduction by
ascorbic acid, a process commonly leveraged to form and main-
tain the active species of homogeneous catalysts in situ.[12] We
observe multiple pH-sensitive ligand exchange steps and, aided
by EPR simulations, uncover the structure of intermediates and
their impact on the reaction. Additionally, we track the catalytic
oxidation of ascorbic acid in the presence of homogeneous or
heterogeneous copper catalysts by monitoring both copper and
radical signals with optimal resolution. Our data indicate that
while both catalysts initially produce the ascorbic acid radical
via a catalytic process, the homogeneous copper species are
more efficient at consuming it to form the final dehydroascor-
bic acid product once the medium is oxygen-depleted. Finally,
we investigate the stability toward chemical leaching of a cop-
per single-atom catalyst supported on polymeric carbon nitride,
before (CuClx@PCN) and after (CuSA@PCN) thermal annealing.
Overall, the presented platform provides a robust, flexible solu-

tion for precisely monitoring complex catalytic processes in the
liquid phase.

2. Platform Development

The developed workflow begins with the production of monodis-
perse water-in-oil droplets containing user-defined payloads (e.g.,
a catalyst particle suspension and various reagents). To this end,
we designed a fluidic path embedded within a polydimethyl-
siloxane (PDMS) microfluidic device. The device includes a flow-
focusing junction for droplet generation, followed by a serpen-
tine channel that promotes rapid and efficient mixing, after
which the droplets may be further spaced apart by a secondary
oil stream (Figure 1a). Droplets are then delivered to the EPR
spectrometer through polymer tubing free of paramagnetic im-
purities. The tubing is coiled once (subsequently referred to as
“single-pass” setup) inside a standard EPR quartz capillary, such
that the flow path within the capillary is 20 cm long (10 cm
“down”, and 10 cm “up”). Using a 3D-printed insert immobiliz-
ing the tubing within the EPR capillary (Figure 1b), to mitigate
potential instrument- or flow-related vibrations, is not manda-
tory. It is important to note that EPR measurements in water
can be challenging because of the high dielectric constant and
the strong microwave absorption of polar solvents. Strong mi-
crowave absorption leads to energy loss (i.e., dielectric losses) and
reduction of the quality factor of the EPR cavity resonator, leading
to lower sensitivity. In addition, the microwave absorption gener-
ates heat and can cause undesired structural changes within the
analyte, affecting measurement reliability and stability. To avoid
these issues, our setups are designed to keep the fraction of water
𝜂 in the active volume of the EPR resonator (Equation (1)) below
5%, (Figure 2a–c).

𝜂 (%) = 100 ×
Qw

Qw + Qo
×

Vtubing

Vcapillary
(1)

Here, Qw and Qo are the dispersed (catalyst and reagents)
and continuous (shearing and spacing oil) phase flow rates. We
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Figure 2. a–c) Device configurations considered for droplet-based EPR measurements of liquid-phase catalytic reactions and the corresponding variation
in time resolution for a range of typical flow rates. Only the split setup provides for satisfactory time resolution and sensitivity to solid species. rt –
residence time. d) EPR spectra obtained for a 5 g L−1 CuClx@PCN suspension (ca. 11 mm Cu) illustrating the differences in sensitivity between the
three configurations. The image inset (top right) illustrates a typical structure of such materials. e) Schematic of the split setup integrated within the
EPR spectrometer (not to scale).

operate at a fixed Qw/(Qw+Qo) ratio of 0.39, optimal for droplet
stability. Vtubing and Vcapillary are the internal tubing and EPR cap-
illary volumes inside the resonator.

Initial measurements of 5 mM transition-metal (TM) complex
solutions in droplets yielded good-quality signals (Figure 1c) and
allowed resolution of the hyperfine coupling for [Cu(NH3)4]2+(aq)
(nuclear spin of the metal I(63Cu,65Cu) = 3/2), [Mn(H2O)6]2+(aq)
(I(55Mn) = 5/2) and [VO(acac)2](aq) (I(51V) = 7/2), the latter
likely resulting from aerial oxidation of the V(acac)3 compound
used.[13,14] The extracted spectral parameters (Table S1, Support-
ing Information) match literature values well.[15–17] A key pa-
rameter controlling the baseline noise is the consistency of the
droplet train within the resonator. Additionally, droplets must be
small (to ensure high efficient mixing) and close enough to one

another so that the train mimics a continuous flow. If not, peri-
odic oscillations in the baseline may appear and complicate spec-
tral interpretation (Figure S1, Supporting Information). These
can be avoided by adjusting the flow rate with respect to the sweep
rate (Note S1, Supporting Information).

Whilst this setup was adept at probing homogeneous samples,
detecting solid species (i.e., immobilized paramagnetic species)
proved more challenging. Indeed, measurement of aqueous sus-
pensions of Cu(II) species partially anchored on polymeric car-
bon nitride (CuClx@PCN, obtained from wet impregnation of
copper chloride on PCN followed by mild annealing) did not re-
sult in sufficient signal (Figure 2d). This was somewhat unsur-
prising as EPR measurements are generally more challenging for
species supported on solids (typically, heterogeneous catalysts)
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due to several phenomena, e.g., broadening due to anisotropic
interactions, dipolar interactions between neighboring magnetic
centers or variation of coordination geometry, and thus EPR pa-
rameters of the metal species. In contrast, solutions provide more
homogeneous environments for paramagnetic species thanks
to averaging anisotropic interactions, resulting in sharper EPR
signals. Within our catalysts, the isolated nature of metal cen-
ters typical of SACs mitigates dipolar and antiferromagnetic ex-
change coupling effects resulting from high spatial confinement
(e.g., in nanoparticles supported on carrier materials),[18] which
can strongly reduce, or potentially even completely suppress the
signal.

The main sensitivity limitation associated with the “single-
pass” setup (Figure 2a) relates to the small amount of analyte
within the resonator (ca. 3.4 μg of Cu for 5 g L−1 CuClx@PCN at
14 wt.% Cu, corresponding to 11 mm). Accordingly, and since the
intensity of the EPR signal is proportional to the amount of ana-
lyte exposed to microwaves, an effective way to improve sensitiv-
ity is to increase the catalyst concentration within the resonator.
This can be achieved by either increasing the suspension concen-
tration, although dispensing may then become challenging due
to settling in the syringe, and the inter-particle interactions may
become more severe, or extending the exposed reactor length.
The latter option was chosen in developing a “multiple-pass”
setup (Figure 2b). Extending the exposed reactor length five-fold
by coiling it within the EPR capillary led to significant improve-
ments in sensitivity, especially toward solid species (Figure 2d).
However, this came at the expense of time resolution (Δt, de-
fined as the amount of time a droplet spends in the resonator),
as each measurement reflects the average droplet residence time
over a five-times longer reactor section. This is far from ideal
in view of performing kinetic experiments on short timescales
(e.g., a few seconds or minutes). To overcome this, an alterna-
tive strategy was adopted, whereby the droplet stream was sub-
divided into four equivalent streams within a secondary PDMS
device positioned immediately after droplet generation (“split”
setup, Figure 2c,e). That way, a satisfactory sensitivity toward
solid species was obtained while keeping the time resolution as
short as possible.

In the following sections, using the split setup, we explore the
capabilities of droplet-based CW-EPR through several case stud-
ies involving homogeneous and heterogeneous copper species.

3. Dynamic Tracking of Ligand Exchange

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) is a reac-
tion in which an azide reacts with a terminal alkyne in the pres-
ence of a copper catalyst to form a 1,4-disubstituted 1,2,3-triazole.
It can be performed under mild conditions, with high yields, and
has a broad functional group tolerance.[19] As such, it has become
a ubiquitous tool in bioconjugation, materials science, and drug
discovery.[20] The catalytic species is typically a copper(I) complex
facilitating the cycloaddition between the azide and the alkyne
through activation of the latter. That said, copper(I) species tend
to be unstable, especially in the presence of dissolved molecular
oxygen, which is why they are often formed in situ using a cop-
per(II) salt and a reducing agent such as sodium ascorbate.[21–23]

Insights into the copper reduction kinetics are thus crucial in op-
timizing the overall process.

Ascorbic acid (AH2) possesses two conjugated bases: di-
ascorbate (A2−, pKa2 = 11.8) and mono-ascorbate (further re-
ferred to as ascorbate, AH−, pKa1 = 4.1), which is the most ac-
tive form for copper reduction.[24] The reaction network of ascor-
bic acid and Cu(II) has been extensively studied and is sum-
marized in Scheme S1 (Supporting Information).[25] At low pH
(i.e., pH < pKa1), the rate of ascorbyl radical production and sub-
sequent oxidation to DHA is low because of the predominance
of the poorly active, fully protonated ascorbic acid (AH2). As a
result, copper reduction is also negligible, which means that the
changes in copper EPR signal observed at this pH are primar-
ily due to ligand exchange. In aqueous copper sulfate solutions
(2.5 mm, Figure 4a, pH = 3.6), the isotropic signal of the hex-
aaquacopper(II) complex (g = 2.201) progressively evolves with
the appearance of a shoulder at high fields, indicative of ascor-
bic acid complexation, and further confirmed by simulations. In-
stead, when dosing a Cu(II)-tris(hydroxymethyl)aminomethane
(TRIS, pH = 7.6)[26] complex with ascorbic acid, signal evolu-
tion over time becomes more complex (Figure 3a). Here, it should
be noted that the TRIS concentration (10 mm) is not enough to
buffer pH when adding ascorbic acid (15 mm), resulting in an
almost instantaneous pH decrease from 7.6 to 4.1 (pH ≈ pKa1),
and a significant impact on the copper EPR signal.

The obtained EPR spectra can be simulated through the com-
bination of four components (Figure 3b, components 1 to 4, Note
S2, Supporting Information). Even if the clear assignment of the
four signals is not trivial, it can be safely assumed that spectral
changes are a result of progressive ligand exchange through a se-
ries of intermediate complexes. Moreover, they can also be par-
tially induced by changes in pH: several Cu(H-xLy) complexes
have been previously identified in the presence of TRIS, giving
rise to distinguishable EPR spectra.[26,27] The competing ligands
in our systems are water, ascorbate, and TRIS (and their respec-
tive deprotonated forms); the two latter ones are also capable of
chelating the metal center. Ascorbate chelates to the metal ion
via two oxygen atoms, while TRIS typically does so via one oxy-
gen and one nitrogen atom. If g‖ and A‖ are known, the arrange-
ment of the ligands can be determined from Peisach-Blumberg
diagrams.[28,29] However, in the case of component 1, which dis-
plays a poorly resolved signal with an effectively isotropic g factor,
the anisotropic interactions are probably averaged by fast molec-
ular motion, a consequence of measuring in solution at room
temperature.

In this case, only the isotropic parameters aiso and g can be
determined and qualitatively related to g‖ and A‖. This approxi-
mation assumes that g⊥ generally remains close to the free elec-
tron value ge = 2.0023 (or at least is similar for all compared
complexes) and that A⊥ is small. The approximation also holds
when the g anisotropy is comparable for the different signals and
only the average g changes substantially. For bulky ligands, slow
molecular tumbling can strongly affect the spectral line shape,
rendering the signals partially anisotropic. These effects were ac-
counted for in the simulation and allowed estimation of the prin-
cipal g values and the rotational correlation time (𝜏) for compo-
nents 2 and 3 (Tables S2 and S3, Supporting Information). As
some fitting parameters are strongly correlated, the values ob-
tained from the fits are to be seen as indicative. For instance,
as an extreme example of ambiguous assignment, an apparent
isotropic g can be also due to full motional averaging of the
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Figure 3. Droplet-based EPR study of Cu species derived from [Cu(H2O)6]2+(aq) in the presence of ascorbic acid at pH ≈ pKa1. a) Cu(II) and c) ascorbyl
radical EPR signals measured over time (15–360 s range) at pH 4.1 (7.6 before AH2 addition), in the presence of TRIS. Dotted lines in a) show simulated
fits. b) Spectral components of the fits in a). d) Signal amplitude for each spectral component in b). Reaction conditions: ascorbic acid (15 mm), copper
species (2.5 mm), TRIS (10 mm, if present), room temperature. Scale in c) relates to Figure 4b. Fitting parameters are reported in Tables S2 and S3
(Supporting Information).

anisotropic g tensor (short 𝜏). An independent determination of
the g tensor from measurements in frozen solution would be nec-
essary for a fully unambiguous analysis. This is technically not
feasible for our microfluidic setup and is further complicated by
the multiple overlapping components. This analysis is particu-
larly problematic for broad, anisotropic spectra, and is beyond
the scope of the present paper. As such, for the slow-tumbling
complexes, average g and aiso values were also used to interpret
the effects of the crystal field.

The initial shift of component 1 is likely due to the substi-
tution of one or two water ligands in the hexaaquacopper(II)
complex by non-chelated TRIS and/or ascorbate ligands, which
have a relatively small effect on the spectrum. By analogy with
what is known for TRIS complexes, component 2 can be tenta-
tively attributed to non-chelated Cu(L4)2+ complex, the remark-
able change in g and aiso for components 3 and 4 being probably
due to the formation of chelated complexes such as Cu(H-1L)2
and Cu(H-1LL)+. Comparison of the spectra with those of sim-
pler mixtures offers further insight into the nature of coordinat-
ing ligands (ascorbate or TRIS). The evolution of components 1
and 2 at high flow rates is analogous to that observed for a
[Cu(H2O)6]2+(aq) (referred to as CuSO4 in Figure 4) solution re-
acting with ascorbate in the absence of TRIS (Figure 4a). This
leads to the initial conclusion that ascorbate is mostly coordi-
nated at early reaction times. The g and aiso parameters of com-
ponents 3 and 4 are intermediate between those of the high pH
Cu-TRIS and Cu-ascorbate signals (Figure 4a). The difference be-
tween the two (gTRIS < gasc, aiso,TRIS > aiso,asc, Table S2, Supporting

Information) is consistent with the higher crystal field induced
by the N, O coordination for TRIS, compared to O, O coordina-
tion for ascorbate.[30] The observation of intermediate parameters
likely means that Cu(II) is coordinated by one ascorbate and one
TRIS molecule in the chelate complexes. For a more reliable at-
tribution, low-temperature CW and pulse measurements (with
hyperfine techniques, such as Electron-Nuclear Double Reso-
nance, ENDOR, Electron Spin Echo Envelope Modulation, ES-
EEM, and Hyperfine Sublevel CORrElation, HYSCORE) would
be needed.

To summarize, our results show an initial, fast complexation
of the copper center by ascorbate ligands (component 1). The
consumption of this complex is concomitant to the production
of ascorbyl radical A•−, as indicated by the sharp additional EPR
signal further resolved as a doublet when applying a lower field
modulation amplitude of 0.05 mT (Figure 3d, g = 2.008, aiso =
51 MHz). Here, it should be noted that at lower field modu-
lations, an additional splitting of the radical signal is revealed
(Figure S3, Supporting Information), due to the hyperfine inter-
action with more weakly-coupled protons. After ≈90 s, a steady
decrease in copper and ascorbyl radical signals is observed,
without further significant changes in line shape, pointing
toward copper reduction (now more favorable since pH ≈ pKa1)
or dimerization of Cu-ascorbate (less likely as such low pH).[31]

Although the conversion of Cu-ascorbate into the ascorbyl
radical further corroborates the occurrence of metal reduc-
tion, the formation of EPR-silent dimers cannot be definitively
ruled out.
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Figure 4. Droplet-based EPR study of the evolution of Cu species during ascorbic acid oxidation over a–c) homogeneous and d–f) heterogeneous copper
catalysts. a,d) and b,e) show the respective simultaneous evolution of the copper and ascorbyl radical signals, measured over time (15–360 s range). In
b), lines broaden due to dipolar interactions between dissolved copper species. Radical decay kinetics obtained from double integration of EPR signals
are found in c,f). Reaction conditions: ascorbic acid (15 mm), aqueous ammonia (75 mm), TRIS (100 mm, if present), pH 11, room temperature. Spectral
parameters are reported in Table S4 (Supporting Information).

4. Monitoring Redox and Radical Processes

To gain insight into the ascorbic acid oxidation kinetics over
homogeneous and heterogeneous Cu(II) catalysts in more
active conditions, the reaction was investigated by CW-EPR at
higher pH. A CuSA@PCN catalyst (ca. 6.3 mM Cu), obtained
from annealing of CuClx@PCN at high temperature, was also
employed. PCN is a material of great interest for stabilizing
single metal atoms thanks to its high content in nitrogen coor-
dination sites (e.g., heptazinic cavities, insets Figure 5a,b).[32–34]

Composed of copper single-atoms stabilized on PCN (Figure S6,
Supporting Information), this heterogeneous catalyst displays
high activity and selectivity in important classes of organic
syntheses.[35,36]

When using [Cu(NH3)4]2+(aq) as a catalyst (referred to as
Cu(NH3)4 in Figure 4), the shape of the copper signal differs from
the one observed for the free Cu(II) species (Figure 4a, from g =
2.115, aiso = 232 MHz, to g = 2.130, aiso = 241 MHz) due
to the formation of a Cu-ascorbate complex (some ammonia lig-
ands may still be retained). Unsurprisingly, the ascorbyl radical
signal is far more intense at this pH (Figure 4b, g = 2.008, aiso =
51 MHz) due to the faster oxidation kinetics. Considering the
redox pathway, both Cu(II) and radical signals should progres-
sively disappear due to the formation of EPR-silent Cu(I) and de-
hydroascorbate A. This agrees with what is observed (Figure 4a,b)
when increasing the droplet residence time before measure-
ment. That said, and similar to our analysis at lower pH, the de-
crease in copper signal may also relate to a decreased amount of
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Figure 5. Droplet-based EPR spectra following the stability of a) CuClx@PCN and b) CuSA@PCN in the presence of solutions containing different
concentrations of a coordinating base (triethanolamine, TEOA). Top-right insets depict typical structures of such materials. c) Variation in peak-to-peak
(P2P) intensity as a function of base concentration confirms increased leaching of partially anchored copper species compared to those fully anchored
to the PCN support. The procedure for evaluating P2P intensity is shown in Figure S5 (Supporting Information). The solid concentration is constant
(5 g L−1). Spectral parameters are reported in Table S5 (Supporting Information). Mn impurities (*) are present on the tubing, without impacting the
measurements.

Cu-ascorbate present, Cu(II) progressively recovering amine lig-
ands or forming metal aqua complexes as ascorbate gets oxidized,
and leading to lower signals owing to an increased probability
of EPR-silent, Cu(II) dimers. In this scenario, Cu(II)-catalyzed
ascorbyl radical formation could originate from molecular oxy-
gen in the reaction medium (Scheme S1, Supporting Informa-
tion). Indeed, it should be noted that only the ascorbate solutions
were prepared with degassed water, leaving small amounts of dis-
solved molecular oxygen in the droplets (ca. 0.15 mm from the
saturation concentration of O2 in water at room temperature)[37]

from the solid suspension. To discriminate between these two op-
tions, we performed a control experiment in the absence of Cu(II)
(Figure 4d–f, “No catalyst”). The initial increase was followed
by an almost asymptotic decrease in the ascorbyl radical signal
(Figure 4f) points toward an early prevalence of the reaction with
molecular oxygen. The eventual limitation in the amount of O2
available leads to slow and steady radical decay, potentially by dis-
proportionation.

This combination of reactions cannot solely account for i) the
high amount of radical detected at short residence times and
ii) the magnitude of signal decrease at longer residence times
observed in the presence of a homogeneous ([Cu(NH3)4]2+(aq),
Figure 4c) or heterogeneous (CuClx@PCN or CuSA@PCN,
Figure 4f) copper source in the system. Rather, we believe our re-
sults are consistent with the catalytic mechanism of production
and subsequent consumption of ascorbyl radical. In addition, the
homogeneous copper source appears much better at consuming
the radical than its heterogeneous counterpart, likely via the re-
dox mechanism which takes over after oxygen has been fully de-
pleted from the reaction medium.

5. Assessing Cu SAC Stability toward Leaching

Studying deactivation is paramount in the design of robust and
efficient heterogeneous catalysts. In liquid-phase applications,
metal leaching is one of the most common deactivation paths,
which can alter the amount and structure of active sites and
associated performance.[38] Here, we demonstrate the possibil-
ity of studying the stability of distinct Cu(II) species present in
CuClx@PCN and CuSA@PCN, by introducing metal chelating

compounds such as triethanolamine (TEOA, Figure 5a) in the
droplets. Increasing amounts of chelates drive leaching of cop-
per from CuClx@PCN and the formation of homogeneous com-
plexes, as evidenced by the progressive signal evolution from an
anisotropic to a hyperfine-split isotropic shape (g = 2.121, aiso =
204 MHz). Importantly, the CuSA@PCN catalyst showed compar-
atively improved stability toward leaching (Figure 5b,c), a con-
sequence of ligand removal and stronger bonding to the sup-
port during annealing. Similar results were obtained when work-
ing with ethylenediaminetetraacetic acid (EDTA, Figure S4b,
Supporting Information) instead of TEOA. The possibility of dis-
tinguishing supported solid-state and dissolved species is partic-
ularly appealing for studying solid-liquid interface equilibria in
catalysis.

6. Conclusion

In summary, we have introduced a versatile droplet-based mi-
crofluidic workflow designed for in situ, real-time EPR moni-
toring of catalytic reactions in the liquid phase. Compatible with
polar solvents, this approach offers precise control over reaction
conditions, enabling detailed kinetic insights into electronic and
structural transformations. By investigating ligand exchange dy-
namics around a copper center, we identify intermediates in-
volved in copper reduction by ascorbic acid while monitoring the
changes in the concentration of ascorbyl radical, demonstrating
the platform’s ability to efficiently track multiple species simulta-
neously with controlled residence time. Furthermore, in the cat-
alytic oxidation of ascorbic acid, we compared the relative effi-
ciency of homogeneous or heterogeneous copper catalysts, show-
ing that the homogeneous catalyst degrades the ascorbyl radi-
cal intermediate more efficiently into the final oxidized product.
Finally, the ability to flow solid catalysts within the droplets en-
ables the study of stability toward metal leaching, confirming the
higher stability of copper species fully anchored to polymeric car-
bon nitride supports over partially anchored species. We are con-
fident that our approach, which is both inexpensive and easily
integrated within existing setups, paves the way for advancing in
situ exploration of liquid-phase catalytic processes, across homo-
geneous and heterogeneous systems.

Small Methods 2025, 2401771 © 2025 Wiley-VCH GmbH2401771 (7 of 9)

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202401771 by E
th Z

urich, W
iley O

nline L
ibrary on [15/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

7. Experimental Section
Microfluidic Device Fabrication: Elastomeric single-layer microfluidic

devices were produced using standard soft lithography techniques.[39]

Channel patterns were designed in AutoCAD and printed as high-
resolution photolithographic masks (Micro Lithography Services, Chelms-
ford, UK). Master molds (100 μm-thick for both the droplet generator and
the flow divider) were created on 100 mm diameter silicon wafers us-
ing a SU-8 negative photoresist (Gersteltec, Pully, Switzerland) and con-
ventional photolithography. Molds were exposed to chlorotrimethylsilane
(Sigma-Aldrich, Buchs, Switzerland) vapor for 2 h. Next, a mixture of poly-
dimethylsiloxane (PDMS) and curing agent (10:1 w/w, Elastosil RT 601
components A and B, Wacker Chemie AG, Munich, Germany) was poured
over the desired mold. The PDMS was degassed, cured at 343 K for 1 h,
removed from the mold, and cut to shape. Inlets and outlets were formed
using a precision hole punch (0.76 mm diameter, Syneo, Florida, USA).
The structured PDMS slabs were bonded to microscope glass slides af-
ter surface activation in an air-plasma oven (EMITECH K1000X, Quorum
Technologies, East Sussex, UK), after which the completed devices were
finally heated on a hotplate at 393 K for 1 h.

Catalyst Synthesis: The copper single-atom catalyst supported on poly-
meric carbon nitride (CuSA@PCN) was synthesized according to a previ-
ously described procedure.[35] Briefly, bulk PCN was prepared by calcin-
ing dicyandiamide at 550 °C (heating rate, 2.3 °C min−1) in a crucible for
3 h in static air. Exfoliated PCN was obtained via thermal exfoliation of
bulk PCN at 500 °C (heating rate, 5 °C min−1) for 5 h in static air. Ex-
foliation was repeated twice. CuCl2 (640 mg) and PCN (700 mg) were
dispersed in formamide (200 mL), sonicated for 10 min, then stirred in
an oil bath (120 °C) for 12 h. The obtained powder was washed thor-
oughly with ethanol several times and then dried in an oven at 80 °C.
This procedure yielded a material composed of partially anchored cop-
per species on PCN (CuClx@PCN, Figure S5a–c, Supporting Informa-
tion) with ca. 14 wt.% copper contents (inductively coupled plasma-optical
emission spectroscopy: ICP-OES). The oven-dried powder (80 °C) was
further heated to 450 °C with a rate of 2 °C min−1 under N2 flow to re-
move all the chloride ligands, yielding the final copper single-atom catalyst
(CuSA@PCN, Figure S5d–f, Supporting Information).

Characterization: The metal contents of the catalysts were determined
using via ICP-OES (Horiba Ultima 2, Kyoto, Japan) inductively coupled
plasma-optical emission spectroscopy (ICP-OES) instrument. Prior to
analysis, solids (typically, 10 mg) were digested overnight in a mixture of
hydrogen peroxide (0.5 mL, 30 wt.%, Thermo Fisher Scientific, Waltham,
USA) and sulfuric acid (1.5 mL, 95 wt.%, Sigma-Aldrich, Buchs, Switzer-
land). Catalysts were imaged with a 200 kV Talos F200X microscope
(Thermo Fisher Scientific, Waltham, U.S.) in high-angle annular dark-
field scanning transmission electron microscopy mode (HAADF-STEM),
equipped with an energy-dispersive X-ray spectroscopy (EDS) detector.

Catalyst suspensions (10 g L−1) were prepared by dispersing
CuClx@PCN or CuSA@PCN (50 mg) in MiliQ-purified water (5 mL). Sub-
sequently, the suspensions were sonicated with a strong ultrasound probe
(Sonopuls UW 2070, 60% max power, Bandelin Gmbh, Berlin, Germany)
for 2 × 2.5 min to yield fine, metastable dispersions. Weakly bound cop-
per species on CuClx@PCN were removed by centrifugation (14 000 rpm,
3 min) of a 10 g L−1 suspension followed by removal of the washing wa-
ter and redispersion with MiliQ-purified water (3 cycles in total). The final
copper contents of CuClx@PCN were 14 wt.%. The pH of reaction mix-
tures was measured using a JENWAY 3505 pH meter (Cole-Parmer, Ver-
non Hills, USA) calibrated with pH 4 and pH 7 standard solutions before
use. Droplet generation was monitored using an EoSens Quad high-speed
camera (Mikrotron, Unterschleisseim, Germany) mounted on an Eclipse
Ti-2 inverted microscope (Nikon, Tokyo, Japan).

Reagents: HFE-7500 (3M, Minnesota, USA) containing 1% w/w of
fluorosurfactant (RAN Biotechnologies, Beverly, USA) was used as the
continuous phase for microfluidic experiments. L-ascorbic acid, tri-
ethanolamine, ammonium hydroxide solution, Trizma base, vanadium(III)
acetylacetonate (Sigma-Aldrich, Buchs, Switzerland), ethylenediaminete-
traacetic acid, copper sulfate pentahydrate (Thermo Fisher Scientific,
Waltham, USA) and anhydrous manganese(II) bromide (abcr GmbH, Karl-

sruhe, Germany) were used without further purification. Tetraaminecop-
per(II) sulfate monohydrate was prepared from copper sulfate and stored
under a vacuum to minimize hydrolysis.[40]

In Situ EPR Measurements: The catalyst stream consisted of
CuClx@PCN or CuSA@PCN suspensions (10 g L−1), while the reagent
stream consisted of aqueous solutions of the reagents above (e.g.,
L-ascorbic acid). Precision neMESYS syringe pumps (CETONI GmbH,
Korbussen, Germany) and gastight syringes (1, 5, and 10 mL, Hamilton
AG, Bonaduz, Switzerland) were employed to deliver the fluids to the mi-
crofluidic platforms. Polytetrafluoroethylene (PTFE) tubing (1/16 in. OD
× 0.010 in. ID, Thermo Fisher Scientific, Waltham, USA) and Tygon
tubing (TygonS-54-HL, 250 μm ID, Thermo Fisher Scientific, Waltham,
USA) linked together via metal pins (TE Needle 30 GA ½ in. Lavender,
Buchsteiner Gmbh, Gingen, Germany) were used as fluidic connections.
PTFE tubing (Masterflex Transfer Tubing, Microbore PTFE, 0.012 in. ID
x 0.030 in. OD, Cole-Parmer, Vernon Hills, USA), found to be free of
paramagnetic impurities, was employed to carry droplets through the
resonator. Typical flow rates applied were Qo, Qsp, Qcat, Qrea μL min−1 for
the shearing oil, spacing oil, catalyst suspension, and reagents streams
respectively, so that Qcat = Qrea, (Qcat+Qrea)/Qo = 0.8, and Qsp =
Qo/4. Table S6 (Supporting Information) summarizes the flow rate
combinations employed and the resulting droplet volume and generation
frequency. Representative images of generated droplets can be found in
Figure S7 (Supporting Information).

The “split” setup (Figure 2c,e) consists of a droplet generator, con-
nected to a 4-way flow-dividing module via Tygon tubing (l = 5 cm). The
four streams exiting the flow divider were sent to a quartz EPR capillary
(4 mm OD, 3 mm ID, Wilmad-LabGlass, Vineland, USA) via PFTE tubing
(l = 15 cm, Masterflex). Each tubing forms a coil (10 cm down, 10 cm up)
inside the EPR capillary and was then connected to a waste vial. It was
estimated that a 6 cm tubing length (3 cm down, 3 cm up) was located
within the active region of the resonator.

CW-EPR spectroscopy experiments were performed on a Elexsys
E500 spectrometer (Bruker BioSpin GmbH, Zurich, Switzerland) operat-
ing at X-band frequencies (9.4 GHz) using a ER4122SHQE Bruker EPR
Resonator. CW-EPR spectra were acquired at room temperature and with
a microwave power of 2.012 mW (10 dB power attenuation except for
the radical detection for which 20 dB was employed). For the detection
of copper, a magnetic field modulation of 0.6 mT and 100 kHz was ap-
plied, with the modulated signal being amplified by a lock-in amplifier
(conversion time 20.48 ms, time constant 20.48 ms), sweeping the mag-
netic field with a center field 330 mT and sweep width of either 100 or
200 mT. Alternatively, for the detection of ascorbyl radical, a magnetic
field modulation of 0.05 mT and 100 kHz was applied, and the modu-
lated signal was amplified by a lock-in amplifier (conversion time 20.48 ms,
time constant 20.48 ms), sweeping the magnetic field with a center field
350.5 mT and sweep width of 20 mT. Spectra were simulated in the slow-
motion regime (chili function) using the EasySpin package.[41] The g-
factors were field-corrected using 2,2-diphenyl-1-picrylhydrazyl (DPPH) as
standard.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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