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ABSTRACT: We present chemical kinetics measurements of the luminol oxidation
chemiluminescence (CL) reaction at the interface between two aqueous solutions, using
liquid jet technology. Free-flowing liquid microjets are a relatively recent development that
have found their way into a growing number of applications in spectroscopy and dynamics.
A variant thereof, called flat-jet, is obtained when two cylindrical jets of a liquid are
crossed, leading to a chain of planar leaf-shaped structures of the flowing liquid. We here show that in the first leaf of this chain, the
fluids do not exhibit turbulent mixing, providing a clean interface between the liquids from the impinging jets. We also show, using
the example of the luminol CL reaction, how this setup can be used to obtain kinetics information from friction-less flow and by
circumventing the requirement for rapid mixing by intentionally suppressing all turbulent mixing and instead relying on diffusion.

■ INTRODUCTION

Fast-flowing liquid microjets are a powerful tool for the
preparation of volatile liquids, including water, even in high-
vacuum environments.1−5 They recently gained much interest
in particular for in-vacuum applications, where the jet travels
freely for some millimeters before decaying into droplets and
freezing. One of the prime factors that make them interesting
tools is the free flow through air or vacuum, which permits
unobstructed optical access to a liquid and thus enables a wide
range of spectroscopic detections that are incompatible with
many solid container materials. Recent applications include X-
ray photoelectron spectroscopy,1,6−14 evaporation dynam-
ics,15−21 attosecond-pulse generation,22,23 and liquid−gas
scattering.24,24,25 The most common implementation is a
single cylindrical jet, obtained by forcing a liquid at a pressure
of a few bars through a 10−50 μm-diameter nozzle, which
results in a laminar jet with a flow velocity of tens of m/s.
Many experiments demand a planar surface in order to avoid

unwanted averaging over effects resulting from the angle-
dependent surface normal.24,26 Different arrangements exist to
produce laminar-flow planar surfaces,27,28 among which a
widely used setup is the crossing and impinging of two
cylindrical jets.29 For a large enough Reynolds number, this
produces a chain of few-micron-thin leaf-shaped sheets, each
bound by a relatively thick fluid rim and stabilized by an
interplay of surface tension and fluid inertia. More specifically,
at the crossing point of the two cylindrical jets, the aqueous
solution is pushed outwards, continuing to move in an overall
forward direction. However, this outward motion is counter-
acted by the solutions’ surface tension, such that after some
distance the outer boundaries of this structure merge. The
resulting flow leads to a fluid chain of mutually orthogonal,
thin, linked, and stable leaf-shaped sheets bound by relatively

thick fluid rims, each providing a planar water surface.30

Individual links in the chain decrease successively in size until
the chain coalesces into a cylindrical stream through the action
of viscosity. Whether or not stable sheets can be generated, or
sheets rather destabilize, break, or disintegrates into a spray of
droplets is governed by surface tension, viscous, inertial, and
aerodynamic forces.31 Consecutive sheet planes are perpen-
dicular to each other. The stability and geometry of this
structure are governed by solution properties such as surface
tension and viscosity and by controlled parameters such as the
flow rate and jet diameter.29,31 An important question about
such objects is whether the first leaf of the chain contains a
turbulent mixture of the fluids from the two jets or if these flow
alongside each other, yet we are not aware of any experimental
study addressing this question. Indeed, the second option
implies that a well-defined liquid−liquid interface is generated,
which is of great interest in the case of two different solvents
but also for identical solvents of different compositions.
Previous studies have shown that in microfluidic devices, it is
possible to prepare well-defined interfaces between miscible
and immiscible fluids by keeping the liquid flow laminar, and
these devices have been used in studies targeting structural and
dynamical aspects of interfaces.32,33 In contrast to free-flowing
flat-jets, microfluidics inherently require a container material
which, on the one hand, imposes limitations on the systems in
terms of flow dynamics, because friction on the walls leads to
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modified flow patterns, and on the available spectroscopic
tools, on the other hand, because the container material itself
absorbs electromagnetic radiation in ranges that may be critical
for the system under investigation.
We here demonstrate that impinging, but free-flowing, jets

do produce a leaf structure, where the fluids flow alongside
each other in the first leaf and thus represent a tool to gain
access to the liquid−liquid interface of miscible fluids. This
finding demonstrates an important aspect of free-flowing
microjets, which makes them a powerful borderless alternative
to microfluidics and opens the door toward the investigation of
chemical reactions and in-vacuum studies at liquid−liquid
interfaces, with the option of using extreme ultraviolet and X-
ray radiation that is only limited by the absorption spectrum of
the solvent itself. Species in either solution diffuse across the
interface while flowing downstream, thereby creating a steady-
state system with an increasingly overlapping region, where
chemical reactions can take place. Based on this, here, we also
demonstrate a technique for chemical kinetics studies under
completely controlled conditions, which explicitly avoids the
necessity for rapid mixing and benefits from the free-flowing
jets that are not perturbed by friction on container walls.34 By
combining two jets with different reactants and applying a
suitable spectroscopic detection scheme, the flow axis of the jet
represents the time to see and image directly the progress of
the reaction. Typical leaf surface dimensions are 1.5 mm × 0.5
mm with flow velocities of a few 10 m/s corresponding to a
flow time through the first leaf of around 50−100 μs, thus
covering a time scale for chemical kinetics that currently is
difficult to access by other methods. Indeed, conventional
stopped-flow techniques are best suited for studies on time
scales around a millisecond, while laser-induced techniques
work best on faster time scales.
The present experiment detects photons from a chem-

iluminescence (CL) reaction, allowing at the same time the
proof for the controlled formation of the liquid−liquid
interface and the imaging of the chemical reaction kinetics.
Our sample reaction is the oxidation of 5-amino-2,3-dihydro-
1,4-phthalazinedione, known as luminol, which is oxidized by
H2O2 in the presence of a transition metal ion.35,36 The
reaction product is an electronically excited state of
deprotonated 3-aminophthalic acid (AP*), which relaxes to
the electronic ground state by emitting a blue photon.37−39

This reaction is thus well suited for the main purpose of the
present study, fulfilling the requirements of being straight-
forward to prepare, sufficiently fast to be observed here, and
detectable with a common camera setup.

Injecting the principal reactants through individual jets
yields a liquid flat-jet that luminesces exclusively where the
liquids mix. Figure 1 is the resulting photograph of the glowing
flat-jet, where the cylindrical jets enter from the left and flow to
the right. Such an image provides a direct visualization of the
dynamics in the flat-jet: from the intensity distribution of the
emitted light, we can immediately conclude that there is no
turbulent mixing in the flat region of the first leaf and infer
information on the kinetics. Complete mixing of the solutions
leads to a uniform blue glow as it is observed in rims and
onward from the second leaf. However, the first leaf displays a
gradual increase of the luminescence, indicative of diffusion
across the well-defined interface and determined by the relative
rates of diffusion, chemical reaction kinetics, and luminescence.
The luminol−H2O2 reaction has been found to be sufficiently
fast to yield diffusion-limited reaction kinetics in the present
setup. Our imaging setup allows for a time resolution of around
2 μs, and as shown in the Supporting Information, on this time
scale the reaction takes place instantaneously. This system is
thus ideally suited for spatial mapping of solution mixing and
the demonstration of the feasibility of reaction kinetics
measurements.

■ EXPERIMENTAL SECTION
In the present experiment, described in detail in the Supporting
Information, we generate the flat-jet by colliding two liquid jets in
atmosphere, one containing an aqueous H2O2 solution, and the other
containing luminol and copper ions. More details on the experimental
setup, and a computer rendering of the mounted capillaries, are
provided in Figure SI-2 of the Supporting Information

A photograph of a typical flat-jet, but with no chemical reaction,
used in the present experiments is shown in Figure 2A. Rims and
turnover point to the second leaf are clearly visible. Color structures
on the leaf surface are optical interferences resulting from the sample
illumination. Figure 2B shows a cross section of the flat-jet in the
plane of the two original jets, sketching the merged structure formed
by the two flat-jets of solutions #1 and #2, joined by the interface.
Here, the two cylindrical jets are represented by the two arrows
crossing at angle α. The downstream increase of the interfacial layer
thickness, indicated as the dark blue area, results from diffusion of
species across the boundary (see the Supporting Information for
calculations of the resulting concentration distributions).

■ RESULTS AND DISCUSSION
Figure 3A shows a false-color plot of the CL intensity in the y
− z plane, from the first leaf in Figure 1, with the camera
oriented along the x-axis (see Figure 2B). Two 50 μm jets
enter from the left, in the x − z plane. The first leaf in this
arrangement has dimensions of l = 1.5 mm and w = 0.3 mm,

Figure 1. Photograph of a water flat-jet glowing blue as a result of chemiluminescence.
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respectively, and a flow speed of 23 m/s. They are not visible
because no luminescence is emitted from the individual
reactant jets, which impinge at around z = −100 ± 100 pixels
and y = 0 ± 50 pixels. Calibration of the pixel scale and
conversion to the μm scale at the top is obtained using the
known cylindrical-jet diameter in Figure 2A. The flat-jet origin
is defined as the point where a laminar flat-jet forms and CL

starts to be observable. CL intensity at negative z values and in
the rims mirrors the turbulences in those regions. Here, the
observed relative signal increase along the flow is due to the
fact that for small z-values, less liquid accumulates in the rims.
Mixing in this region is likely by turbulences but possibly also
involving complex surface migrations. In contrast, in the flat
region only a slight intensity increase, starting at zero
luminescence, is observed along the flow direction. The
specific form of this increase is defined by the overall dynamics
of the process and is used to extract information on the rates of
the involved processes. The CL intensity as a function of the
downstream coordinate (along the z-axis at y = 0; dashed line
in Figure 3A) is shown in Figure 3B. Results are plotted for
four different solutions with luminol concentrations of 6 g/L
(grey), 4 g/L (red), 2 g/L (blue), and 1 g/L (green),
respectively (all other reactants in this solution are scaled
accordingly). These graphs, along with Figures 1 and 3A,
reveal the following: (1) all leaves except the first one exhibit
uniform CL intensity of similar magnitude in the flat parts and
in the rims, indicating complete mixing of the two liquids. (2)
The CL intensity observed at z < 0 first decreases to zero
before gradually increasing. (3) The CL intensity in the first
leaf increases toward positive z, supporting the assumption of
reagent diffusion across the interface. Point 2 is an important
confirmation that the CL reaction, including the final
luminescence step, proceeds fast on the time scale in
comparison with flow speed, diffusion, and reaction kinetics,
and that at the origin a purely laminar flow is established (also
see the Supporting Information). We note that the
luminescence lifetime of AP* is not known precisely, and a
measurement through, for example, excitation with a short
laser pulse and monitoring of the luminescence would be of
high interest. However, such a study is beyond the scope of the
present work.
The overall kinetics are assessed by theoretically reproducing

the measured CL profiles of Figure 3B, using a simple kinetics
model that includes the diffusion, the principal reaction steps
(detailed in the Supporting Information), and luminescence.
The photon flux Φ from CL results from the decay of AP*

k tAP ( )PΦ = [ *] (1)

where kP is the rate coefficient for CL and [AP*](t) is the
time-dependent product concentration. AP* is formed in a
series of chemical reactions outlined in the Supporting
Information.35,38,40−42 The rate of this process can be written
as a function of the limiting reactant concentrations

t kd AP /d H O LHR 2 2[ *] = [ ][ ]−
(2)

where kR is a collective rate coefficient for the chemical
reaction sequence that incorporates the various steps leading to
AP*. The required high pH of the luminol solution indicates
that it is present exclusively in the deprotonated form LH−,
conditions that have been found to be favorable for the
reaction.43,44

Applying the coordinate system introduced in Figures 2 and
3A, the relevant spatial dimensions thus are both the z-axis
(which translates into a time axis, t) and the x-coordinate
perpendicular to the leaf surface, which is the principal
direction of diffusion and hence mixing of the reactants. The
concentration distribution c(x, t) is derived from the initial
concentrations, c0, using Fick’s law.

45 In the model of the two-
solution flat-jet, the initial concentration distributions, c(x = 0,
t = 0), are step-functions, where the concentration of either

Figure 2. Experimental arrangement to generate the flat-jet. Two
cylindrical liquid microjets, operated by separate HPLC pumps, are
crossed at an angle of α = 48°. One contains a luminol solution and
Cu2+ ions, the second an aqueous H2O2. (A) View at the face of the
first leaf. The plane spanned by the two cylindrical jets is vertical to
the leaf plane. This image was taken with pure water and no chemical
reaction. (B) Sketch showing the geometry used for CL detection and
a cross section of the first leaf. A CCD camera faces the leaf surface
and collects the CL.

Figure 3. (A) False-color image of the measured CL intensity within
the first leaf of the flat-jet (blue is high intensity; red is zero intensity).
(B) CL signal intensity along the z-direction at y = 0, indicated by the
dashed horizontal line in A, for luminol concentrations of 6 g/L
(black line), 4 g/L (red line), 2 g/L (blue line), and 1 g/L (green
line), respectively. Thick solid lines are numerical results. Inset:
calculated results for cases with extreme (red and green) ratios and
the results found here (black) between reaction and diffusion rates.
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reactant is c0 on its original side and zero elsewhere. As time
progresses, the diffusion-determined profile for each species i is
described by an error-function Γ
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(3)

where Di is the diffusion coefficient for species i and t is the
time, which is defined by the flow velocity v and the position
along the jet propagation as t = z/v. As the reaction progresses,
the reactants are consumed, and this is taken into account
globally by adjusting c0,i for both species after each time step by
the amount of products that have been formed. Through this
approximation, we explicitly take into account minor changes
of both reactant concentrations and assume that the reaction
happens uniformly across the entire interface.
In a second step, the concentration profiles from eq 3,

expressed as a function of z, are convolved with each other and
fed into eq 2, thus incorporating diffusion into the kinetic
model. This yields the final profile for [AP*] along the z axis,
and eq 1 is then used to calculate the CL intensity

z v
k k z

AP 1
AP ( )P R

Δ[ *]
Δ

= [− [ *] + Ω ]
(4)

here, Ω(z) is the integral along z of the convoluted
concentration profiles along x, and it thus accounts for the
widening of the interface downstream in the jet (see the
Supporting Information). The terms in brackets are the rate of
decrease of [AP*] due to CL, in accordance with eq 1, and of
increase due to the chemical reaction, eq 2.
The resulting expression is then numerically integrated to

yield synthetic luminescence traces along the jet axis, and rate
coefficients are fitted to reproduce the experimental results
from Figure 3B, as is shown by thick solid lines in the same
graph. In the current proof-of-principle study, we are not able
to extract absolute rate coefficients because some of the rates
are correlated and because in this case a calibration of the
luminescence measurement was not attempted. Here, we
present a simplified analysis that reproduces the shape of the
traces that depends on the relative magnitudes of the rates of
diffusion, luminescence, and chemical kinetics. In the
Supporting Information, we elaborate on a procedure that
will enable a quantitative analysis for future experiments, where
a calibration will be included.
From the results in Figure 3B, we extract the following: the

interplay and relative magnitudes of diffusion, reaction kinetics,
and fluorescence rates determine the overall magnitude of the
CL signal but in particular also the profile of the intensity along
the z axis. The global shape of the curve is an asymmetric
sigmoidal evolution, and depending on the relative magnitudes
of the different rates, we probe different parts of that curve, as
shown in the inset of Figure 3B. The curve starts with a
positive curvature, which is emphasized in the red curve, where
we artificially reduced the diffusion coefficients. It converges,
showing a negative curvature, on a threshold, as is clearly seen
in the green curve, where we artificially slowed down the
luminescence. The intermediate regime, shown in black,
provides a near-linear evolution as is also observed
experimentally. Interestingly, the reaction rate coefficient itself
merely leads to an overall scaling of the signal but without
affecting the shape, thus underlining that for a qualitative
understanding, calibrated measurements seem unimportant:
even without it, the shape of the curve reveals principal aspects

of the dominating kinetics. The curvature also does not depend
on the concentrations, and nearly identical results to those
shown in Figure 3 are obtained by linearly scaling a single
calculation with concentration.

■ CONCLUSIONS
A free-flowing liquid flat-jet has been produced from two
different solutions to form a controlled liquid−liquid interface
with uninhibited optical access from both sides. Using the CL
reaction of luminol-oxidation by H2O2, we created a marker for
the temporal evolution of the mixing in the interfacial layer. By
measuring the CL intensity distribution from the surface of the
first leaf, we demonstrate that the individual cylindrical jets
merge into a laminar regime, and mixing between the two
solutions within this leaf happens solely due to diffusion. We
further show that the obtained CL image reveals reaction
kinetics on the sub-ms timescale. We observe a linear
dependence of CL on reactant concentrations, indicative of
first order kinetics in the rate-limiting substances. By modeling
the experimental data theoretically, and by including diffusion,
chemical kinetics, and luminescence, we were able to
qualitatively replicate the quasilinear increase of the CL
intensities measured experimentally as well as to quantitatively
reproduce the concentration dependence.
This study demonstrates the potential buried in the free-

flowing flat-jet technology for the investigation of liquid−liquid
interfaces and interfacial chemical reactions for identical
solvents. The flat-jet represents a steady-state system, wherein
the time axis is transformed into a spatial coordinate, and
imaging provides direct access to time-dependent phenomena.
In contrast to otherwise equivalent experiments using micro-
fluidics, free-flowing jets are not limited by the presence of
containers. These affect the flow dynamics and impose
restrictions on the range of wavelengths applicable to
spectroscopic studies. Investigations of liquid−liquid interfaces
using free-flowing fluids on the other hand can be extended to
X-ray spectroscopies on vacuum flat-jets to access electronic
structure, exploiting the unique element specificity and
sensitivity to chemical environment of these techniques, and
the controlled preparation of interfaces now offers possibilities
for the study of, for example, transfer processes, chemical
dynamics, or catalysis.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c01232.

Details of the target reaction, experimental setup,
luminescence lifetime, as well as additional information
on the calculation of concentration gradients and
kinetics, and an alternative mathematical approach to
fit the experimental results to extract quantitative
information (PDF)
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