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ABSTRACT: Chemical reactions and biological processes are
frequently governed by the structure and dynamics of the interface
between two liquid phases, but these interfaces are often difficult to
study due to the relative abundance of the bulk liquids. Here, we
demonstrate a method for generating multilayer thin film stacks of
liquids, which we call liquid heterostructures. These free-flowing
layered liquid sheets are produced with a microfluidic nozzle that
impinges two converging jets of one liquid onto opposite sides of a
third jet of another liquid. The resulting sheet consists of two layers
of the first liquid enveloping an inner layer of the second liquid.
Infrared microscopy, white light reflectivity, and imaging ellipsom- Int. Water
etry measurements demonstrate that the buried liquid layer has a
tunable thickness and displays well-defined liquid—liquid interfaces
and that this inner layer can be only tens of nanometers thick. The demonstrated multilayer liquid sheets minimize the amount of
bulk liquid relative to their buried interfaces, which makes them ideal targets for spectroscopy and scattering experiments.
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Liquid—liquid interfaces are of key importance to biology,
chemistry, and engineering. These interfaces can be the sites of
reactions,’' adsorption,2 self—assembly,3 and chemical or
electron transfer.* Despite its significance, the liquid—liquid
interface and its vicinity remains difficult to study as the
interface contains far fewer molecules than the bulk in typical
systems. This asymmetry makes isolating spectroscopic or
scattering signals from the interface challenging, and has
inspired many surface-specific or surface-enhanced spectros-
copies.”® The liquid—liquid interface could be better examined
by minimizing the amount of liquid not comprising the
interface, effectively minimizing the bulk signal, which could
enable the investigation of interfaces with non-specialized
techniques.

Toward the goal of generating efficient targets for liquid—
liquid interface studies, the present work demonstrates the
generation of liquid heterostructures: liquid sheet jets
comprising thin, discrete layers of different liquids. Micro-
fluidic liquid jets, and, in particular, sheet jets,7_13 have been
rapidly gaining popularity for liquid-phase spectroscopic
experiments. These liquid sheet jets are flat, vacuum-stable,
fast-flowing, free-standing laminar liquid structures that can
have sub-micron thicknesses. Additionally, the sheets are
rapidly self-refreshing, thus avoiding accumulated sample or
container damage from high-intensity or ionizing radiation.
These qualities have led to their adoption for extreme
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harmonic generation and high-intensity laser targets.
Conventional microfluidics studies have also demonstrated
that well-defined liquid—liquid interfaces can form between
immiscible fluids in laminar flow,'””° suggesting that liquid
sheet jets may provide a general platform for studying liquid—
liquid interfaces.

The liquid heterostructures demonstrated here were
produced by impinging a cylindrical liquid jet with two
flanking cylindrical jets of a second, immiscible liquid. This
flow occurs inside a three-channel microfluidic nozzle, with the
three microfluidic channels intersecting at the nozzle exit.
When liquid flows through the outer channels at sufficiently
high flow rates, Q,,, the collision of the jets generates a leaf-
shaped liquid sheet bounded by a thicker, cylindrical rim. The
sheet is orthogonal to the plane of the original colliding jets
(illustrated in Figure 1) as the momentum of the colliding jets
drives the liquid radially outward from the collision point.”" ~**
Surface tension gradually brings the cylindrical rims back
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Figure 1. (A) Schematic cross-sectional diagram of the microfluidic
nozzle and liquid heterostructure sheet jet. The three cylindrical jets
(in the XY plane) meet at the end of the nozzle, where the
hydrodynamic forces from the impinging outer jets (orange) generate
a sheet in the XZ plane. The inner jet of an immiscible fluid (cyan) is
flattened into a discrete layer within the sheet. The cyan rim of the
sheet is thinly coated by the outer orange fluid but is highlighted cyan
for clarity. (B) Side view of the sheet, illustrating the geometry of the
microfluidic nozzle. (C) Top view of the sheet indicating r: the
distance from the collision point at the nozzle exit along the sheet’s
centerline.

together to form the node at the downstream end of the sheet.
The inner jet of the second liquid is flattened into a thin layer
by the same hydrodynamic forces that generate the outer sheet
while also being completely enveloped in the outer sheet. This
process is analogous to the generation of a gas-accelerated
liquid sheet jet from a cylindrical jet using the same type of
microfluidic nozzle,"" except with a second liquid replacing the
pressurized gas.

The produced heterostructure dimensions were found to
depend on flow rates and liquid properties. The thicknesses of
the liquid layers were measured with Fourier transform
infrared (FTIR) microscopy, which provides spatially resolved
absorption spectra that can be used to determine the total
quantity of each liquid at each point in the sheet. The inner
layer thickness was found to be tunable from >1 um to <100
nm by adjusting relative flow rates and followed similar scaling
relations as the outer layers. The existence of distinct buried
interfaces within the liquid sheet was then confirmed using
reflectivity and imaging ellipsometry measurements. The
buried interfaces provide additional surfaces for incident light

to reflect from and thus generate thin film interference effects.
As the sheet layers vary in thickness with the distance from the
nozzle, the additional reflections manifest as intensity
modulations in the sheet’s thin film interference pattern. The
reflection intensity modulations result in corresponding phase
and polarization modulation in the ellipsometry measurements.
These measurements were compared to the predicted
ellipsometric observables and white light reflection from an
ideal heterostructure with layer thicknesses determined from
FTIR measurements and showed excellent agreement. The
results indicate that the buried interfaces are sufficiently sharp
and smooth to produce coherent optical reflections, indicating
a high-quality liquid heterostructure.

B EXPERIMENTAL MATERIALS AND METHODS

Microfluidic Chip and Sheet Jet Operation. The microfluidic
sheet nozzle was a custom design (shown in the Supporting
Information) manufactured by Micronit Microtechnologies BV
using standard lithographic techniques. The geometry of the chip
can be seen in Figure 1. The chip nozzles used for this study had outer
channels (R, = 20 um), which meet an inner channel (R,, = 10 ym)
at +40°. The three channels meet at a distance of 25 ym from the exit
of the nozzle, where the liquid jets collide. These convergent flows in
the lithographically defined channels produce similar flows to
colliding jets in air.

Liquids were supplied to the microfluidic chip channels using two
HPLC pumps (Shimadzu) connected to pulsation dampeners. The
pulsation dampeners were homebuilt and consisted of ~1 mL of steel
tubing held vertically and connected by a tee joint to the HPLC
output. The dampener traps an air bubble, which serves as a spring to
dampen any pressure fluctuations. The outer channels were supplied
with one liquid at a combined flow rate, Q,,;, ranging from 1.5 to 2.0
mL/min, while the inner channel was supplied a second liquid at a
flow rate, Q,,, ranging up to 600 xL/min. The immiscible liquid pairs
of water (Wat)/toluene (Tol) and water/cyclohexane (Cy) were
chosen for the relatively high indices of refraction of toluene and
cyclohexane™ in visible wavelengths in comparison to water,”® which
enables the reflectometry and ellipsometry experiments discussed
below.

FTIR Spectromicroscopy. The liquid heterostructures were
imaged at beamline 2.4 at the Advanced Light Source using an
Agilent Cary 620 FTIR microscope working at S.5 um spatial
resolution. The FTIR microscope fitted with a 15X all-reflective
objective (NA = 0.62) and a 128 X 128 MCT pixel-array detector.
For these measurements, a globar source and KBr beamsplitter were
employed. The FTIR spectrometer and microscope were purged with
nitrogen, except for the space between the objectives. The liquid
sheets were operated in air in a custom sample cell with 1 mm-thick
CaF, windows connected to a 1/4” vacuum drain hose. For some
fluids and flow rates, the sheets were found to be thick enough at
points to produce noticeable thin film interference at infrared
wavelengths (2.5—10 um), which produced an oscillatory spectral
background. This background was modeled and subtracted using the
transfer matrix method (see the Supporting Information).””**

The IR absorption spectra could be used to determine the layer
thicknesses in the heterostructure through a straightforward
application of Beer’s law:

A(w) = e(w)d (1)

where A is the absorption at frequency @, € is the molar absorptivity
of the relevant species at that frequency, c is the concentration of the
species, and [ is the optical path length. As the liquid combinations
used are essentially insoluble (with saturated solutions at room
temperature of <0.1% w/w for all cases), the concentrations are
effectively the same as for neat solvents (55.5 M for water, 9.4 M for
toluene, and 9.3 M for cyclohexane). With knowledge of the relevant
molar absorptivities, the layer thicknesses of a given heterostructure
can be readily determined from the measured absorbances. For this
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work, the integrated intensities of the absorbance peaks were
considered to improve the signal-to-noise ratio.

Microscopy and Imaging Ellipsometry. The reflection
microscopy images were taken with a color CMOS camera (Motic,
Moticam 2.0) through a 10X long working distance objective (NA
0.28). White light images used white LEDs (Thorlabs LIUCWHA) at
a 15° angle of incidence for illumination. Monochromatic reflection
microscopy used a 630 nm LED bank source (Thorlabs LIU630A) at
indicated angles of incidence. The nozzle was aligned to flow vertically
downward for all measurements. The liquid sheet was rotated along
its long axis («x in Figure 1) until a specular reflection was observed.

Ellipsometry has been widely employed in the characterization of
thin films.>” The technique leverages differences in the reflectivity of
different polarizations of light to gain information on the thickness,
roughness, and dielectric properties of thin films. The ellipsometry
technique measures the complex reflectance ratio p = r,/r,, where r,
and r, are the complex-valued reflectivities of p-polarized (in plane of
incidence) and s-polarized (perpendicular to plane of incidence) light.
This quantity is typically expressed in terms of two ellipsometric
angles as

p = exp(iA)tan ¥ (2)

where A is the phase difference between the reflected polarization
components and W relates to the ratio of the s and p reflection
amplitudes. Both measured ellipsometric angles are dependent upon
the angle of incidence (AOI), 6, of the light source. As p is a ratio of
reflectivities, the ellipsometric measurements do not require the
careful intensity normalizations that are required for quantitative
reflectometry measurements. By combining ellipsometric methods
with microscopy, it is possible to examine variations in the
ellipsometric angles A and ¥ across a surface.””*' We employed a
homebuilt angle-resolved polarization-modulation imaging ellipsom-
eter based on a literature design,31 which is detailed further in the
Supporting Information.

The ellipsometer used the same CMOS camera and 10X long
working distance objective (NA 0.28). The 630 nm LED bank source
generates light that passes through a linear polarizer set at 45°. The
linearly polarized light reflects off the sheet with a different amplitude
and phase for the reflected s and p components, depending on the
angle of incidence and composition of the sheet. The reflection passes
through the objective and through a quarter-wave plate on a
motorized rotation stage followed by a linear polarizer set at 90°.
By collecting images of the sheet at five quarter-wave plate angles, it is
possible to determine both ellipsometric angles at each point of the
sheet in the focal plane (see the Supporting Information).

B RESULTS

Generating the Liquid Heterostructures. The liquid
heterostructures were generated with the same borosilicate
microfluidic chip nozzles that have been previously reported to
generate ultrathin gas-accelerated liquid sheets.'' The micro-
fluidic chip is shown schematically in Figure 1 and described in
the Experimental Materials and Methods section. The sheet
morphology as a function of flow rate was monitored with
white light microscopy (see the Experimental Materials and
Methods section). For the reflection of white light from thin
films, layers of different thicknesses will produce different
colored bands due to the constructive or destructive
interference at various wavelengths, as discussed in the
following sections.

When flow is provided only to the two outer channels, this
microfluidic chip forms a single-liquid sheet from the collision
of two cylindrical jets (e.g., Figure 2, top). As the collision
causes the liquid to expand radially outward at roughly
constant velocity, the liquid sheet thickness, h,,, created by the
collision of two cgrlindrical jets can be shown to have the
approximate form:~' >

Qin (“-L/mm)
0

Figure 2. Unstable to stable transition for Tol/Wat/Tol hetero-
structures (Q,,, = 1750 uL/min). A pure toluene sheet is shown at the
top, and a stable Tol/Wat/Tol heterostructure is shown at the
bottom. Intermediate inner liquid flow rates produce unstable
structures. The sheets in the “Disintegrating” region transition from
stable to unstable midway through the sheet, possibly creating an
emulsion within the sheet. Analogous images for Cy/Wat/Cy
heterostructures can be found in the Supporting Information.

2
h — aoutRnut

out r 3)

Here, R, is the radius of the cylindrical jets (R,,, = 20 ym for

this nozzle), r is the distance from the collision point (i.e.,
distance from the nozzle exit for this geometry), and a,,, is a
scaling factor, which depends on the specific geometry of the
nozzle. For this work, we will only consider the sheet
centerline, so r will always be parallel to the x axis (Figure
1C). Significantly, this thickness depends only weakly on the
velocity of the jets (or equivalently, the liquid flow rate) and is
primarily dependent on the nozzle design. Increasing the outer
channel liquid flow rate, Q,,, increases the total surface area of
the liquid sheet and can enable access to larger r and thus
smaller h,,. Similarly, it was found that liquids with lower air—
liquid interfacial tensions (cyclohexane < toluene < water)>>*>

produced larger area sheets with access to smaller ,,, for the
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same flow rate, but the scaling factor a,, appears to be
unchanged.

To produce the liquid heterostructure, a second, immiscible
fluid was introduced through the inner channel at a flow rate
Qi Two intermediate flow regimes are apparent before the
formation of the stable layered liquid structures. If Q,, is below
the flow rate, which would produce a stable jet in the absence
of the outer fluids (i.e., the nozzle would be periodically
dripping, Q;, < 150 yL/min for this nozzle), then the resulting
sheet was found to appear unstable, where the sheet would
reflect diffuse white light instead of specular reflections typical
of the stable sheets. As the inner flow rate increased, a more
stable structure would form, but the sheets would also contain
complicated spanwise wave patterns. These states are shown in
Figure 2 for Tol/Wat/Tol heterostructures, in the section
labeled “Spanwise Waves.”

Just above the flow rate necessary for a stable jet (Q,, ~ 150
uL/min), a well-formed sheet structure could be produced.
However, at some distance from the nozzle, there would be a
sudden shift from specular reflection to diffuse white reflection.
The front of the stable—unstable transition in the sheet moved
further from the nozzle as Q,, increases (Figure 2,
“Disintegrating”). This process could be analogous to the
atomization process, which occurs when a liquid sheet from
impinging liquid jets disintegrates at high flow rates into
aerosolized droplets.””** A similar behavior was seen in the
gas-accelerated liquid sheets at very high gas flow rates as
well.'! As the outer sheet structure is not completely disrupted,
it appears that the inner liquid is still confined to the sheet
structure. These structures may then allow for the generation
of emulsions in liquid sheets, but they were not examined in
detail for this work.

At sufficiently high inner flow rates, stable liquid sheets are
formed. Representative stable Tol/Wat/Tol and Cy/Wat/Cy
heterostructures are shown in Figure 3, with fixed outer fluid
flow rate (Q,,,) and inner fluid flow rate (Q,,) increasing from
left to right. Two visually distinct morphologies of immiscible
liquid heterostructures can be identified. For structures
wherein the interfacial tension between the inner and outer
fluids is smaller than that between the outer fluid and air, we
find that the rims of the two sheets appear to have a similar
shape and overlap. That is, the multiliquid sheet will appear as
a single sheet structure composed of fully overlapping layers, as
can be seen for most of the Tol/Wat/Tol structures (Figure 3,
top row) or for sheets generated with water as the outer liquid
(see the Supporting Information).

On the other hand, when the interfacial tension between the
two fluids significantly exceeds the interfacial tension of the
outer fluid with air, then the rims of the inner sheet are not
constrained by the rims of the naturally larger outer sheet and
will be laterally separated. In this morphology, the inner sheet
appears as a smaller sheet with rims fully contained by the
larger outer sheet. For the immiscible pairs considered here,
this latter case is the most obvious with cyclohexane as the
outer fluid and water as the inner fluid (Cy/Wat/Cy
heterostructures, Figure 3 bottom) as the interfacial tension
of water with cyclohexane (~50 mN/m)* is twice that of
cyclohexane with air (~25 mN/m).* In some cases, multiple
leaf-shaped sheet structures are apparent for the center stream,
with a second, shorter sheet structure (orthogonal to the first)
and then a third sheet (parallel to the first) visible at the
highest water flow rate in the Cy/Wat/Cy sheets in Figure 3.
At low Q,, the primary inner sheet is observably off-center

Tol/Wat/Tol

3

Q, 300 450 600 X

(uL/
min) ' 9

Cy/Wat/Cy
Q, 200 350
(uL/

N

Figure 3. White light images of liquid heterostructure sheets. Shown
here are Tol/Wat/Tol (top) and Cy/Wat/Cy (bottom) sheets with
an outer flow rate of Q,,, = 1750 uL/min and a range of inner flow
rates, Q;,. The sheets display a range of morphologies and thin film
interference patterns depending on the flow rate and fluid properties
but are all topologically identical to the schematic diagram shown in
Figure 1. Additional images can be seen in the Supporting
Information.

compared to the outer sheet (Figure 3, bottom left). This
asymmetry may be driven by the interfacial tension of the
outer sheet as an off-center inner sheet can then have a rim
adjacent to the outer sheet’s rim. At high Q,, the higher inertia
of the inner liquid appears to overcome this effect.

Perhaps the most striking result of this work is that in both
of these morphologies, the topology of the liquid hetero-
structure is the same, with the inner fluid always fully
contained by the outer fluid, even in cases wherein multiple
inner sheets are formed. Per examination with FTIR
microscopy (described in the following section), the outer
fluid is always observed to coat the entire inner structure, with
fully laterally phase-separated structures never observed.
Analogous morphologies are apparent in the secondary,
downstream sheet as well (see the Supporting Information),
although they appear to reflect diffusely (as in the
“Disintegrating” sheets in Figure 2).

We note that it is also possible to use pairs of miscible
liquids with this nozzle geometry. Due to the small length
scales involved in the liquid sheets, this configuration provides
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for fast diffusive mixing between two liquids or solutions and
allows for the monitoring of, e.g., fast chemical kinetics.>>*” A
full description of this capability will be discussed in a future
publication. Similarly, interfacial kinetics could be examined
across the immiscible liquid—liquid interfaces, as has been
previously examined for the liquid—vapor interfaces in liquid
micro]'ets.38’39

FTIR Spectromicroscopy. Absorption measurements
provide a direct measurement of the amount of material in a
given optical path length, which can then be used to determine
the thickness of layers comprising a liquid heterostructure.
While the common solvents discussed in this work (water,
toluene, and cyclohexane) absorb negligibly in the visible
spectrum, they have much stronger, spectrally well-separated
vibrational transitions in the infrared (IR).***' FTIR
microscopy (see the Experimental Materials and Methods
section) was then used to examine the spatial distribution of
the solvents in the liquid heterostructures.

This method was used to study the composition of the
complex morphologies that occur when the interfacial tension
between the inner and outer fluids exceeds that between the
outer fluid and air. In these cases, the inner layer generally
cannot fill the full surface area of the sheet. Looking at the
sheet formed by a Cy/Wat/Cy heterostructure, the spatial
distribution of the component liquids was determined from the
intensity of their characteristic vibrational modes. Figure 4A
shows a false-color image of the heterostructure, with red
indicating the intensity of a cyclohexane HCH bending mode™**
(~1450 cm™") and cyan indicating the intensity of the water
OH stretch® (~3400 cm™). Spectra taken at two points

0.3 mL/min Water

=
o
T

Absorbance (OD) w
o

N

1500 2000 2500 3000 3500
Frequency (cm™)

o
o
T

Figure 4. (A) White light image (top) and false-color IR microscopy
image (bottom) of a Cy/Wat/Cy heterostructure. (Flow rates: Q,,; =
1500 pL/min; Q;, = 300 uL/min). Red indicates the intensity of a
cyclohexane (1450 cm™" IR mode), and blue indicates the intensity of
water (3400 cm™" IR mode) in the false color image. Cyclohexane is
found throughout the sheet, but water is localized to the smaller
interior sheet. (B) Sample FTIR spectra at the points indicated in (A).
The sharp cyclohexane peaks are apparent in both, but the broad
water peak at 3400 cm™" is only visible in the interior sheet.

inside and outside the inner layer sheet are shown in Figure
4B. Water is confined entirely to the smaller-area layer, while
cyclohexane is present throughout the entire structure. A
similar result was found for all analogous morphologies
measured for both Cy/Wat/Cy and Tol/Wat/Tol hetero-
structures (see the Supporting Information). This measure-
ment provides evidence that the inner layer sheet is entirely
surrounded by the outer layer, as opposed to being laterally
phase-separated.

The thickness of the inner and outer layers, h;, and h,,,
throughout the sheet was also examined as a function of flow
rates. As the sheet flows away from the nozzle, we expect the
sheet to get thinner (eq 3), resulting in smaller absorption
peaks further from the nozzle (e.g, Figure SA). The measured
absorption intensities could then be converted to thicknesses
using eq 1. Sample thickness curves for different inner fluid
flow rates, Q;, with constant outer fluid flow rates, Q,,, are
shown in Figure SB for Tol/Wat/Tol sheets. The oscillatory
behavior in the data arises from imperfect subtraction of the
thin film interference background (see the Supporting
Information). The absorption measurements show that the
inner layer (blue, green, and violet points) also gets
progressively thinner with the distance from the nozzle and
that the layer thickness at a given distance increases with
increasing Q,,. Furthest from the nozzle and at low Q,, the
inner fluid layer thickness was found to be under 100 nm, with
the smallest measured value being just over 30 nm. This
thickness is comparable to those found for the ultrathin gas-
accelerated sheets produced by the same nozzle.'' The
combined thicknesses of the outer layers (red, yellow, and
brown points) were found to fit reasonably well to the
theoretical model for a colliding sheet (eq 3, red line in Figure
5B), with a value of a,,; = 2.9 + 0.1, and was found to be
identical to the single-fluid colliding sheet value for the nozzle
and essentially independent of both Q;, and Q,,, as is typical
for a colliding sheet.”' ~** In general, h,,, could range from ~10
to ~1.5 ym and h;, from ~2 ym to 30 nm depending on the
position and flow rates.

Notably, the inner sheet thickness, h;, appears to follow
roughly the same scaling relationship as the outer layer (eq 3)
but with a different scaling factor, a;, (ie, h, = a,R,’/r).
Sample lines of best fit to eq 3 are shown in Figure SB. Unlike
the largely invariant behavior of the outer layers, the
corresponding values of a;, for the inner layers have a
dependence on both Q,, and Q,,. In general, g, increases for
an increasing interior flow rate, Q,, and decreases for an
increasing outer flow rate, Q,,,. Plotting the ratio of the inner
and outer fluid thicknesses (h,,/h,,,) against the ratio of the
inner and outer fluid flow rates (Q;,/Q,,;) suggests conserved
behavior across these regimes (Figure SC). Fitting this master
curve to an empirical power law of the form

»

iy - b[&]
hout Qi (4)
gives values of p = 2.94 + 0.17 and b = 14.4 + 3.9 (black line in
Figure SC). However, this relationship does not consider any
fluid properties that affect the sheet morphologies and is likely
incomplete.

Ellipsometry and Reflectometry. While it is clear from
visible and IR microscopy that we can produce stable

multiliquid sheets, it is not immediately evident that these
structures have well-defined buried liquid—liquid interfaces.
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Figure 5. Sample thickness data from FTIR microscopy on the liquid
heterostructures. (A) Baseline-subtracted FTIR spectra of a Tol/Wat/
Tol heterostructure (Q,,; = 1750 uL/min; Q;, = 300 xL/min) at
select distances from the nozzle. As the distance increases, the sheet
layers become thinner, causing the toluene modes (sharp peaks) and
water mode (broad peak at 3400 cm™") to decrease in intensity. (B)
Layer thicknesses in Tol/Wat/Tol heterostructures with Q,,, = 1750
puL/min and a range of Q,. The outer layer thicknesses (h,,; red,
yellow, and brown points) are independent of the flow rates, while the
inner layer thicknesses increase with increasing Q,, (h;,; blue, green,
and violet points). All of the layers reasonably follow an h ~ 1/r
thickness dependence (eq 3, lines). (C) Ratio of inner to outer layer
thicknesses (h;,/h,,;) plotted against the ratio of inner to outer fluid
flow rates (Q,,/Q,.) for the studied heterostructures. Error bars
determined from standard errors from fit to eq 3. The black line is a
fitted power law with exponent p = 2.94 + 0.17.

Imaging ellipsometry and reflectometry were employed to
interrogate these potential buried interfaces by looking for
characteristic optical reflections from them. Generally speak-
ing, if an interface is sharp and flat on the scale of the
wavelength of incident photons, then it will appear as an
abrupt change in the index of refraction, which allows
reflection to occur. If, on the other hand, the interface is
smeared out or modulated, then it will be seen as a smooth
gradient in the index of refraction and suppress reflections like

an antireflective coating.** If the experimental reflection
intensities from a heterostructure match what is predicted for
an ideal layered heterostructure as opposed to a single liquid
layer (illustrated in Figure 6A), then this provides strong
evidence for well-defined buried liquid—liquid interfaces.

As demonstrated by the IR measurements described in the
previous section, the thicknesses of the liquid layers in the
heterostructure vary with the distance from the nozzle. The
changing thickness profile produces variation in the reflection
intensity through thin film interference effects (illustrated in
Figure 6B). For the ideal heterostructure shown in Figure 6
(left), there are three main limiting cases for the total
reflection, depending on the thicknesses of the component
layers. First, all reflections from all four interfaces can fully
destructively interfere to give a dark fringe. Second, the
reflections from the two inner liquid—liquid interfaces can
destructively interfere with each other, in which case the total
reflection is solely made up of the reflections from the outer
liquid—air interfaces. This case of no interference (“N”)
between the inner and outer interfaces is indicated with the
dotted green line in Figure 6B. The “N” line also corresponds
to the reflection intensity for a single fluid sheet without an
inner layer (Figure 6B, right). Finally, the reflections from the
inner fluid interfaces can constructively interfere with each
other and then alternately destructively or constructively
interfere with the outer layer reflections (“D” and “C” regions,
respectively, in Figure 6B, left). In this case, adjacent bright
fringes in the liquid heterostructure will show dramatically
different intensities as the changing layer thicknesses cycle the
inner and outer reflections in and out of phase.

The intensity maxima of alternating fringes can be used to
generate two continuous curves that are 180° out of phase
(Figure 6B, left, red and blue dashed curves), which intersect at
the “no interference” line. The fringes in the constructive and
destructive interference regions have higher and lower
reflectivities than the “N” line, respectively. The blue curve
switches from constructive interference to destructive interfer-
ence where it intersects the red curve at the “N” line, with the
reverse happening for the red curve.

These characteristic thin film interference patterns can be
seen clearly when a heterostructure is imaged using a
monochromatic light (see the Experimental Materials and
Methods section). Figure 6C demonstrates these patterns with
a representative Tol/Wat/Tol heterostructure (Q,, = 1750
uL/min, Q;, = 300 yL/min) in comparison to a pure water
sheet (Q,,; = 1750 yL/min). Far from the nozzle, the bright
fringes in the heterostructure alternate between high and low
intensity due to interference between the liquid—air and
liquid—liquid interfaces (Figure 6C, red and blue arrows). A
similar effect is seen near the nozzle. The presence of these
alternating fringes in the interference pattern requires the
existence of buried liquid—liquid interfaces in the liquid
heterostructure. Between these two regions, in the vicinity of
the red and blue curve intersection point, neighboring bright
fringes can be seen to have a similar intensity (Figure 6C,
green arrow), indicating a region where the inner liquid layer
thickness results in destructive interference between the two
liquid—liquid interface reflections (and thus no interference
with the liquid—air interface reflections). By contrast, the
single liquid sheet has uniform fringe brightness (the diagonal
dark and bright stripes are from surface imperfections, see the
Supporting Information). While the thin film interference
pattern indicates the presence of buried liquid—liquid
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Figure 6. Model of reflection off an ideal liquid heterostructure compared to a single liquid sheet. (A) The reflection intensity depends on thin film
interference between the inner and outer layers. (B) Model calculation of how the reflection of a monochromatic light source varies with the
distance from the nozzle (r) for a heterostructure and single liquid sheet with a 1/r thickness profile. Depending on the thickness of the layers, the
reflections from the liquid—liquid interfaces can either not interfere (N), destructively interfere (D), or constructively interfere (C) with the
liquid—air interface reflections. The peak intensities of alternating bright fringes in the heterostructure can be used to construct two out-of-phase
curves (red and blue dashed lines). The fringes from the single liquid sheet all have their maxima at (N) (green dashed line). (C) Reflection off a
Tol/Wat/Tol heterostructure (Q,,,; = 1750 yL/min; Q;, = 300 uL/min) and a pure water sheet (Q,,, = 1750 #L/min) at a 6 = 30° AOI using a 630
nm LED. The reflected fringe intensities in the heterostructure show the interference effects illustrated in (B), demonstrating reflections from
buried liquid—liquid interfaces. By contrast, the fringes in the pure water sheet are all of equal intensity (diagonal dark and bright stripes are from

surface imperfections).

interfaces, imaging ellipsometry was employed to quantitatively
analyze the reflections from the liquid heterostructures.

Using the imaging ellipsometer (see the Experimental
Materials and Methods section), the ellipsometric angles, ¥
and A, can be mapped across a liquid heterostructure at a
range of AOIs, 6. As was shown in Figure 6C, the intensity of
reflection from the heterostructure is modulated by interfer-
ence between the liquid—liquid and air—liquid interfaces. This
effect produces similar modulations in the ellipsometric
observables. One phenomenon directly indicative of buried
liquid—liquid interfaces can be seen in the phase difference
(A) between the s and p reflection components. A map of A
across the representative Tol/Wat/Tol heterostructure at a
selection of @ can be seen in Figure 7. In general, the liquid
sheets act as near-ideal dielectric layers at 630 nm, where the
total phase shift is 0° for the s polarization and switches from
180° to 0° at Brewster’s angle for the p polarization. However,
the precise value of Brewster’s angle for the heterostructure
depends on the thickness of the inner liquid layer. At angles of
incidence less than Brewster’s angle for both component
liquids, A is 180° across the sheet, and above Brewster’s angle
for both liquids, A is 0° (Figure 7, top and bottom,
respectively). However, between the two liquid Brewster’s
angles, alternating fringes in the sheet will reflect with the
alternating phase (Figure 7, middle). This phase modulation is
an additional striking demonstration of the buried liquid—
liquid interfaces in the liquid heterostructures.

A similar modulation is apparent in the measurement of ¥ at
most @ but is most easily measured at large € wherein both the
C and D bands have high reflectivities (although the large
angle and finite depth of field of the objective distort the edges
of the sheet). In general, the reflection modulation
demonstrated in Figure 6C will be different between the s
and p polarization components, resulting in a modulation of
the reflected polarization angle (corresponding to the
ellipsometric angle tan ¥ = Ir,|/Ir)). A map of ¥ across a
liquid heterostructure (the Tol/Wat/Tol structure examined in
Figure 6C) at a @ = 70° angle of incidence is shown in Figure
8A, where cyan indicates a low value of ¥ and yellow indicates
a high value of W. For most of the heterostructure, the angle of
the reflected polarization alternates between high and low
values as neighboring bands produce alternating constructive
or destructive interference between the outer and inner layers.
This polarization modulation is once again clear evidence of
sharp buried liquid—liquid interfaces within the sheet, which
can be modeled to determine the layer dimensions.

Combining Absorption and Reflection Measure-
ments. A full description of the liquid heterostructure can
now be obtained by combining the reflection and absorbance
measurements. Using the ellipsometry results in Figure 8, layer
thicknesses can be determined if a model structure is adopted
(e.g, Figure 6A). Complementarily, the absorption measure-
ments from the FTIR microscopy provide information on the
total amount of each liquid at every point in the sheet but
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360°

Figure 7. Map of phase difference A between the s and p reflection
components for different angles of incidence, 6, in a Tol/Wat/Tol
heterostructure. (Flow rates: Q,,, = 1750 uL/min; Q;, = 300 uL/
min). If the angle of incidence is less than (top image) or greater than
(bottom image) Brewster’s angle for both component liquids, then A
is uniformly 180 or 0° respectively. Between the two component
liquids’ Brewster’s angles (middle image), A can flip 180° between
adjacent fringes due to interference effects.

cannot be used to distinguish any particular structure. If the
calculated layer thicknesses from the two methods correspond
well with the amount of material in each point, then this
strongly supports the model heterostructure used for the
reflection studies. The thicknesses of the layers were
determined using the fits of the IR data to eq 3 (lines in
Figure SB), with manual fine adjustment to the a parameters to
better align to the observed locations of the bright fringes in
the thin film interference pattern (a,, = 2.99 and a,, = 0.96,
within error of the purely IR determined values of a,,, = 2.9 +
0.1 and a;, = 0.9 + 0.2). For simplicity, it was assumed that the
outer toluene layers were of equal thickness (h,,,/2) based on
the symmetry of the nozzle. ¥ can then be calculated with the
transfer matrix method””** (see the Supporting Information)
for each point in the sheet using these layer thicknesses and the
liquid indices of refraction.

The measurements of ¥ are compared quantitatively with
theory in Figure 8B, where the points are the measured values
at the peaks of the bright fringes, corresponding to the overlaid
dots in Figure 8A. Theoretical calculations for the model
heterostructure using the IR-determined thicknesses are shown
as solid curves in Figure 8B. The changing layer thicknesses
cycle the inner and outer reflections in and out of phase, which
results in fringes with alternating values of . As was seen with
the reflected fringe intensities in Figure 6B, these sets of
alternating fringes can be used to construct two branches,
which are 180° out of phase with each other (Figure 8B, red
and black curves). As in Figure 6B, the curves shown in Figure
8B describe the calculated value of W for fully constructive
interference between the outer liquid—air interface reflections
(ie., interference fringe maxima, see the Supporting
Information), which is then modulated by interference from
the inner layer reflections. This branching behavior is a direct
result of the buried interfaces and is not seen for single-fluid

A
30° =

b 4

25° =

300 600 900
Distance from Nozzle, r (um)

Figure 8. (A) Map of ellipsometric angle ¥ at a = 70° AOI for a
Tol/Wat/Tol heterostructure. (Flow rates: Q,,, = 1750 uL/min; Q,, =
300 uL/min). Constructive (C) and destructive (D) interference
between reflections from the liquid/liquid and liquid/air interfaces
result in alternating fringes of high and low ¥. (B) Comparison of
measured and calculated values of W using the ideal heterostructure
model (points and curves, respectively). ¥ was measured at fringe
intensity maxima to get the best signal to noise (points indicated in
(A)). Fringes are split into alternating pairs (red and black)
corresponding to a 180° phase shift between the inner and outer
reflections (analogous to the red and blue curves in Figure 6B).
Calculated values were derived from the liquid layer thicknesses
measured by IR (Figure SB) using the ideal heterostructure model
(Figure 6). Measured values are within error of the calculated values
at all points (error bars from standard deviation of ¥ in the selected
region). The dashed green line is the predicted value of ¥ for a
uniform toluene sheet (N — no interference).

sheets, as indicated by the dashed line of constant ¥ in Figure
8B calculated for a single-fluid toluene sheet.

These calculated values were compared to the measured
values of ¥ around the most intense point of each bright
fringe, which yield the highest signal to noise (Figure 8A, red
and black dots for the sets of alternating fringes). At all points,
the measured values of W for each fringe were within
experimental error of the ideal heterostructure values (Figure
8B), which corresponds to most of the sheet containing a
water layer between 300 and 100 nm thick. Both sets of fringes
also demonstrate the predicted pattern, wherein they start near
the “No Interference” (N) value 300 um from the nozzle
(predicted value for a single-fluid toluene sheet, dashed line in
Figure 8B) and show greater deviations at a greater distance
from the nozzle. The representative Tol/Wat/Tol hetero-
structure is then quantitatively consistent with an ideal
heterostructure with layer thicknesses corresponding to the
values determined with the IR microscopy measurements. The
experimentally determined cross section for the example Tol/
Wat/Tol heterostructure is shown in Figure 9A, where the
solid curves are the fit values used for the ellipsometry
calculation shown in Figure 8B and the points are the
thicknesses determined from IR microscopy shown in Figure S.
As a final validation of this determined structure, the colored
fringes seen in the white light reflection images (e.g., Figure 3)
can be predicted from the profile shown in Figure 9A using the
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Figure 9. (A) Thickness profile for the Tol/Wat/Tol heterostructure
(Qu = 1750 pL/min; Q;, = 300 uL/min) from the ellipsometric
model (solid curves) and FTIR absorbance (points). The two
methods provide a common picture of the liquid heterostructure
dimensions. Bottom: the thickest part of the sheet with equal scaling
of the x and y axes, illustrating the flatness of the sheet. (B) True-
color white light image of the heterostructure compared to calculated
white light reflection for an idealized heterostructure using the profile
from (A). The good agreement between colored bands provides
additional validation for the cross-sectional profile.

transfer matrix method, the white light LED spectrum, and the
wavelength-dependent indices of refraction (see the Support-
ing Information). While it is challenging to perfectly reproduce
the camera’s color and exposure settings, the calculated band
colors provide a good quality match to the sheet’s observed
fringe colors (Figure 9B). The combined white light reflection,
ellipsometry measurements, and IR microscopy measurements
then provide a consistent picture of a near-ideal liquid
heterostructure containing optically flat and sharp liquid—
liquid interfaces.

B CONCLUSIONS

This work demonstrated the generation of liquid hetero-
structures, free-flowing laminar structures containing well-
defined thin layers of immiscible liquids. Absorption measure-
ments from FTIR microscopy demonstrated that the inner
layer can be just tens of nanometers thick and follows thickness
scaling relationships similar to those seen for single-fluid
colliding sheets and gas-accelerated sheets. Reflectivity and
ellipsometry measurements demonstrated reflections off buried
liquid—liquid interfaces, which indicate optically sharp and
smooth interfaces. Excellent correspondence was found
between the layer thicknesses determined by absorption
measurements to those determined by reflectivity and
ellipsometric measurements. These results indicate that the
liquid heterostructures formed are essentially ideal and contain
sharp, large-area, liquid—liquid interfaces.

As the inner layer can be tuned to be only tens of
nanometers thick, liquid heterostructures are ideal spectro-
scopic targets for interface studies as the amount of bulk liquid

not involved with the interface is greatly reduced. The free-
flowing nature of the heterostructure also provides a number of
unique benefits. Sheet jets at comparable flow rates have been
used successfully for liquid studies in vacuum by employing
high-performance vacuum pumps and liquid catching
systems,”~”'>* which allows liquid—liquid interfaces to be
studied with techniques that have been previously inaccessible
due to the challenges of maintaining liquids in vacuum. The
liquid interface is also constantly refreshed, which allows for
examination of kinetics of interface formation as well as
chemical and physical processes and reactions mediated by the
interface on fast time scales (ca. 100 ys, based on the jet
velocity and sheet length). This unique collection of attributes
should make the liquid heterostructure sheet jets a powerful
tool for examining the liquid—liquid interface.
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