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ABSTRACT
Real-time optical reflection of incident p-polarized light near Brewster’s angle shows that after drop-casting iron oxide nanoparticles (NPs) in
heptane on top of a diethylene glycol (DEG) liquid substrate, an iron oxide NP layer forms at the DEG/heptane interface, and it self-limits to
a monolayer even when there are excess NPs dispersed in the upper heptane phase. Most modes of NP self-assembly do not self-limit growth
after the formation of a single monolayer. Observations are compared to a reflection model incorporating the reflectances expected at each
interface. An effective medium model of the dielectric constant is used to model the reflectance of the NP layer at the DEG/heptane interface.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5099487

I. INTRODUCTION

One way of forming nanostructures is by the self-assembly of
nanoparticles (NPs) at a liquid surface, followed by transfer of the
NP layer to another surface.1–5 After NPs dispersed in a solvent are
drop-cast on a denser, less volatile, and immiscible lower solvent, the
number of NP layers remaining on the lower solvent after the upper
one has evaporated depends on the number of NPs deposited dur-
ing drop-casting.4,5 This standard assembly method may lead to a
NP monolayer (ML), as may be desired,5 only for carefully calibrated
numbers of drop-cast NPs. The NP layer can self-limit to a ML if the
solvents are miscible, but this is not always possible or desirable.5 By
using optical reflection monitoring near Brewster’s angle, we show
that when an iron oxide NP heptane colloid or dispersion is drop-
cast on a diethylene glycol (DEG) liquid substrate, an example of the
general route using immiscible solvents, a NP layer forms at the liq-
uid/liquid interface before the upper solvent evaporates. Moreover,
this layer is limited to a ML. Earlier experimental and modeling stud-
ies suggested that all of the drop-cast iron oxide NPs remained in the
upper solvent before it evaporated.4,6–8

The Pieranski model6 has been used to explain the binding
of particles at interfaces, and has been used to account for the
long-known Pickering effect, the sometimes unexpected stability of
bubbles and emulsions.9 However, the binding of particles to liq-
uid/liquid interfaces relative to the thermal energy decreases rapidly
with particle size, so it is not certain whether or not NPs will
bind stably to many interfaces.10 For the system under study, this
model predicts it is energetically favorable for the oleate-capped
iron oxide NPs to remain in the heptane solvent over binding to
the DEG/heptane interface, as noted, but there are uncertainties in
the model parameters and in the importance of higher order bind-
ing effects that may explain the differences between experiment and
simple modeling.4 Determining whether such binding can occur for
this system is one motivation for this study.

Brewster angle reflectometry is known to be sensitive to even
Angstrom-level thick materials at interfaces and surfaces.11,12 Previ-
ously, optical probes of NP MLs on liquid surfaces and interfaces did
not need this sensitivity because metal NPs were being probed, as in
the use of UV/VIS absorption13 and of reflectance and transmission
at normal incidence,14 and of reflectance near the critical angle of the
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interface.15 However, given the relatively small mismatches of oxide
nanoparticle and organic liquid refractive indices, it is not clear how
effective Brewster angle reflectometry would be in monitoring oxide
NPs at such liquid/liquid interfaces and what could be learned from
such probing. Exploring whether or not this probe can be a valuable
real-time optical diagnostic of this self-assembly process is a second
motivation for this study.

II. EXPERIMENTAL METHODS
To form these NP assemblies, 2 mL of DEG were first deposited

into a glass Petri dish (diameter = 3.45 cm) to form a ∼2.14 mm-
thick liquid substrate (if the surface were flat). A p-polarized He-Ne
laser (632.8 nm, plasma filter) was expanded from below to form
a 2.21 cm × 1.32 cm elliptical beam at the center of the DEG/air
interface, to average over this region, and all reflected beams other
than those from the glass bottom of the Petri dish were imaged on a
photodiode, on which they overlap (Fig. 1). The laser was adjusted
to hit the DEG/air interface at Brewster’s angle (34.65○) to mini-
mize reflectance from this interface. Then, 1400 µL of heptane were
deposited on the DEG substrate to form a ∼1.50 mm-thick upper
layer reservoir and, finally, 120 µL of a heptane colloid of NPs were
drop-cast on top. This quickly mixed with the heptane reservoir to
form a more dilute, ∼1.63 mm-thick heptane colloid layer. The Petri
dish was then capped to slow the heptane evaporation. The NPs

were spherical iron oxide NPs (Fe2O3, 11.8 nm core diameter,
capped by oleate) synthesized by standard methods.16 The number
of NPs in the heptane colloid drop was characterized by the number
of close-packed NP MLs that would be expected to form on the DEG
substrate after heptane evaporation, averaged over the surface; this
is termed the number of ML-equivalents being drop-cast.

The light beams reflected from the DEG/heptane colloid and
heptane colloid/air interfaces were monitored by a photodiode for
240 min, way before the heptane upper layer evaporated. Before
the heptane was added, the reflected fraction from the DEG/air
interface was very small, but not zero, because of the surface and
laser beam curvatures. After it was added and before the NPs were
drop-cast, the reflectances from the DEG/heptane and heptane/air
interfaces were still very small because the refractive indices of pure
DEG and heptane are nearly the same (below). After the NPs were
added and a NP layer formed at the DEG/heptane colloid interface,
the reflectance from that interface was expected to initially increase
monotonically and linearly with layer thickness at the interface (for
up to ∼6 MLs, corresponding to ∼ a quarter wavelength in this
medium).

III. RESULTS AND DISCUSSION
Figure 2 shows the monitored reflected signal was initially very

small and then after drop-casting 1, 3, 6, 9, 15, or 18 ML-equivalents

FIG. 1. Experimental schematic.

FIG. 2. Traces of monitored reflected
light after the NP colloid was drop-
cast, for different numbers of NP ML-
equivalents drop-cast, normalized by
laser power incident on the Petri dish.
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of NPs, the reflected signal increased due to the arrival and assembly
of NPs at the DEG/heptane interface. In steady state, the reflected
signal was roughly the same over this range. This is consistent with
the formation of 1 ML of NPs at the liquid/liquid interface in each
case, with the remainder of the NPs staying in the heptane colloid.
When 1 ML of NPs were drop-cast, the steady-state reflected sig-
nal was a little smaller than when 3 ML were drop-cast, perhaps due
to inhomogeneities in the NP layer. Furthermore, there was a small
monotonic decrease in the steady-state signal as the number of NP
MLs drop-cast was increased from 3 to 18. The time needed to reach
steady state decreased with the number of ML-equivalents drop-cast,
as is expected due to the larger flux of NPs to the liquid/liquid inter-
face. No change in reflectance was seen after 0.5 ML of NPs were
drop-cast, perhaps due to the assembly process or inhomogeneities
on the surface. The reflectances for a second series of runs con-
ducted with several more tests with 3 and fewer ML-equivalents of
NPs drop-cast are shown in Fig. S1 in the supplementary material.
These observations are consistent with what is seen in Fig. 2, with
a seemingly nonlinear variation of reflectance when the number of
ML-equivalents drop-cast is increased from 0 to ∼1 ML.

In the reflection model, the reflectance at the DEG/NP
ML/heptane colloid interface is determined by the standard three-
medium model in optics, while that at the heptane colloid/air inter-
face is obtained from the two-medium model.17 To compare with
experiments, the power of the laser beam entering the Petri dish is
tracked in the model as it enters the dish, encounters reflections at
all interfaces and the surface, and then leaves the dish; this includes
potential absorption in the heptane colloid, which was directly mea-
sured in separate experiments. The signals on the photodiode in
the experiment and model include reflections at the heptane/NP
ML/heptane colloid and the heptane colloid/air interfaces, which
simply add because there is no interference.

The refractive index, n + ik, of each medium containing NPs is
obtained using dielectric constants at the probe wavelength deter-
mined by effective medium models, with �eff = (n + ik)2. �eff for
the NP ML at the DEG/heptane interface is obtained using the
Bruggeman effective medium model:18,19

f
�NP − �eff

�NP + 2�eff
+ (1 − f ) �liquid − �eff

�liquid + 2�eff
= 0. (1)

or the Maxwell-Garnett effective medium model:17,18

�eff = �liquid
�NP + 2�liquid + 2f (�NP − �liquid)
�NP + 2�liquid − f (�NP − �liquid)

. (2)

For this 1 ML of close-packed NPs, f is the volume fraction of the
iron oxide NP cores, which have dielectric constant �NP. The mix-
ture of heptane and DEG (and ligands) within this ML has dielec-
tric constant �liquid. The core-core distance of the 2D close-packed
hexagonal (11.8 nm-diameter) cores capped by ligands is taken to be
14.7 nm (as measured in small-angle x-ray scattering (SAXS) stud-
ies20) and the ML thickness is taken to be 15.8 nm (diameter of
the NP with fully extended ligands). The heptane colloid is mod-
eled using either the Bruggeman model or Maxwell Garnett effective
medium model,18,19 for which the liquid in the model is heptane.

The refractive indices of the bulk materials used in the reflec-
tion and effective medium models at 632.8 nm are nheptane = 1.3875,21

nDEG = 1.4462 (estimated using the DEG value at 589 nm and the val-
ues for ethylene glycol at 589 nm22–24 and 632.8 nm23,24), and nFe2O3
= 3.1258 + 0.070760i.25 The refractive index of the ligands is assumed
to be that of the solvent it displaces in the ML model. The uncertainty
in using bulk values in the refractive index contribution of the NP
cores to the heptane colloid refractive index does not affect the inter-
face and surface reflectances because the heptane colloid is so dilute
that it can be treated as pure heptane, as is seen below, but it did
affect tracking beam absorption in the heptane colloid between the
liquid/liquid interface and the upper surface. Consequently, absorp-
tion in a cuvette was directly measured, across 1 cm of NP colloids
with concentrations that corresponded to heptane colloids for 2, 5, 8,
14, and 17 ML-equivalents in the Petri dish, assuming that 1 ML had
been removed from the colloid and was at the liquid/liquid interface,
and this is used in the model.

Because the exact vertical location of the NP ML at the
DEG/heptane interface is uncertain, two bounds are calculated,
assuming that the NP cores were essentially either in the DEG or in
the heptane layer, so the liquid at the interface is chosen to be either
DEG or heptane in the effective medium models. These give a real
part of the effective index of refraction for the NP ML of 1.8676 and
1.8187 in the Bruggeman model, respectively with DEG or heptane,
and of 1.8134 and 1.7574 in the Maxwell-Garnett model. The model
that assumes the NPs are essentially in heptane is probably better
because the Pieranski model4,6–8 suggests the NPs remain dispersed
in the heptane layer and the NP ligands are more soluble in heptane
than in DEG.

Figure 3 compares the experimental reflected fraction from
Fig. 2 at 240 min, which is the ratio of the laser power leaving
the Petri dish to that entering it, with corresponding model pre-
dictions for this total, reflected fraction and the reflectances at the
DEG/heptane colloid and heptane colloid/air interfaces (with the
Maxwell-Garnett model of the colloid). In Fig. 3, the reflection
model predictions using for the Maxwell-Garnett effective medium
model for the DEG/heptane liquid interface with the NPs in the
ML bathed in heptane are plotted vs. the number of ML-equivalents
drop-cast.

Comparison of the experimental reflected fraction with the
broader set of model predictions is made in Fig. S2 in the supple-
mentary material, with the model reflected fractions plotted for the
interfacial NPs either in the heptane or DEG, and using either the
Bruggeman, Maxwell Garnett, or simple volume fraction model for
the interface. The reflected fraction predictions are larger assum-
ing the NPs are in the (higher refractive index) DEG than in hep-
tane, as expected, and are the largest for the volume fraction model,
smaller for the Bruggeman model, and smallest for the Maxwell-
Garnett model. The smallest reflected fraction in Fig. S2, that for
NPs in heptane in the Maxwell-Garnett model as is also plotted in
Fig. 3, is closest to observations and is expected to be the most real-
istic model because the NPs are indeed mostly in heptane and the
Maxwell-Garnett model assumes spheres (the NP cores here) within
a uniform medium (a sea of liquid here).

The change in the interface and surface reflectances due to the
presence of the NPs remaining in the colloid after NP layer forma-
tion (1 ML-equivalent less than that drop-cast) is negligible for both
effective medium models of the colloid, and so for this the colloids
can be treated as pure liquids. However, the decreased transmis-
sion in the colloids due to NP absorption is significant in the model
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FIG. 3. Reflected power fraction (that leaving the Petri dish
and monitored, normalized by the power incident on it) from
the experiment (pink stars) shown in Fig. 2 (at 240 min) and
the model vs. different numbers of NP ML-equivalents drop-
cast. The model (“total”) reflected signal assumes 1 ML-
equivalent is at the DEG/heptane colloid interface (Maxwell-
Garnett model), essentially in the heptane colloid, (green
circles) and the remaining NPs are in the heptane colloid
(modelled by the Maxwell-Garnett model). The calculated
reflectance at the DEG/NP ML/heptane colloid interface is
plotted assuming the NP ML is again essentially in the hep-
tane colloid (blue squares). The model reflectance at the
heptane colloid/air interface is also shown (red triangles).
Fig. S2 in the supplementary material presents the model
reflectance for other dielectric function models and locations
of the NPs near the DEG/heptane interface.

of the total reflected fraction. It is responsible for the decrease in
reflection with larger numbers of drop-cast NP MLs in Fig. 3 and it
greatly decreases the already small collected reflection from the top
interface.

The reflected fraction predicted from the model shown in Fig. 3,
assuming a 1 NP ML is at the interface, is ∼50% larger than the exper-
imental result (for 3 ML-equivalents drop-cast), and so it is generally
consistent but not exactly the same. This signal is mostly due to the
reflectance at the DEG/NP/heptane interface and so this difference
is not surprising given the uncertainties in the effective medium
models (which includes the uncertainty of the packing density of
the NP cores in the ML (0.2910 in the model) and the difference
in the actual and model real part of the refractive index of the NPs,
including the possible decrease of the refractive index near the core
surface), averaging due to inhomogeneities and imperfect coverage
in the probed spot, uniformity of the NP layer at the interface menis-
cus, determination of the ML-equivalents for drop-casting, and
so on.

The model and experimented reflected fraction indeed track
each other for different numbers of NPs drop-cast above ∼3 ML-
equivalent drop-cast, which confirms that the NPs assembled at the
liquid/liquid interface and essentially limited to 1 ML when at least
1 ML-equivalent of NPs was drop-cast.

To help corroborate this conclusion, after 1 ML-equivalent of
NPs was drop-cast and the reflectance signal approached steady
state, the NPs at the DEG/heptane interface were transferred onto
a Si chip that was placed in the DEG in the center of the Petri dish
and lifted up through the heptane layer, which would be essentially
devoid of NPs if all had formed at the liquid/liquid interface. Scan-
ning electron microscopy (SEM) analysis shows that ∼90% of the
chip area was covered with a single ML of hexagonal close-packed
ordered NPs and ∼10% were regions of thicker layers (Figure 4).
After 3 ML-equivalents were drop-cast, ∼80% of the regions were

single NP ML. Figure 4 suggests that thicker regions might form
at grain boundaries, either at the liquid/liquid interface or during
and after the lift off process. Presuming these SEMs reflect the NP
assembly at the interface (and not assembly afterwards, and this is
not certain), this strengthens the conclusions of the reflection mon-
itoring experiments that when 1 to 18 MLs were drop-cast, ∼1 ML
of NPs assembled at the liquid/liquid interface and the remaining
NPs stayed in the heptane layer. Moreover, analogous studies of this
system by the authors using SAXS monitoring and a cell designed
specifically for SAXS, also indicate that 1 ML of these NPs form at
the DEG/heptane interface after drop-casting 1 ML-equivalent or
more, and this further substantiates the current conclusions using
reflection monitoring.20

The experimental data in both Fig. 3 and Fig. S1 in the supple-
mentary material suggest that the reflected fraction at the NP inter-
face was not simply proportional to the number of ML-equivalents
drop-cast for sub-monolayer (sub-ML) drop-casting (from 0 to 1
ML-equivalents), and that the reflectance may be first sub-linear and
then super-linear (Fig. S3 in the supplementary material). Several
factors may contribute to this, including how NP interface coverage
varies with the number of drop-cast particles and how the reflectance
at the DEG/NP/heptane interface varies with NP coverage.

The areal density of NPs at the DEG/heptane interface could
be expected to increase with the number of drop-cast NPs and
exponentially approach 1 ML of close-packed NPs, as in the Lang-
muir model of isothermal adsorption at a surface (Fig. S3 in the
supplementary material). This model usually assumes a fixed partial
pressure or density in the medium above the interface, and would
need to be modified here because the total number of NPs at the
interface and in the liquid medium above it is fixed here and not
the density above the surface. However, the predicted surface cov-
erage dependence changes little when this feature is included in the
model. Moreover, the simple Langmuir model assumes the binding
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FIG. 4. Scanning electron micrographs of the NP layer at the DEG/heptane inter-
face lifted on a Si surface, and then allowed to dry, with (b) being an expanded
view of (a) in the white dotted box.

energy to the surface is independent of coverage. The plots in
Fig. S3 in the supplementary material shows that the sub-ML sur-
face coverage predicted by this model could track experiment (also
in Fig. S3) if the binding energy of the NPs to the DEG/heptane
interface depended on interface NP coverage, perhaps being propor-
tional to it. This might happen if the local liquid interface near each
NP changes as the NP coverage increases and the NP-NP distance
decreases, causing stronger average NP binding to the liquid/liquid
interface.

This discussion of sub-ML coverage has also presumed that the
reflected fraction from the DEG/NP/heptane interface increases lin-
early with coverage up to 1 ML in the effective medium models;
however, the scaling of such models at sub-ML coverages is not
clear. Furthermore, if the liquid interface near each NP changes in
the approach to close-packed NP coverage, as just noted, this would
lead to more DEG and less heptane within the effective NP layer. So,
the effective refractive index would increase (as in the models shown
in Fig. S2) and the reflected fraction would increase super-linearly.

IV. CONCLUSIONS
Iron oxide NPs are seen to assemble at the DEG/heptane inter-

face before the heptane solvent evaporates, and that this assembly

self-limits to a single ML of NPs. In addition, this study has shown
the value of using simple optical reflection near Brewster’s angle to
improve sensitivity by lessening the background interface reflection,
to monitor NP MLs. In some ways, this optical method provides
the same information as SAXS, but is simpler and less expensive,
while being quite sensitive. It averages over a 2D region of a desired
diameter, whereas SAXS integrates across a line (1D). Of course,
optical reflectometry does not have many of the valuable capabilities
of SAXS, such as determining NP ordering and separation, and when
coupled with wide-angle x-ray scattering (WAXS), NP orientation.

SUPPLEMENTARY MATERIAL

See the supplementary material, which contains the results of
additional experimental runs and of several effective medium-based
reflection models, and observations and models for drop-casting
sub-monolayer equivalents of NPs.
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