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ABSTRACT:

The  in-plane  packing  of  gold  (Au),  polystyrene  (PS),  and  silica  (SiO2)  spherical

nanoparticle  (NP)  mixtures  at  a  water−oil  interface  was  investigated  in  situ by  UV-Vis

reflection  spectroscopy.  All  NPs  are  functionalized  with  carboxylic  acid  such  that  they

strongly interact with amine-functionalized ligands dissolved in an immiscible oil phase at the

fluid interface. This interaction markedly increases the binding energy of these nanoparticle

surfactants (NPSs). The separation distance between the Au NPSs and Au surface coverage

are measured by the maximum plasmonic wavelength (λmax) and integrated intensities as the

assemblies  saturate  for  different  concentrations  of  non-plasmonic  (PS/SiO2)  NPs.  As  the

PS/SiO2 content increases, the time to reach intimate Au NP contact also increases, resulting

from their hindered mobility. λmax changes within the first few minutes of adsorption due to

weak attractive inter-NP forces. Additionally, a sharper peak in the reflection spectrum at NP

saturation reveals tighter Au NP packing for assemblies with intermediate non-plasmonic NP

content.  GISAXS and SEM measurements  confirm a decrease  in  Au NP domain size for

mixtures with larger non-plasmonic NP content. The results demonstrate a simple means to
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probe interfacial phase separation behavior using in situ spectroscopy as interfacial structures

densify into jammed, phase-separated NP films.

1. Introduction

Liquid interfaces provide a convenient platform to probe fundamental aspects of two-

dimensional  (2D)  colloidal  particle  assembly.  By  controlling  the  in-plane  morphology  of

mixed nanoparticle (NP) assemblies, unique optical, electronic, and mechanical properties[1-3]

emerge where functional, large-scale interfacial structures can be generated. Such systems are

central  to  numerous  technologies,  including  emulsion  stabilization,[4,  5] nanofiltration

membranes,[6] drug delivery,[7,  8] and  3D liquid  printing.[9,  10] Noble  metal  NP assemblies,

especially  gold  (Au),  have  been  of  interest  since  they  exhibit  coupled  surface  plasmon

resonances  characteristic  of  in-plane  NP  packing.[11-17] Intrinsic  factors,  like  NP  size  and

shape,[18-20] as well as environmental conditions, such as dielectric media selection,[21, 22] pH,[23]

salt concentration,[24] and applied external electric fields[17, 25] have been studied, leading to the

development of plasmonic rulers.[26, 27] Furthermore, theoretical arguments, such as the Drude-

Lortez approximations[17,  28] for the permittivity of the materials, and the coherent potential

approximation[17,  29,  30] for  the  effective  polarizability,  have been developed to analyze  the

resultant data. Nearly all studies have focused on NPs of homogenous shape and composition,

while less effort has been directed toward interfaces decorated with mixed NP assemblies. In

mixed  assemblies,  heterogeneous  interfaces  comprised  of  well-defined  phase-separated

domains of different NPs may be produced. Such 2D phase-separated morphologies may open

new  avenues  for  fabricating  advanced  membranes  with  locally  tailorable  functions  for

applications in catalysis,[31] nano-sensors,[32] and nonlinear optics.[33] If these assemblies are on

microdroplet or droplet surfaces, the heterogeneous NP distribution produces a new class of

liquid “particles” encased by the NPS assembly where the surface functionalization is easily
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varied.  The  way  these  soft,  heterogeneously  functionalized  NPs  assemble  is  also  of  rich

theoretical interest.[34-36]

Probing the time evolution of NP assemblies at a liquid-liquid interface is challenging,

due to the spatial and temporal resolution of the imaging methods, sample damage resulting

from high energy  sources  (x-rays  or  electrons),  or  artefacts  which  can  be  introduced  by

invasive probes,  e.g., an AFM tip. For densely packed NP mixtures, where in-plane phase

separation behavior is of interest, further temporal constraints arise, since the time needed to

locate and probe the interface can be long relative to the kinetics of the initial NP adsorption

and  phase  separation.  While  fluorescence  microscopy  may  be  used  to  image  NP  laden

interfaces, there are several disadvantages when considering the fundamental changes to the

NP sturcture via the incorporation of fluorescent tags that need to be placed on the NPs, as

well  as  photobleaching  effects  from  prolonged  in  situ  imaging  of  the  interface.  The

fluorescent  tags  can  inherently  alter  the  interfacial  activity  of  the NPs through additional

interparticle interactions, which will affect the kinetics of the phase separation process, and as

a result, the final morphology observed. Furthermore, the initial stages of the assembly may

be extremely difficult  to capture given the NPs  are quite mobile,  which will  decrease the

accuracy  of  particle  localization  and  thereby  reduce  the  spatiotemporal  resolution  of  the

assembly.

UV-Vis reflection spectroscopy on the other hand has proven to be a reliable and rapid

tool to characterize the in-plane packing of uniform Au NP assemblies without perturbing the

assembly  or  introducing  artefacts.[13,  17,  22-24] Additionally,  since  Au  NPs  are  inherently

plasmonic there is no need to add modifying surface constitusents such as fluourescent tags.

As predicted by Mie theory, the plasmon excitation energy depends not only on the properties

of individual Au NPs but also on the number of NPs in the ensemble, their relative locations,

and interparticle distances.[12,  25,  37] As Au NPs are recruited to the interface and come into
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close contact, the local electromagnetic fields between the NPs increase the reflected intensity,

which  is  red shifted  by an  amount  that  depends on the  interparticle  spacing. [17,  26,  38] The

increased  attractive  dipole-dipole  interactions  for  radiation  polarized  in  the  plane  of  the

interface causes significant scattering and a phase retardation of the plasmon frequency in the

near-field resulting in the red shift.[12, 14] The in-plane NP packing can be characterized by the

scattering, absorption, and reflection of light that interacts with individual Au NPs and larger

Au NP clusters.  Since  SiO2  and  PS do not  have  plasmon resonances,  any change  in  the

reflection  spectrum  can  be  attributed  to  changes  in  Au  NP  packing.  We  use  these

characteristics to probe the phase behavior of mixtures of Au NPs with PS and SiO2 NPs at

the interface between two immiscible liquids. 

We capitalize on prior work using NPSs to form densely packed NP assemblies at the

interface between two immiscible liquid phases[10, 39-43] to generate mixed systems comprised

of  Au,  PS,  and  SiO2 NPs.  The  formation  of  NPSs  at  the  fluid  interface  is  driven  by

electrostatic interactions between oppositely charged carboxylated NPs dispersed in water and

aminated  polyhedral  oligomeric  silsesquioxane  (POSS)  dissolved  in  silicone  oil.  This

complementary  functionality  promotes  strong NPS binding to  the interface  and results  in

jamming when the interfacial area is decreased. To generate the mixed assemblies, Au NPs

are mixed with PS or SiO2 NPs and allowed to anchor to the interface. All particles are surface

grafted  with  carboxylic  acid  terminated  ligands  to  enhance  steric  repulsion  and  prevent

aggregation in the aqueous phase. Although all the NPs have the same surface functionality,

phase separation is induced by capillary forces, depletion interactions,[44-46] and the entropic

crystallization of large spheres.[45] To ensure phase separation proceeds, non-plasmonic NPs

that are larger than the Au NPs are used, which introduces weak depletion forces and could

drive their entropic crystallization. Further, we used different concentrations of Au, PS, or

SiO2 NPs in the bulk aqueous phase to control the amount of Au NPs at the fluid interface. We
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find that the size difference of the NPs and the number of PS or SiO2 NPs significantly affects

the adsorption process and ultimately changes the equilibrium Au NP packing and domain

size.  In  situ UV-Vis  results  were  verified  using  a  combination  of  dynamic  interfacial

tensiometry, grazing incidence small angle x-ray scattering (GISAXS), and scanning electron

microscopy (SEM). 

2. Results and discussion

2.1. NP Adsorption of Mixed NP Assemblies 

A planar oil−water interface was prepared in a 20 mm diameter glass vial such that the

UV-Vis  spectra  could  be  measured  during  NPs  adsorption  and  rearrangement  to  form

heterogeneous interfacial structures. All experiments were conducted using 14.5 nm Au NPs

and mixed with either 15-, 25-, 50-, 100- nm PS NPs or 30 nm SiO2 NPs. Figure 1a shows the

system design, where a UV-Vis reflection probe immersed in silicone oil was positioned 3-4

millimeters above the oil−water interface. NP adsorption to the interface begins immediately

after POSS-amine is introduced, with a rapid initial adsorption of POSS surfactants followed

by diffusion and attachment of the different NPs to the interface.  The attachment of both

species of NPs to the interface is likely isotropic, given the NP-NP repulsive interactions in

the bulk afforded by the negatively charged carboxylate surface functionality. The depletion

of NPs in the vicinity of the interface was minimized by increasing the bulk NP concentration.

With increasing concentration of non-plasmonic NPs, we hypothesize that the domain size of

the  phase-separated  Au  NPs  will  decrease  and  that  any  UV-Vis  signal  from Au-Au NP

plasmons will diminish significantly. 
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We tuned the concentrations of the plasmonic Au NPs, the non-plasmonic PS and SiO2

NPs, and POSS surfactant to obtain complete NP saturation of the interface in a 45-minute

period. Prior to any measurement, a silicon wafer was used to generate the reference spectra

for the saturated intensity value (100% reflection). Eight NP mixtures were investigated using

25 nm PS NPs with low (0,  0.17), medium (0.24,0.48, 0.66),  and high (0.73,  0.79, 0.83)

number fractions, nPS. Figure 1b shows spectra obtained from a pure Au NP assembly (nPS =

0), while Figure S1 shows the spectra for all other nPS. The standard concentration chosen for

the oil phase is 0.1 mg mL-1 POSS dissolved in 5 centistoke (mm2 s-1) silicone oil, though

tuning the POSS concentration enables adjustment of the assembly time frames (Figure 1c
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Figure 1: UV-Vis reflection set up: (a) picture of the reflection probe immersed in silicone oil
normal to the oil−water interface. Only incident light which is back-reflected normal to the
probe is collected and analyzed. (b) UV-Vis reflection spectra for a pure Au NP assembly.
The reflection intensity increases with time (blue to red color) and is red shifted. (c) POSS
concentration dependence on assembly time for pure Au assembly for 0.025, 0.05, 0.1, and
0.25 mg mL-1 POSS concentrations.



and Figure S2).  It  should be noted that  the time increment  between measurements  is  not

constant, for visual clarity of the data, and the time between spectra acquisition increases as

the assembly proceeds. The spectra at early assembly times, in blue/green, were measured in 3

–  20  second  intervals,  while  the  spectra  at  longer  assembly  times,  in  orange/red,  were

measured  in  ~500 second  intervals.  All  spectra  were  obtained  by  averaging  15  recorded

spectra  with  a  0.01  second  acquisition  time  for  each  measurement.  We  modeled  each

spectrum obtained using the coherent potential approximation (SI Note 1 and Figure S3) in

the four-layer stack model, which affords precise determination of the peak position by fitting

to a fill factor parameter.[17, 29] The plasmonic nature of the Au NP assemblies allows for the

characterization of the interparticle spacing from the wavelength  λ of the peak position λmax,

percent Au NP surface coverage from the integrated reflectivity, and a qualitative assessment

of order from the broadening or narrowing of the data at longer wavelengths.[13, 17, 23, 24, 47] 

It is immediately evident in Figure S4 that nPS = 0 has significantly higher reflection

intensities across all wavelengths than nPS = 0.83, indicating that more Au NPs have absorbed

to the interface. The peak positions of all the spectra are also red-shifted at longer times as

better  exemplified  by  the  higher  nPS.  This  is  more  easily  visualized  by  the  normalized

reflection intensity spectrum, R/Ro, where R is the reflectance of any one wavelength and Ro is

the reflectance at  λmax, as demonstrated in Figure S5 for all  nPS. Interestingly, the trend for

wavelength broadening/narrowing is not monotonic. Figure S5 shows that the intermediate

nPS exhibit  a  narrowing  of  the  spectra,  while  the  spectra  with  a  high  fraction  of  one

component (nPS = 0,  nPS = 0.83) show spectral broadening. This indicates that for mixtures

with intermediate nPS, the order of the Au NPs within the assemblies increases, while systems

with  high  or  very  low  nPS  are  more  disordered.  This  may  arise  from a  combination  of

decreased line tension when local Au domains are surrounded by larger PS NPs, [25,  48] the

number of Au NP domain nucleation sites (especially for low nPS), as well as any change in
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shapes of the larger Au NP assembly structures when small NP clusters eventually coarsen

into  NP  domains.  In  some  measurements,  discrete  increases  in  reflection  intensity  were

observed,  especially  at  early  times  (Figure  S6),  and may correspond to  a  coalescence  of

previously adsorbed Au NPs into small Au NP clusters and further adsorption of Au NPs to

the interface. In mixed systems using 30 nm SiO2 NPs, similar results were found, as shown

in Figure S7. 

The  qualitative  assessments  of  Au  NP  packing  for  different  nPSare  supported  by

quantitative  measurements  using  the  coherent  approximation  model,  plasmonic  ruler

estimations  of  average  Au  NP  interparticle  spacing,  and  pendant  drop  tensiometry

measurements of each mixture. Interfacial tension (IFT) measurements shown in Figure 2a

reflect the NP adsorption over the 45-minute time frame until saturation. The measurements

first  show a rapid  decrease  in  IFT to 20 mN m-1,  due  to  NP adsorption  to  the  interface,

followed 

by  a  gradual  leveling  off  as  NPSs  rearrange,  allowing  additional  NP  recruitment  to  the

interface. By fitting the IFT data to a sum of exponentials (Figure S8a) the time scale for

adsorption is ~20 seconds and that of rearrangement is about 18 minutes for all mixtures.

From the IFT measurements, we estimate the changes in the total packing fraction (PF) of the

combined  population  of  NPSs  at  the  oil–water  interface  over  time  using  equation  (1),[49]

assuming it is linearly proportional to IFT.

PF=η×
γ o−γ
γ o−γ s

(1 )

 

Here,  η is an areal density at saturation (∼84% for a collective 2D jamming of bidisperse

disks,[50] γo is the bare surface tension (43 mN m-1), γ is the instantaneous IFT, and γs is the

IFT at steady state (4.2 mN m-1) for pure Au NPs. The PF time evolution for all the PS-Au NP

mixtures is shown in Figure S8b, indicating that the interface is already ~50% populated with
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NPs within 20 seconds after the planar interface is formed. The time dependence of the IFT

and  PF  for  all  the  mixtures  tested  were  similar  for  the  first  20  seconds,  reflecting  the

adsorption dominated reduction in IFT, but began to diverge after ~500 seconds, reflecting

rearrangement dominated reduction in IFT. IFT, of course, could not distinguish between Au

vs PS NP adsorption. 

Unlike IFT, UV-Vis reflection characterizes only the Au NPs at the fluid interface.

The time required for the peak to shift  to the final equilibrium value (λmax ≈ 582 nm) is
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Figure 2: Adsorption dynamics of the Au NP population. (a) Interfacial tension data obtained
for all mixtures tested using pendant drop tensiometry. (b)  λmax for each mixture plotted over
time  measured  using  UV-Vis  reflection  spectroscopy  as  PS concentration  increases.  (c)
Integrated  intensity  as  measured  by the summation  of intensity  for  all  λ.  (d)  Interparticle
spacing as estimated from Jain et al.[26] In all plots (nPS = 0, 0.17, 0.24, 0.48, 0.66, 0.73, 0.79,
0.83) as the color changes from blue to red.
  



substantially longer for nPS = 0.83 (~800 s) than for nPS = 0 (~20 s) as quantified in Figure 2b

for all nPS . This indicates that the time to reach intimate Au-Au NP contact increases and the

interparticle spacing decreases more slowly in samples with higher nPS . This can be attributed

to the decrease in Au NP diffusion at the interface resulting from the presence of the larger PS

NPs, which isolates the Au NPs, particularly for nPS > 0.5. Additionally, the time evolution of

the integrated intensities (IT), a simple summation of the intensity measured for all  λ, as in

Figure 2c, can be used to determine the surface coverage of Au NPs over time (Figure S8c).

The IT from a pure Au NP assembly after 45 minutes is used as the saturation intensity, and

the instantaneous  IT for all mixtures is divided by this saturation value to estimate Au NP

surface  coverage.  These  results  confirm that  there  are  more  Au NPs  at  the  interface  for

mixtures with fewer PS NPs in the bulk. Interestingly, the  IT for low and intermediate  nPS

show a linear increase after ~ 500 seconds, while those for high nPS show a plateau and even a

slight decrease in integrated intensity. This suggests that the assembly has already entered a

rearrangement-dominated regime, since this transition coincides with the previously presented

IFT data. We hypothesize that the behavior in the regime after ~500 seconds may relate to the

rate of NP rearrangement and domain coarsening at the interface, which facilitates further NP

recruitment to the interfacial area formed. The concentration, size, and number of NP species

in the bulk solution determine whether the free space is occupied by an Au or PS NP. Free

space generated by a NP rearrangement in high nPS mixtures is more likely filled by PS NPs

rather than Au NP, since there is a limited number of Au NPs in the vicinity of the interface.

However, since the Au NPs are smaller in diameter, they require less free space to adsorb, and

may drive a preference for Au adsorption at longer times, which is seen for low nPS mixtures

but not high nPS mixtures. This suggests that for low nPS mixtures the Au NP domain size may

increase, and be more ordered, as more Au NPs are integrated into existing Au NP domains at

later times. 
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As shown in  the  SI,  our  spectral  data  can  be  described by the  coherent  potential

approximation in combination with Drude-Lorentz considerations for the permittivity of the

NPs in the  assembly.  From these  fits,  we can precisely  obtain  the  wavelength  where  the

reflection intensity reaches λmax, which corresponds to a preferred separation distance in the

assembly. The transition of λmax from ~ 560 nm for early assembly times to 582 nm at NPS

saturation is evident in Figure 2b. Samples that contain higher nPS take much longer to reach

saturation,  noting  that  the  greater  error  associated  with  the  λmax value  is  likely  due  to

inconsistent size and spacing between Au NPs in small Au clusters. It is well known that this

change in λmax corresponds to the average separation distance between Au NPs and can be fit

to decaying exponential functions referred to as plasmon rulers.[26, 27] Plasmon ruler equations

have been developed for many systems and are used to determine interparticle spacing from

λmax. Here, we use a universal scaling equation derived by Jain et al.:[26]

∆ λ
λo

=0.18 e
−s

0.23 D g

(2 )

where Δλ/λo is the fractional plasmon shift from the single sphere resonance wavelength, λo, s

is  the  average  surface-to-surface  separation  distance,  and  Dg is  the  Au  NP  diameter.[26]

Discrete dipole approximation methods have been used to support this empirical equation.[51]

With known quantities for Δλ/λo and Dg, the average center-to-center spacing, d,  is calculated

from d = s + Dg. Figure S10 shows d decreasing from 17.6 nm to 16.4 nm for the pure Au NP

assembly, and from 18.4 nm to 16.3 nm for nPS = 0.83 as the adsorption time increases. d does

not reach the individual NP size, since each NP has an ~1 nm ligand shell. [52] Additionally, NP

size dispersity can make the overall NP packing slightly disordered, further contributing to

larger  d  values.  In the pure Au NP assembly,  the Au NPs almost  immediately  reach the

equilibrium  d  (~16.3 nm), while the Au NPs in mixtures with higher  nPSrequire more time

(~500  seconds),  but  much  less  than  the  2700  seconds  for  complete  interface  saturation.
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Interestingly,  the  initial  decrease  in  d is  relatively  rapid  over  the  first  100 seconds,  then

decreases  more  slowly,  suggesting  the  Au NPs form clusters  rapidly  and that  the  phase-

separated  structures  begin  to  grow  soon  after  the  initial  adsorption  (20-50  seconds).  To

confirm  this,  the  λmax  plots  in  Figure  3b  were  fit  to  a  modified  adsorption  equation  (

λmax=582−b e
−(

t
τ )

1 /2

),[17] where b is a constant and τ is the characteristic time for the Au NPs to

from domains for each mixture. We found that the time to form domains increased with nPS,

as shown in the inset of Figure S2b. Similar UV-Vis data for the mixtures of Au and 30 nm

SiO2  NPs  were  found  regarding  the  integrated  reflectivity,  Au  NP surface  coverage,  λmax

change, change in d, and increase in τ (Figure S9). The Au NP d follows the same trend as the

PS NP mixtures but are slightly higher at early times at high SiO2 NP content mixtures due to

the increased size of the SiO2 NPs. 

Figure  3  illustrates  the  entire  adsorption  and  rearrangment  process,  reflecting  the

observations made from tensiometry and UV-Vis analysis. NPs adsorption uniformly to the

oil−water interface, followed by quick dimerization and small cluster formation as a result of

the capillary attractions between the NPs. After the adsorption dominated regime, in-plane NP

rearrangement and phase separation occurs due to capillary attraction and NP size difference,

which generates depletion forces[44-46]. As more NPs are recruited to the interface, the existing

Au NP clusters coarsen into larger Au NP domains. After the interface saturates, NP jamming

12

Figure 3:  Stages  of NP adsorption as more NPs are recruited to the interface and phase
separate.



prevents further NP adsorption,  and generates a stable phase-separated structure (Figure 3

right panel).

The difference in NP size can also greatly affect the assembly kinetics, so 15-, 50-, and

100-  nm PS  NPs,  keeping  nPS  constant  at  0.24,   were  also  analyzed  using  the  UV-Vis

reflection spectroscopy. Since the phase separation mechanism relies on the introduction of

larger NPs, we expect that the 15 nm PS NPs will behave very differently than the larger PS

NPs given the driving force for phase separation is removed. Figure 4 shows how the IT, λmax,

and d change as a function of time for the different PS sizes used in the mixtures. Figure 4a

shows  IT initially increase similarly for all PS sizes until ~800 seconds, which reflects the

isotropic adsorption of Au NPs. In the rearrangment dominated regime, after ~ 800 seconds,

several differences in the rate of change in the IT are observed. The IT increases more slowly

for smaller PS NPs indicating that the integration of additional Au NPs to the interface is

slower, and is consistent with the argument that smaller PS NPs can compete effectively with

Au NPs as they require a similar amount of free space to adsorb. However this trend ends

abruptly around 1800 and 1200 seconds for 50 and 100 nm respectively, showing decreases in

IT. This is explained by the PS NPs displacing the smaller Au NPs given that the energetic

gain per particle is much larger for larger NPs.

Figure 4b shows the change in λmax for the four sizes of PS tested, and shows a large

difference in the behavior of the 15 nm PS vs all larger PS. The smallest PS case shows a

much more gradual increase in  λmax from ~557 nm to 582 nm, where,  for example,  at 30

seconds registers ~10 nm lower (~570 nm) in λmax than all other cases (~580 nm). Further, the

13

Figure 4: Adsorption dynamics of the Au NP population in mixtures with 15-, 25-, 50- and



15 nm PS mixture reaches 582 nm after ~1600 seconds, while all other PS sizes show a more

rapid increase in λmax, all reaching 582 nm within 100 seconds. Since there is no driving force

to phase separate, the Au NPs in the 15 nm PS mixture are only pushed together from the

increase in areal density. In all other cases, the NPs actively phase separate and come into

close contact within ~ 30 seconds. Further, the 50 nm and 100 nm PS NP mixtures reach 584

nm and 587 nm in λmax, which are higher values than the 582 nm saturation value obtained for

both the 15 nm and 25 nm PS NPs. This increase in λmax saturation indicates the Au NPs come

into even closer contact. These data suggest that the time to form gold clusters is longer for

the 15 nm PS NPs and is confirmed by the fit to the adsorption equations using their saturation

λmax value,  where  characteristic  times  decrease  from 20 seconds  for  15  nm PS NPs to  5

seconds for larger PS NPs (inset Figure 4b). Figure 4c shows the decrease in d from 18.5 nm

to 16.2 nm for the 15 nm PS NP assembly, while the decrease in d is much more rapid for the

larger PS NP mixtures, as expected from the trend in λmax. As PS NP size increases the driving

force to phase separate also increases and results in closer Au NP d from 16.2 nm to 15.9 nm. 

2.2 Gold Domain Size Determination from GISAXS and SEM

Although the domain size of the Au NPs could not be determined quantitatively by

reflectance measurements,  the results suggest that low-to-intermediate packing fractions of

non-plasmonic NPs may increase the order within the Au NP domains and generate larger

domain  sizes  than  a  pure  Au  NP  assembly.  Both  grazing  incidence  small  angle  x-ray

scattering (GISAXS) and scanning electron microscopy (SEM) measurements were used to

determine the domain sizes of the Au NPs within the jammed assemblies to complement the

UV-Vis  results.  It  is  important  to  note  that  GISAXS includes  the  scattering  from all  NP

species, but, because of the high electron density of the Au NPs, the signal from the Au NPs

dominates the scattering. GISAXS also yields interferences arising from the center-to-center

distances between Au NPs that can be compared to the reflectance results. For SEM studies,
14



the  assemblies  were  prepared  on  silicon  wafers  (which  may  produce  artefacts  in  the

assemblies).  The obtained images were analyzed using MATLAB® to assess the size and

order of the Au NP domains. 

2.2.1. GISAXS

Planar liquid-liquid interface samples were prepared in 5 mm quartz capillary tubes

and the NPs allowed to assemble for 45 minutes prior to GISAXS experiments, which were

performed  on  the  7.3.3  beamline  at  the  Advanced  Light  Source  at  Lawrence  Berkeley

National Laboratory. The oil–water interface was identified by the sharp increase in intensity

15

Figure 5: GISAXS analysis for domain size characterization. (a) Characteristic 2D GISAXS
profile at the oil-water interface. (b) Structure factor for all  nPS fit with a gaussian curve to
calculate the FWHM  for use in the Scherrer analysis. (c)  Debye-Bueche plot showing the
linear portion of the plot (low  q) used to calculate the correlation length. (d) Domain size
calculations  from the Scherrer  and Debye-Bueche analyses  showing similar  trends  with a
decrease in domain size with increasing nPS.



as  the  beam  was  scanned  from  the  oil  into  the  water  phase  (Figure  S10).  From  the

measurements, 2D scattering profiles were constructed with the scattering vectors in the plane

(parallel,  q∥) or out of the plane (perpendicular,  q⊥) of the interface. The extension of the

scattering normal to the interface, along q⊥, results from a truncation of NP packing at the

interface and a loss of Fourier components normal to the interface as shown in Figure 5a.

Similar characteristics were found for a pure Au NP assembly with 0.025 mg mL -1 POSS in

silicone oil.[49] Line averaging between -0.013 to 0.013  q⊥ converted the 2D profiles to 1D

scattering plots. Figure S11 shows the 1D in-plane characterization of the NP assemblies for

all  nPS. The inset of Figure 4a shows the 2D scattering profile characteristic of NPs at the

interface. All 1D plots show power law behavior at low q, indicative of hierarchical structure

formation[53] (i.e. Au NP clusters) as well as a distinct maximum in the scattering intensity at q

~ 0.038 A-1. The scattering intensities for the highest nPS  were weak due to the lower electron

density of the PS particles and absorption by the liquid media. The scattering vector at the

peak,  q*,  corresponds  to  the  average  interparticle  spacing  of  the  NPs  assembled  at  the

interface, given by 2π/q*. Due to NP polydispersity and 

the liquid-like nature of the assemblies, the Au NPs exhibit no long-range order within their

domains and higher order reflections are absent. Long range order at larger length scales, i.e.,

cluster to cluster, could not be detected within the q-range available. Figure S12 shows the d

calculated using q*, which agrees well with that determined by UV-Vis. Interestingly there is

a minimum in the interparticle  spacing at  nPS= 0.24. This suggests slightly closer Au NP

packing for the intermediate PS compositions, which was similarly observed in UV-Vis. 

Using the Scherrer analysis to analyze the peak in the scattering profile, an estimate of

the coherence length (crystal size) of the Au NP packing can approximate the average grain

size of the Au NP domains.[54, 55] However, the total scattered intensity contribution from the

interface, I(q),  is a combination of the structure factor, S(q) which reflect lateral organization,
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and form factor, P(q) which reflects the size and shape of the objects,  (i.e. I(q) = S(q)P(q)).[56,

57] To accurately  calculate  the domain size,  only the  S(q) should be used in  the Scherrer

analysis and can be well approximated by S(q) = I(q)/P(q). Here, P(q) is approximated to be

the scattering from the bulk solution near the interface and multiplied by a constant. Sample

S(q) for the pure gold NP assembly is plotted in the inset of Figure S13 from the I(q) at the

interface and in the bulk, while Figure 5b plots S(q) for all nPS, focusing at the peak location.

Figure 5b clearly shows that the intensity decreases with increasing nPS . The domain size is

calculated from DSC=2 πK / βcos(ϴ), where DSC is the coherence length of the ordered Au NP

array within a grain,  K is a constant (usually ~ 0.9),  β is the full width at half  maximum

(FWHM), and ϴ is the scattering angle (~0  for grazing incidence). Gaussian curves were fit ̊

to each data set in Figure 5b and used to calculate the FWHM. The grain size calculated from

the Scherrer analysis is shown in black in Figure 5d. An alternate way to estimate the domain

size of a two-phase system is the determination of the Debye-Bueche correlation length, ξ.[58]

In this  model  I(q) is  given by  I (q ) A /(1+ξ 2 q2
)

2,  and  assumes the  interface  between the

domains is sharp with no orientation of the domains. Dividing ξ by the nPSwill give the chord

length, ℓ, or average size of the Au NP domains. Figure 5c shows Debye-Bueche plots (I-1/2 vs

q2) where the linear portion of the plot yields the correlation length from the square root of the

slope  divided  by  the  y-intercept.  The  domain  sizes  determined  from  the  Debye-Bueche

analysis are shown in red in Figure 5d and follow the same decreasing trend as the coherence

lengths determined by the Scherrer analysis. The Scherrer method shows a decrease from 86

nm to 38 nm, while the Debye-Bueche method shows a decrease from ~ 115 to 25 nm. This

corresponds to a decrease from roughly 6-8 NP diameters to 2-3 NP diameters. Interestingly

the Debye-Bueche method predicts larger domain sizes for the mixtures that have a small nPS

than the pure Au NP assembly found using the Scherrer analysis. The increase in domain size
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is consistent with the expected increase in order inferred from the UV-Vis reflectance results.

In this case, there may be some areas which are locally more ordered for low to intermediate

non-plasmonic NP concentrations.

2.2.2. SEM

SEM allowed direct visualization of the mixed NP assemblies. SiO2 NPs were used to

avoid significant charging by the electron beam from the PS NPs. Like the UV-Vis results, we

expect these results to similarly extend to PS NPs. Four samples were prepared: pure Au NP

assemblies (0), low SiO2 (0.14), medium SiO2 (0.53), and high SiO2 (0.86) contents like those

used for the GISAXS and UV-Vis experiments. SEM samples were prepared on air-plasma

treated  silicon wafers by depositing ~ 1-2 µL of  Au NP/SiO2 NP dispersion followed by

covering the entire droplet with a solution of POSS in silicone oil. After the assembly aged for
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Figure 6: SEM images from four different Au/ SiO2 mixtures. All plots are shown with their 
calculated pair correlation function plotted in the insets. White particles correspond to Au 
NPs, while grey particles represent SiO2 NPs on a black silicon wafer background.  = 0, 0.14, 
0.53, 0.86 as indicated in the upper left corner of each image. Scale bars are 100 nm.



45 minutes, toluene was gently infused to slowly remove the nonvolatile silicone oil.  The

toluene was then allowed to evaporate,  and the dried NP assemblies  were imaged on the

silicon wafers. These assemblies were briefly air-plasma cleaned to remove any organics on

the surface and stored under vacuum until SEM analysis. Figure 6 shows the SEM images of

the  assemblies  from  the  four  different  mixtures  along  with  the  pair  correlation  function

obtained from the  images  in  the  inset.  From a  simple visual  observation,  several  distinct

morphologies were identified based on the number of SiO2 NPs in the bulk mixture. These

include polycrystalline Au NP domains (Figure 6a), islands of SiO2 NPs in an Au NP matrix

(Figure 6b), interpenetrating networks of Au and SiO2 NP domains (Figure S14), islands of

Au NP domains in an SiO2 NP matrix (Figure 6c), and small and isolated Au NP clusters in an

SiO2 NP matrix (Figure 6d). These morphologies showcase the phase-separated nature of the

assemblies and further confirm the close packing of Au NPs with moderate SiO2 NP content. 

The spatial correlations of the Au NPs were analyzed using Delaney Triangulation and

Voronoi diagrams.[59, 60] From the binarized SEM images, the number of nearest neighbors (z),

pair correlation functions g(r), and the local hexagonal orientation order parameters ψ6 can all

be calculated. Au NPs were isolated in the binarized images by thresholding the intensity and

only considering the bright Au NPs. The pair correlation functions in the insets of Figure 6

show peaks that correspond to the nearest neighbor distances and have a value of one when

there  is  no  positional  correlation.  The  number  of  nearest  neighbors  and  pair  correlation

functions  in  Figure  S15  a  and  b  show some  degree  of  local  order,  except  at  high  SiO2

fractions, with little long-range order. The Au NP assemblies for the low SiO2 NP fraction

(0.14) are more ordered than all the other samples (including the pure Au NP assemblies) with

stronger  maxima  and  correlation  peaks  persisting  to  larger  distances.  This  supports  the

observations  made  by  both  the  UV-Vis  and  the  GISAXS,  where  the  mixtures  with

low/intermediate  nPS  showed  enhanced  Au  NP order.  The  pure  Au  NP assembly  is  less
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ordered due to the smaller grain sizes that result from an increased number of nucleation sites.

In the case of the mixtures,  a strong line tension causes a coalescence of smaller Au NP

domains into larger Au NP domains.  ψ6  gives the degree of local hexagonal order, ranging

from  zero  to  one,  with  zero  being  complete  disorder  and  one  being  perfect  order

corresponding to a single crystal. This can be calculated by equation (3),[61]

ψ6 (r k )=
1
nb

∑
j ∈ N k

e6i θ kj

(3 )

where  nb is the number of nearest neighbors of particle  k at position  r and  θkj is the angle

between an arbitrary but fixed axis and the lines connecting the centers of the  nb neighbors

and the particle at position r. The calculated values of ψ6 for the images obtained are shown in

Figure S15c and show that there is a small increase in orientational order for the low SiO2 NP

fraction. The domain sizes of the mixtures, shown in Figure S15d, can also be estimated from

the spatial correlation function of ψ6 which measures the persistence of hexagonal order and is

calculated using equation (4),[46, 60]

g6 (r )=ℜ {⟨ψ6
¿
(rk )ψ6(r j)⟩|rk −r j|=r}

(4 )

for pairs of j and k particles. Figure S16 shows the g6(r), calculated from the images in Figure

6 and are vertically shifted for clarity. The orientational correlation functions show an initial

decrease, then plateau near zero which indicates the persistence has ended. The intercept of

the plot with the x-axis for each mixture represents an estimation of the domain size, marked

by the arrows in Figure S16. From the SEM analysis, it is evident that the domain size for the

low SiO2 content is larger than the other mixtures, further supporting the increase in order and

domain sizes observed in the UV-Vis and GISAXS experiments. 
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3. Conclusion

While much effort has focused on uniform plasmonic NP assemblies, this work uses

mixtures of plasmonic Au NPs and non-plasmonic PS/SiO2 NPs to elucidate phase separation

behavior of NP surfactants at a liquid-liquid interface. UV-Vis reflection spectroscopy was

used to probe the local optical response of Au NP assemblies,  which was confirmed with

GISAXS and SEM characterization of the NP assemblies. As the interface saturates with NPs,

Au NPs are brought into close contact, leading to an increase in the local surface plasmon

resonance, and a redshift of the peak in the reflection spectrum. UV-Vis measurements were

performed  in situ during interface saturation, allowing analysis of the time-evolved Au NP

spacing,  Au  NP  surface  coverage,  and  spectral  broadening/narrowing.  UV-Vis  analysis

showed that increasing the PS NP fraction decreased the integrated intensity, due to the lower

Au NP surface coverage, and delayed the red-shifting of the spectrum, which reflected the

prolonged time to form intimate Au NP-Au NP contact. Increased integrated intensity and

spectral narrowing at longer times for low and moderate  nPS qualitatively suggests a slight

increase in order and domain size, although these results could not be quantitively confirmed

using UV-Vis. The results indicate that small clusters of 2-3 Au NP form after adsorption,

while NP rearrangement opens space to accommodate additional Au NPs to the interface,

which  are later  embedded into existing Au NP domains.  The increase in  local  order and

domain size of the Au NP assemblies for low nPSarises from an increased probability that the

smaller Au NPs will adsorb into available interfacial free as the NPs rearrange. Increasing the

size ratio between the PS and Au NPs also had a large effect on the assembly and kinetics,

showing a larger and faster decrease in  d as compared to PS NPs that were about the same

size, and is attributed to the absence of the phase separating driving force. 

An increase  in  domain  size  and order  were  also  observed  by GISAXS and SEM

confirming the UV-Vis results. Since relatively high POSS concentrations were used, NPs
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were rapidly and irreversibly anchored to the interface, kinetically trapping different phase-

separated  morphologies  that  depended  on  Au  NP  content.  These  findings  improve  our

understanding  of  2D  phase  separation  of  mixed  NP  surfactant  assemblies  at  fluid-fluid

interfaces and are anticipated to open new avenues for fabricating advanced membranes with

tunable and locally designed functions for advanced materials applications. 

4. Experimental Section/Methods 

Nanoparticle Synthesis and POSS Solution Preparation: 

The Au NPs were prepared by a recipe based on the Turkevich method. [62] Briefly, an

aqueous solution  of  hydrogen tetrachloroaurate  (Sigma Aldrich,  0.60  mmol)  in  deionized

water (600 mL) was heated to boiling,  and stirred vigorously as trisodium citrate  (Sigma

Aldrich, 60 mL, 2.3 mmol) was quickly added to reduce the gold salt to Au NPs. The solution

turned to deep red in few minutes, and after it was cooled to room temperature. After cooling,

O-(2-carboxyethyl)-O′-(2-mercaptoethyl)heptaethylene  glycol  (HS-EG7-COOH, 0.35  mmol

purchased from Sigma Aldrich) was added to the solution and stirred overnight in a sealed 1 L

flask.  The resulting  nanoparticles  were then  washed by centrifugation  and redispersed by

sonication in deionized water, and was followed by dialysis in DI water for 3 days. The dried

Au NPs exhibited a mean diameter of 14.5 ± 3.1nm by TEM particle size analysis with a

small fraction of Au NPs almost 25 nm. The bulk Au solution was then diluted to 20 µM with

deionized water prior to mixing with non-plasmonic NPs. Bulk solutions 15-, 25-, 50-, and

100- nm PS-COOH NPs were purchased from Microspheres-Nanospheres and bulk solutions

of 25 mg mL-1 30 nm SiO2-COOH sicaster® NPs were purchased from Micromod. Both PS

and SiO2 NPs were diluted to 1 mg mL-1 with deionized water prior to vortex mixing with Au

NPs. Various amounts of concentrated non-plasmonic NP solution were then mixed with the
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Au NP solution and vortex mixed for 5 minutes to produce well mixed solutions, to prepare

the  final  mixed  NP  dispersions.  A  stock  solution  of  1  mg  mL-1 POSS  ([3-[(2-

aminoethyl)amino]propyl]-heptaisobutyl  substituted)  purchased  from  Sigma  Aldrich  in  5

centistoke (mm2  s-1) silicone oil (Sigma Aldrich) was prepared by mixing POSS solution in

toluene with silicone oil and evaporating off the toluene in a vacuum overnight. The solution

was diluted to 0.1 mg mL-1 for experiments.

UV-Vis Measurements: 

Experiments  were  performed  with  an  RP  22  bifurcated  fiber  optic

reflection/backscatter probe from Thorlabs capable of measuring wavelengths in the 250 –

1200  nm  range.  The  spectrometer  leg  was  connected  to  a  FLAME-T-UV-VIS-ES

spectrometer  and the  source  leg  was  connected  to  a  tungsten  halogen  source;  both  were

purchased from Ocean Insight Inc. OceanView software was used for all spectra collection. A

silicon wafer (CKplas) was used as the refence spectra for the saturated intensity value or

100% reflection prior to all measurements. A planar oil−water interface was prepared in a 2.5

mL glass microbeaker such that the UV-Vis spectra for the assembly could be immediately

collected right after interface formation. 1.25 mL of aqueous NP dispersion was loaded into

the  microbeaker  and  gently  tapped  on  a  flat  surface  to  flatten  the  interface  as  much  as

possible. Sample cells with noticeably large menisci were discarded. The sample cells were

then centered under the UV-Vis probe. To prevent a change in curvature after the silicone oil

solution was placed on top of the water, a small amount of oil with no ligand was added on

top of water and the UV-Vis reflection probe was placed around 3-4 millimeters above the

oil−water interface. This was where the maximum intensity was achieved and resulted in 1-2

mm2 sample illumination area. 1 mL POSS solution was then carefully added on top of the

aqueous NP dispersion so as to not perturb the interface. Spectra were immediately collected
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after interface generation where one spectrum consisted of 15 averaged measurements in the

normal incident back reflection geometry. All spectra which were subsequently processed in

MATLAB®.

GISAXS Procedure:

Grazing  incidence  scattering  experiments  were  performed  at  the  Advanced  Light

Source (ALS) at Lawrence Berkeley National Laboratory on beamline 7.3.3 using a 10 keV x-

ray beam and measurable  q range from 0.004 to 3.5 A-1. Samples were prepared in 5 mm

quartz capillary tubes with 0.01 mm wall thickness in a similar manner to that used for the

bilayer  sample  preparation  for  the  reflection  measurements.  The  interface  was  carefully

prepared by filling the capillaries first by the NP dispersion followed by the POSS solution to

the top. Samples were left to age for ~45 minutes prior to loading the sample into the beam.

To locate  the interface,  the beam was scanned from oil  to  the aqueous phase,  where the

interface  was  identified  by  finding  a  sharp  increase  in  transmission  intensity.  The  beam

position was then moved slightly into the oil phase to prevent significant scattering from the

bulk aqueous phase. Once the interface was located, the sample was exposed to the beam for

20 seconds to obtain the 2D scattering plot. The large scattering contrast between the Au NPs

and all other components in the system lead to strong  Au scattering from the interface. 2D

scattering  profiles  reveal  extended  scattering  intensity  normal  to  the  interface.  In-plane

characterization of the profiles by horizontal averaging between -0.013 to 0.013 q⊥ reveals

scattering maxima at  q values related to the interparticle spacing. Domain size calculations

were done through both Scherrer and Debye-Bueche analyses. Peak isolation for the Scherrer

analysis was done dividing the form factor and replotted in the peak range (0.025-0.055 A-1).

SEM Imaging: 
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Scanning  electron  microscopy  (SEM)  was  conducted  using  a  Zeiss  ULTRA  55  -

FESEM and 5 kV accelerating voltage to collect images of the dried films. SEM samples were

prepared  on  air-plasma  treated  silicon  wafers  using  a  Harrick  Plasma  PDC-001  plasma

cleaner by depositing ~ 1-2 µL drop of diluted Au/ SiO2 solution followed by covering the

entire drop with the POSS silicone oil solution. The NPs were allowed to assemble for at least

45 minutes prior to gentle toluene infusion to slowly remove the nonvolatile silicone oil. After

toluene evaporation, dried NP films were observed on the silicon wafers and were briefly air-

plasma cleaned and stored under vacuum until SEM analysis. All image analysis was done

using image processing from the MATLAB® image processing toolkit.  The raw grayscale

images were filtered with a Gaussian blur to reduce noise and then converted to a binary

image by thresholding. Only Au particles were considered in the analysis, so the thresholding

was done such that areas that contained Au particles were white (1) and areas that had no

particles  or  SiO2  particles  were  black  (0).  White  pixels  were  grouped  together  with  a

minimum size  and discarded as  noise  if  below that  minimum size.  The  centroids  of  the

grouped pixels (particles) were calculated from pixel locations. Software obtained from Kim

et  al.[60,  63] was  used  to  analyze  the  packing  structures  of  the  mixed  NP  assemblies  in

MATLAB® to obtain the number of nearest neighbors (z), pair correlation functions g(r), the

local hexagonal orientation order parameters ψ6, and the  spatial correlation function of  ψ6,

g6(r). 

Supporting Information 

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

describes  the  coherent  potential  approximation  and  four-layer  stack  model  used  in

determining the theoretical optical response. A brief description of the Drude-Loretz model is

provided for the calculation of permittivity followed by the description for polarizability of
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individual NPs and NPs in a monolayer assembly. Figure S1, reflection profiles for all Au, PS

mixtures tested Figure S2, reflection profiles for pure gold assemblies using four different

POSS  concentrations  tested  and  their  associated  peak  normalized  profiles;  Figure  S3,

Coherent potential approximation four layer stack schematic with the plots for permittivity

and polarizability, as well as the theoretical and experimental reflectance for pure gold; Figure

S4, reflection profiles for pure gold assembly and  nPS = 0.83; Figure S5, peak normalized

profiles from Figure S3 for all Au, PS mixtures tested; Figure S6, reflection profile showing a

step increase in reflectance at an early time; Figure S7, reflection profiles for four different

SiO2 mixtures with their associated peak normalized profiles; Figure S8, interfacial tension

results for all Au, PS mixtures with fits for a sum of exponentials and packing fraction and

gold  surface  coverage;  Figure  S9,  adsorption  dynamics,  gold  coverage,  and  interparticle

spacing for all  Au,  SiO2 mixtures  tested;  Figure S10,  1D GISAXS scattering  profiles  for

locating the interface as the beam moves from the oil to the water phase with associated 2D

profiles; Figure S11, all 1D scattering profiles at the interface for all Au, PS mixtures; Figure

S12, interparticle spacing as measured using GISAXS; Figure S13, S(q) calculation and peak

isolation for the Scherrer analysis; Figure S14, SEM image of an interpenetrated Au, SiO2

morphology; Figure S15, SEM analysis in terms of  z,  g(r),  ψ6, and g6(r); Figure S16,  g6(r)

vertically shifted for easy comparison of the estimated domain sizes.
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TOC:

The assembly of mixed plasmonic and non-plasmonic nanoparticles are characterized using
UV-Vis reflection spectroscopy, GISAXS, and SEM. Small gold NP clusters form quickly,
while NP rearrangements at later times allow for additional NP recruitment and subsequent
ordering  within  the  domain.  Gold  NP  domains  coarsen  over  time,  but  mixtures  with
intermediate non-plasmonic content exhibited spectral  narrowing, indicating an increase in
order.
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