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Abstract  
Hypothesis 
Plasmon nanorulers are exquisitely sensitive distance sensors that are based on the electromagnetic 
interaction between metal nanoparticles and surfaces. We hypothesize that nanorulers can act as 
quantitative probes of processes such as particle aggregation and adsorption, and deploy them to 
investigate particle adsorption onto stimulus-responsive polymer films. While such systems have 
previously been qualitatively investigated with plasmon nanorulers, our quantitative analysis should 
provide deeper insights. 
 
Experiment 
Gold nanospheres are adsorbed from solution onto pH-responsive, amine-rich polyelectrolyte multilayer 
(PEM) films that are either directly deposited on a gold substrate or onto an intermediate self-
assembled monolayer (SAM) of charged thiols. Fitting the optical scattering spectrum to a full-wave 
calculation, we quantify the sphere-substrate gap distance with good accuracy.  
 
Findings 
We find that the gold spheres partially embed into the PEMs rather than ride on top of them, and that 
although the amount of actuation of the spheres afforded by tuning the pH is well controlled, it is 
significantly smaller than the corresponding thickness changes in unstrained films. Further, the presence 
of a SAM below the PEM increases the amount of polymer in the PEM, except for the thickest and most 
highly charged films, where the SAM instead appears to displace from the area below the nanospheres.  
 
Keywords: plasmonic nanoruler; responsive polymers, interface adsorption; particle embedding; 
polymer film 
 
 

1. Introduction 
The plasmon resonances in metal nanostructures are very 
sensitive to the geometry and composition of the metal 
and surrounding dielectric. This fact has been exploited in 
numerous sensing applications, starting with the 
commercially well-established SPR sensor [2-5], which is 
based on propagating surface plasmons in a thin metal 
film sensing changes in the dielectric environment as 
analytes bind to the film. The same principle has also 
been extensively studied in localized surface plasmon 
resonances (LSPRs) [6-8], where it has now reach such 
sensitivities that individual protein binding events can be 
detected [9]. 
Plasmon resonances are even more sensitive to the 
geometry of the metal, with the wavelength of an LSPR 
often sensitively dependent on sharp features and gap as 
small as a few nanometers. This poses a significant 
challenge to the fabrication of high-performance 
plasmonic devices, but can also be exploited in what are 
known as plasmon-based nanorulers [11-16], which can 
measure nm-length distances between metal features 
with sub-Ångström resolution. 
The simplest structure that exhibits this sensitivity is 
probably a metal nanosphere separated from a metal 

plane by a thin dielectric spacer. Because of image charge 
effects, its optical properties are very similar to that of a 
metal particle dimer, but it is easier to fabricate and 
handle, and has therefore been studied extensively [17-
25]. The intensity enhancement of the plasmon mode 
inside the gap between particle and substrate is quite 
large in this configuration[24], which is why this system 
has also been studied as a substrate for surface enhanced 
Raman spectroscopy (SERS) [25-31]. 
In this article, we use the nanoruler principle to 
quantitatively investigate the adsorption of gold 
nanospheres onto, or as we will see, into, amine-rich 
polyelectrolyte multilayer (PEM) films, which have the 
property that they change thickness by up to several 
hundred percent in response to changes in ambient pH. 
These films are a form of stimulus-responsive polymer 
structure [32], which is a class of materials that can take 
several forms, including brushes [33], microgels [34], and, 
like here, self-assembled multilayers [35]. They show 
repeatable and reversible conformational change in 
response to variables such as pH [1, 36], temperature [37] 
or electric field [38], and are heavily studied for sensing 
and actuation applications at the nanoscale [32]. 
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Our main results are that the nanospheres rather than 
ride on top of the film instead become partially 
embedded in it, and that modulating the film thickness 
through pH also actuates the positions of the 
nanospheres, albeit by a smaller amount. This type of 
tunability makes it possible to tune the properties of 
plasmonic devices and structures after fabrication, so that 
the specifications can be set more tightly than current 
fabrication technologies allow, and also enables new 
classes of dynamically adjustable devices and sensors.  
PEMs are formed when oppositely charged polymers are 
alternately adsorbed onto a charged substrate [35, 39]. In 
each deposition step, a dissolved polyelectrolyte adsorbs 
onto an oppositely charged substrate until the surface 
charge has been reversed, at which point the deposition 
stops. The substrate is then rinsed and immersed in a 
solution of the polyelectrolyte with opposite charge which 
again is deposited onto the surface until another charge 
reversal occurs. This process can be repeated as many 
times as desired to obtain a film of arbitrary thickness. 
Because each deposition step is self-limiting and relies 
primarily on Coulomb attraction, the thickness of the film 
is very well-controlled, allowing highly uniform films to be 
deposited rapidly across a large area, with conformal 
deposition over complicated geometries, and on a wide 
range of substrate materials. 
Our PEMs are pH-responsive and were deposited under 
moderately high pH conditions using the amine-
containing polymer poly(allylamine hydrochloride) (PAH), 
as the polycation. The polyanion was poly(styrene 
sulfonate) (PSS), and was deposited at the same pH as the 
PAH. Since PAH is a weak base, it is only partially ionized 
at high pH, and a larger quantity of polymer must 
therefore be deposited on the surface before charge 
reversal is accomplished and deposition stops. PSS on the 
other hand, is a strong acid and is fully ionized at all pH 
values, so a smaller amount of polymer is deposited in 
each step. As a result, a PAH/PSS PEM film deposited at 
pH values around 9 (i.e. near the solution pKa of PAH) are 
enriched in amines that are not coordinated with a 
sulfonate group. This means that when the ambient pH is 
modulated, the films respond by expelling or absorbing 
counterions accompanied by water as the amine groups 
loose or gain charge. As a result, the films swell or shrink 
by up to several hundred percent as pH is cycled between 
alkaline and acidic conditions [1, 36]. The film thicknesses, 
particularly in the swelled state, can be in the range of 10s 
of nm, which at first blush would seem to make them 
unsuitable for a structure where the relevant distances 
are only a few nm. But as we will show below, the 
unstrained film thickness does not correspond to the size 
of the surface-to-sphere gap for these films. The film is 
mechanically highly compliant, so the electrostatic 
attraction between the negatively charged sphere and 

positively charged film partially embeds the sphere in the 
film, particularly in its swelled state. When the film is 
compressed by the particles, water is expelled, reducing 
the screening around the positive charges in the films. The 
repulsive forces between those charges, as well as the 
reduction in conformational and other types of entropy, 
creates a counterforce from the film that eventually 
balances the attraction of the sphere to the film, but not 
until the film under the particles has been compressed to 
a fraction of its unstrained thickness.  
This balance naturally varies with the swell state of the 
film, so the distance of the spheres to the substrate 
surface can be varied with pH, although by less than the 
thickness variations in a free film under the same 
circumstances. As a result, we were able to tune the 
plasmon resonance wavelength by over 100 nm, 
corresponding to vertical actuations of the spheres by as 
much as 10 nm. 
A good-sized body of literature already exists on 
combining plasmonic nanorulers with stimulus-responsive 
polymers to form both colloidal and surface-bound 
sensors [40-51]. The review by Tokarev and Minko [52] 
provides a good overview of this area. Much of this prior 
work is mainly qualitative in nature, and our present work 
is distinguished not just by the particular stimulus-
responsive PEM used (which to our knowledge has not 
previously been studied with plasmon nanorulers) but the 
quantification of the size of the gap between sphere and 
surface, which helps shed light on the interaction of the 
nanosphere with the PEM and on the nature and 
structure of the film itself. 
In some samples, we deposited a mercaptoundacanoic 
acid self-assembled monolayer (SAM) on the gold surface 
before the PEM deposition. We used this as a means of 
calibrating the plasmon nanoruler independently of our 
calculations, which works well for thin films prepared at 
low pH. However, in some other cases, the addition of the 
SAM to the system may add a thickness to the film that is 
different from the known free thickness of the SAM. In 
particular, when the PEM is deposited on the SAM at the 
highest pH values, the apparent SAM thickness is at or 
near zero. We believe this is due either to the PEM films 
stripping away the SAM film during deposition, or to the 
adhesion forces between film and sphere being large 
enough to laterally displace the SAM layer from below the 
sphere. Such displacements have previously been 
observed in AFM experiments [53], although requiring 
forces that are about an order of magnitude larger than 
typical adhesion forces measured in PEMs. It is possible 
that the long interaction time (several hours in our case) 
means that significantly smaller forces are required to 
displace the SAM than in the sub-second times scale AFM 
measurements. 
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2. Materials and Experimental Methods 
2.1 Materials 

Suspensions of surfactant-free, citrate- and tannate-
terminated gold nanospheres with nominal diameters of 
60 nm (2.6×1010 particles/ml) and 80 nm (1.1×1010 
particles/ml) were obtained from British Biocell 
International. Gold pellets, 99.999% pure and Titanium 
pellets, 99.995% pure were purchased from International 
Advanced Materials and Kurt J. Lesker Company, 
respectively. Polyallylamine hydrochloride (PAH) with 𝑀𝑀𝑊𝑊  
~15,000 and polystyrene sulfonate (PSS) with 𝑀𝑀𝑊𝑊  ~70,000 
were purchased from Sigma-Aldrich. Concentrated nitric 
and hydrochloric acid was purchased from Fisher 
Scientific.   

2.2. Sample Preparation 

All glassware used in sample preparation was cleaned by 
immersion in freshly prepared aqua regia (3:1 v/v conc. 
hydrochloric acid : conc. nitric acid) for 20 minutes and 
then rinsed with nanopure water and dried with a stream 
of dry nitrogen gas. Samples were prepared from 3”×1” 
microscope slides, cleaned in aqua regia and nanopure 
water, and mounted in an electron-beam evaporator 
where 100 Å of Ti followed by 1400 Å of Au was 
evaporated onto the slides. The polyelectrolyte 
multilayers were prepared as soon as possible after the 
slides were removed from the evaporator. In those cases 

where a charged thiol-bound SAM was desired on the 
gold surface, the samples were first incubated for 16 h in 
a 1 mM ethanolic solutions of the appropriate thiol, either 
3-mercaptopropionic acid (MPA), 11-mercaptoundecanoic 
acid (MUA) or 16-mercaptohexadecanoic acid (MHDA). 
These solutions had first been acidified with a few drops 
of concentrated hydrochloric acid to ensure the formation 
of a dense thiol monolayer on the gold surface. The 
samples were then rinsed in nanopure water and dried 
with nitrogen gas. 
For the fabrication of the PEMs, polyelectrolyte solutions 
with a 10 mM repeat unit concentration were prepared 
from PAH (0.94 g/l) and PSS (1.83 g/l) by dissolving the dry 
polymer powder in nanopure water under gentle stirring 
for a minimum of 12 h. We adjusted the pH of these 
solutions and of a nanopure water rinse bath to a chosen 
value between 8.5 and 9.5 by titration with NaOH. The 
sample slides were then immersed in the PAH bath for 5 
minutes followed by immersion under gentle agitation in 
the rinse bath for 2 minutes. The samples were 
subsequently immersed in the PSS bath for 5 minutes, 
which was also followed by immersion in the rinse bath. 
This resulted in what we term a one-bilayer film. The 
process can be repeated as desired to make thicker films. 
All samples were capped by a final PAH layer to ensure 
that the films carried a net positive charge under all 
relevant conditions, which means that all films consisted 
of a half-integer number of bilayers ranging from 0.5 to 
4.5. To identify the different films, we adopt the 
nomenclature that [(PAH/PSS)2.5 9.0] indicates a 2.5 
bilayer film fabricated at pH 9.0, terminated by a layer of 
PAH. After film fabrication, the slides were partially 
immersed without stirring in an as-received nanosphere 
suspension for 7 hours to induce adsorption of gold 

Figure 2. Top-view schematic of the optical setup. The sample (gold/red 
shading) is mounted on the inside back wall of a cuvette filled with pH 
adjusted water. Collimated light from a white light source impinged on the 
sample at 75° incidence and was analyzed with an optical spectrometer. The 
cuvette was mounted on a vertical motion stage so that the reflection could 
be measured both in areas with and without nanospheres, and the 
extinction spectrum due to the spheres could be determined. 

Figure 1. SEM micrographs of gold nanospheres, (a) 60 nm and (b) 80 nm in 
diameter, adsorbed onto pH-responsive PAH/PSS polyelectrolyte multilayers. 
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spheres on the immersed surface. Typical SEM 
micrographs of resulting samples are shown in Figure 1. 
Due to electrostatic repulsion between the spheres, 
aggregation between particles on the surface is minimal. 

2.3 Optical extinction measurements 

We collected optical extinction spectra from the samples 
with the setup shown schematically in Figure 2. Here, 
samples were mounted vertically and inward-facing on 
the back wall of a large cuvette with square cross section. 
p-polarized, collimated white light from a halogen lamp 
entered the cuvette at a 70° angle to the cuvette side 
walls, and, since the cuvette contained pH-adjusted water 
with 𝑛𝑛 = 1.33, reflected off the sample at a 75° angle of 
incidence. The specularly reflected light was collected and 
fed into an optical spectrometer (Ocean Optics H2000CG-
UV-NIR) for analysis. The cuvette was mounted on a 
vertical motion stage so that different points on the 
sample could be measured without realigning the optics. 
Since each sample was fully coated with a PEM, but only 
partially coated with nanospheres, this made it simple to 
collect reflection spectra both from areas with (𝐼𝐼ns(𝜆𝜆)) 
and without (𝐼𝐼film(𝜆𝜆)) adsorbed spheres.  From this we 
calculate the extinction spectrum as 𝐸𝐸(𝜆𝜆) =
 log10(𝐼𝐼film 𝐼𝐼ns⁄ ).  

3. Electromagnetic Modeling 
The scattering of light from the surface-adsorbed 
nanospheres was modeled with a full wave multi-pole 
expansion technique originally due to Bobbert and Vlieger 
[54], as extended by Johnson [55] and by Fucile el al. [56, 
57]. This method is a version of T-matrix theory, which is 
widely used to model electromagnetic scattering by 

nanoparticles [58, 59], including assemblies of plasmonic 
particles [60, 61]. A more detailed account of the 
technique and how it was applied in our case is given in 
the Supporting Information; here we confine ourselves to 
a brief overview. 
In this method, the electromagnetic (EM) field is divided into 
four components as indicated in Figure 3: The plane wave 
that is incident on the sample (𝐄𝐄𝐼𝐼), the reflection of this 
plane wave from the gold plane (𝐄𝐄𝑅𝑅), the field that is 
scattered from the nanosphere (𝐄𝐄𝑆𝑆), and its reflection from 
the gold surface (𝐄𝐄𝑆𝑆𝑅𝑅). We take the surface to be located in 
the xy-plane, with the sphere (with radius 𝑎𝑎) centered on the 
positive z-axis. The wave vector of the illuminating light is 
located in the xz-plane, and we denote the gold surface-
sphere gap distance as 𝑑𝑑. It is the 𝐄𝐄𝑆𝑆𝑅𝑅  component that 
accounts for the interaction between the sphere and the 
substrate since it both results from 𝐄𝐄𝑆𝑆 and is part of the 
incident field (𝐄𝐄𝐼𝐼 + 𝐄𝐄𝑅𝑅 + 𝐄𝐄𝑆𝑆𝑅𝑅) on the sphere which gives rise 
to 𝐄𝐄𝑆𝑆. All the fields are decomposed into multipole 
expansions written as superpositions of Spherical Vector 
Wave Functions (SVWFs) centered on the sphere, which 
form a complete set of solutions to Maxwell’s equations in a 
dielectric medium. Solving the problem then amounts to 
finding the coefficients of the multipole expansions that 
make the fields satisfy the boundary conditions on the 
surfaces of the sphere and the gold substrate. On the 
sphere, this is given by the conventional Mie scattering result 
[62], while on the substrate the SVWFs must be rewritten in 
terms of plane waves to properly account for the reflection. 
When all components of the near-field have been 
calculated, the far-field limit of 𝐄𝐄𝑆𝑆 + 𝐄𝐄𝑆𝑆𝑅𝑅  can be used to 
calculate the extinction crossection for the scattered light. 
This was done over a range of wavelengths to produce 
resonance spectra like those shown in Figure 4 and to 

particle
 

Figure 4. Calculated extinction spectra from 80 nm diameter gold spheres 
located 5 nm above a gold surface, in water. The angle of incidence is 75°. 
Spectra are shown for s-polarized (black dashed line) and p-polarized (red 
solid line) light.  
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Figure 5. Calculated light intensities near 80 nm diameter gold spheres 
(outlined by dashed white lines) that are (a) suspended freely in water and 
illuminated at a wavelength of 570 nm, (b) in water, positioned 5 nm from a 
gold surface (white dashed line) and illuminated at 690 nm wavelength. In 
both (a) and (b), the light is incident from the top left at a 45° angle with the 
vertical and is polarized in the plane of the page, which also contains the 
center of the spheres. (c) plots the light intensity (relative to the incident 
intensity) along the surface of the spheres shown in (a) (in black—Mie 
plasmon) and (b) (in red—gap plasmon). The angle 𝜃𝜃 is taken clockwise 
from the upward vertical, as shown in the figure. 

which the experimental data can be fitted. The spectra in 
the figure are calculated for light incident on a gold 
sphere with a diameter 2𝑎𝑎 = 80 nm located 𝑑𝑑 = 5 nm 
above the gold substrate and surrounded by water. The 
angle of incidence was 75°, same as in the experiments.  
We see that resonances occur at different wavelengths 
depending on the polarization of the incident light. For s-
polarized light (incident electric field parallel to the 
substrate surface) we observe a resonance near 600 nm, 
which is a distinct shift from the resonance at about 550 
nm seen in the extinction spectrum from freely 
suspended gold nanospheres of the same size. For p-
polarized light (electric field parallel to the plane of 
incidence) the resonance is even more strongly 
redshifted, with a maximum near 690 nm. 
The reason for this behavior can be gleaned from Figure 5, 
which plots the magnitude of the calculated EM field 
intensity surrounding the gold spheres in the xz-plane (the 
plane of incidence) both for an 80 nm gold sphere in an 
aqueous suspension (Figure 5(a)) and one located 5 nm 
from a gold surface (Figure 5(b)). Both of the depicted 
modes are excited with a wavelength near the maximum 
optical response and, as indicated in the figure, with the 
same angle of incidence and polarization (which if Figure 
5(b) is p-polarized relative to the substrate). For the freely 
suspended sphere, the electromagnetic field is essentially 
dipolar around the particle (although retardation effects 
shift the mode somewhat in the forward direction), and 
we will refer to this mode as a Mie plasmon. For the other 
sphere, the mode (known as a gap plasmon) is largely 
localized in the small gap volume between the sphere and 
the surface, indicating strong plasmonic coupling. As is 
typical of plasmonic systems, this coupling leads to a red 
shift of the resonance along with a significant 
enhancement of the field strength inside the gap. The 
latter point is illustrated by Figure 5(c), which shows that 
the intensity enhancement reaches values in excess of 
1400 times in the gap plasmon, whereas it is only about 
60 times for the Mie plasmon. The gap plasmon is strongly 
affected by the size 𝑑𝑑 of the gap between the sphere and 
the substrate, which makes it possible to determine 𝑑𝑑 
with high precision by measuring the redshift between 
the Mie and gap plasmons, which is the essence of the 
operation of a plasmonic nanoruler. 
In the above calculations, we used the dielectric function 
of gold as given by Johnson and Christy [63], and assumed 
that the dielectric medium surrounding the metal has a 
uniform index of refraction 𝑛𝑛 =1.33, which is that of 
water. In our experiment, this neglects the optical effect 
of the polymer, which has a higher index of refraction, 
particularly in the compacted gap between sphere and 
substrate.  As explained in the Supplementary 
Information, our method allows taking into account the 
polymer either as a film of thickness 𝑑𝑑 inserted between 
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the substrate and the sphere, or by assuming that the 
entire sphere is fully embedded within the polymer film. 
In addition, numerical inaccuracies result from the need 
to truncate the multipole expansion at a finite 2𝐿𝐿-pole, 
and from approximations in calculating the far-field 
behavior of 𝐄𝐄𝑆𝑆𝑅𝑅 . Neither should have any appreciable 
impact on the calculated value of the plasmon resonance 
wavelength for the structures under consideration. 

4. Results and Discussion 
4.1 Validation of the numerical model and initial results 

To validate our numerical model, we compare it to the 
calculations and experimental results obtained by Ciracì et  
al. [17], who studied a very similar system, consisting of 
60 nm diameter gold spheres separated from a gold film 
by an organic spacer. Figure 6 shows their results in red 
compared to our model, shown as black lines, using 
different truncations 𝐿𝐿 in the multipole order. The main 
result of the Ciracì paper is their observation that at small 
gap distances 𝑑𝑑, the plasmon resonance is blueshifted 
with respect to its expected value obtained with local 
response theory. This is attributed to electron-electron 
interactions becoming significant in the plasmon hot spot 
when 𝑑𝑑 ≲ 1 nm, leading to a nonlocal dielectric function 
in the metal [17, 64]. Interestingly, our multipole model 
fits reasonably well with the nonlocal behavior for 
distance larger than about 3Å, if the calculation is cut off 
at a relatively small value of 𝐿𝐿, which for the 60 nm 
spheres here is approximately 𝐿𝐿 ≈ 11. This can be 
explained heuristically in the context of a hydrodynamic 

model of the electron gas nonlocality, where electron-
electron interactions translate into an effective pressure 
[64] that tends to smooth out inhomogeneities in the 
electron density, reducing the maximum electron density 
in the hot spot and spreading electrons out over a larger 
volume around the gap. This in turn leads to a reduction 
of the proportion of high spatial frequencies in the charge 
distribution on the sphere and thereby in the 
electromagnetic field. Truncating the calculations at a 
finite 𝐿𝐿 amounts to imposing a cutoff in the angular 
frequency of the electromagnetic field, translating on a 
spherical particle to a corresponding cutoff in spatial 
frequency along the surface of the sphere. The cutoff 
therefore leads to a similar blue shift in the LSPR as when 
nonlocality is taken into account. This is quite convenient 
from the point of view of calculational efficiency, as the 
calculation time scales as 𝐿𝐿3. We can then use a relatively 
small value of 𝐿𝐿, leading to faster computations without 
loss of accuracy. 
When performing calculations for our own data, we need 
to scale the cutoff 𝐿𝐿 with the diameter of the particle to 
maintain the same cutoff in spatial frequency. Therefore, 
we will use a truncation of 𝐿𝐿 = 14 for the 80 nm diameter 
gold spheres we use in our experiments.  
When we perform the fit, an additional source of 
uncertainty comes from a lack of knowledge of the exact 
conformation of the pH-responsive films around the gold 
nanospheres. Unlike the fixed thickness PEM films used by 
Ciracì et al. [17] and in our own previous work,[65] these 
films are softer and more compliant, and we cannot a 
priori assume that the spheres are riding completely on 
top of the film. Equally likely, the spheres are partially or 
fully immersed within the film as this would substantially 
lower the electrostatic energy of the system. Fortunately, 
this uncertainty is relatively manageable since the index 
contrast between the film (𝑛𝑛 ≈ 1.45) and the water (𝑛𝑛 =
1.33) in which it is immersed is relatively small. This is 
illustrated in Figure 7, where we plot the calculated 
plasmon resonance wavelength vs gap distance (𝜆𝜆𝑠𝑠𝑠𝑠(𝑑𝑑)) 
for the limiting cases of the sphere riding on top of the 
film and the sphere being fully immersed within the film. 
We see that the two resulting traces are nearly parallel 
and fairly closely spaced, and we expect experimental 
data to fall somewhere between them.  
Since the theoretically predicted 𝜆𝜆𝑠𝑠𝑠𝑠in film(𝑑𝑑)  and 
𝜆𝜆𝑠𝑠𝑠𝑠on film(𝑑𝑑) fall so close together, our data is not of 
sufficient accuracy to be of use in determining where 
between the two the best model lies in each case. For this 
reason, we will for the remainder of this paper adopt a 
model that is a weighted average of the two predictions: 

𝜆𝜆𝑠𝑠𝑠𝑠(𝑑𝑑) = 𝛼𝛼𝜆𝜆𝑠𝑠𝑠𝑠in film(𝑑𝑑) + (1 − 𝛼𝛼)𝜆𝜆𝑠𝑠𝑠𝑠on film(𝑑𝑑), (1) 

Figure 6. Plot of resonance wavelength vs gap distance for 60 nm diameter 
spheres in air separated from a planar gold substrate by an organic film. 
Data (circles) and theoretical results adopted from Ciracì et al. are shown in 
red, while our multipole calculation using the same starting parameters are 
shown as black lines for varying multipole truncation values 𝐿𝐿. 
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where for simplicity we chose 𝛼𝛼 = 0.50, i.e. equal weight 
to the “on film” and “in film” cases. Given that 𝛼𝛼 in 
practice will vary from sample to sample as well as with 
ambient pH, this is a reasonable approach. 𝜆𝜆𝑠𝑠𝑠𝑠(𝑑𝑑) using 
these parameters is plotted in Figure 7 as a dashed black 
line, and the measured resonances are indicated by black 
squares.  
As an initial sanity check on our model, we fabricated four 
different samples each consisting of a single PAH 
monolayer deposited at pH 9.0, either directly on a gold 
film or onto negatively charged alkane thiol self-
assembled monolayers (SAMs) of varying thicknesses that 
we first deposited onto the gold. Specifically, we used 
films assembled from MPA (indicated by C3 in Figure 7), 
MUA (C11), or MHDA (C16), which are known to form 
SAMs on planar gold with thicknesses of 0.27, 1.22, and 
1.9 nm, respectively [66]. The gap distance between gold 
sphere and gold surface is then given by the sum of the 
thickness of the SAM and a spacing due to the PEM film: 
𝑑𝑑 = 𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 . If we assume that 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝  has the same 
value for all four samples, we can use it as a fitting 
parameter chosen to obtain a good fit between data and 
𝜆𝜆𝑠𝑠𝑠𝑠(𝑑𝑑). As can be seen in Figure 7, the agreement is good 
for four data points, even though 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝  is the sole fitting 
parameter, providing us with a partial validation of the 
model—not as strong as the agreement between our 

model and the results in Cirací et al. [17], but one that 
serves to validate its applicability to our experimental 
conditions. As discussed in detail in the Supplementary 
Information, fitting the data to our model without making 
any assumptions about the index of refraction of the film 
and medium gives us that 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝  = 1.48 nm with a 1σ (68%) 
confidence interval of ±0.21 nm (±14%). The 2σ (95%) 
confidence interval is ±0.90 nm (±60%), which means that 
we can with high confidence take 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 = 1.5 ± 0.90 nm. 
If we also take into account published measurements of 
PEM indices of refraction,[1, 67-70] the confidence 
interval shrinks to +0.7

−0.4 nm �+46
−20

%�. This is the error due 
to uncertainties in the PEM index of refraction, and thus is 
a systematic error affecting all our results equally. The 
random error in our measurements will be much 
smaller—likely 5 nm or less in the resonance wavelength 
determination, corresponding to random measurement 
errors in 𝑑𝑑 of less than ±10%.  
We need to mention that although we have high 
confidence in this error analysis, there are uncertainties 
we are not able to quantify. For example, the model 
assumes perfectly spherical and monodisperse particles, 
which we can see from Figure 1 is clearly an idealization. 
Surface roughness of the substrate and effects such as 
chemical interface damping (CID) [71, 72] are also not 
accounted for. Complete certainty regarding our results 
would therefore require measurements of 𝑑𝑑 with 
independent techniques, and in their absence we cannot 
exclude errors larger than those just quoted. Still, since 
our work is fully consistent with the large body of prior 
work on plasmon nanorulers, and because the totality of 
all the fitted data tells a consistent story about the system 
under study, we believe it is unlikely the unknown errors 
in our estimates are large enough to undermine the 
conclusions reached in the discussion section below. 
Beyond enabling an error analysis, the data in Figure 7 
also validates our assumption that 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝  of a single PAH 
layer is approximately the same whether the polymer is 
deposited on a charged SAM or directly on a gold surface, 
or it would not have been possible to simultaneously fit all 
four data points in Figure 7 to 𝜆𝜆𝑠𝑠𝑠𝑠(𝑑𝑑). As we will show 
below, this assumption does not hold for thicker PEMs, 
but it is sufficiently valid for the single PAH layer that all 
four data points can be included in the fit in Figure 7.  
The data in Figure 7 was taken at pH 10 when the films 
are in their deswollen state. One objective of this paper is 
to demonstrate that the gap distance between the gold 
sphere and surface can be manipulated repeatably and 
with good precision across a large range, which is 
accomplished by changing the ambient pH. Figure 8 shows 
measured p-polarized extinction spectra (as solid lines) in 
reflection from a [(PAH/PSS)3.5 9.3] film with 60 nm 

Figure 7. Theoretical plots and experimental data for plasmon resonances in 
80 nm gold nanospheres adsorbed onto a film consisting of a single 
monolayer of PAH on top of SAMs of varying thicknesses. The solid lines 
indicate the calculated plasmon resonance wavelength for spheres 
separated from a gold surface by a dielectric with index of refraction 𝑛𝑛2 =
1.45. The sample is immersed in water (𝑛𝑛 = 1.33). Calculations for Au 
nanospheres resting on the film (𝑛𝑛1 = 1.33) and fully immersed in the film 
(𝑛𝑛2 = 1.45) are shown in blue and red respectively. The black dashed line 
corresponds to an average of the two limiting cases with equal weight to 
each. Experimental data is indicated with black squares, for films assembled 
onto charged thiol SAMs of varying thickness (3 carbons, 11 carbons, and 16 
carbons) or directly on the gold surface. The sole fitting parameter is the 
distance between the Au sphere and the SAM-polymer interface (𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 = 
1.48±0.29 nm).  
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diameter gold nanospheres adsorbed onto it, taken at pH 
3, when the film is in its fully swelled state, and at pH 10, 
when it is fully deswelled. For comparison, an extinction 
spectrum of the same spheres suspended in water is also 
shown. At either pH value, the plasmon resonances seen 
in extinction spectra from the surface are substantially 
redshifted compared to the resonance seen in the 
suspension. As expected, the red shift is significantly 
larger at pH 10, when the film is at its thinnest.  
Theoretical fits with our simulations are plotted in Figure 
8 as broken lines. In the case of the suspension, Mie 
scattering theory was used to produce the fit, with the 
overall amplitude as the only free parameter. The gap 
plasmon curves shown as dotted lines are calculated 
under the assumption that the gold particles rest on a flat 
polymer film with no part of the particle below the top 
surface (particle on film), while the dashed curves assume 
that the particles are fully submersed within the film 
(particle in film). These two cases of course correspond to 
the blue and red curves in Figure 7. The two fitting 
parameters in these cases are the overall amplitude and 
the size 𝑑𝑑 of the gap. We see that the when the pH of the 
film is changed from 10 to 3, corresponding respectively 

to the deswelled and swelled states of the film, the gap 
plasmon undergoes a large blue shift as the particles are 
moved farther from the substrate surface. The model 
indicates that during this process, the gap distance is 
increased from 6.3+3.0

−1.4 nm to 11.8 ± 5.5
2.6 nm, where most of 

the uncertainty stems from the lack of knowledge of the 
degree of particle immersion in the film (𝛼𝛼). The fits also 
show relatively good agreement between the calculated 
and measured peak shapes, supporting the validity of the 
theoretical model.  
The measured peaks are somewhat wider than the 
calculated ones, but this is to be expected as this is an 
ensemble measurement, where inevitable variations in 
particle size and gap distance are bound to cause some 
inhomogeneous broadening of the observed plasmon 
resonances. The modest broadening in Figure 8, much of 
which may in fact be due to CID [71, 72], is typical for the 
vast majority of the samples, indicating a good uniformity 
of the films, leading to consistent embedding of gold 
spheres, so that the plasmon resonance peak position 
provides a good estimate of the gap distance for most 
spheres in a sample. The exceptions are the thicker (3.5 
and 4.5 bilayers) films prepared at pH 9.5, where the 
broadening is more substantial. This is not unexpected, 
since PAH/PSS films made at pH 9.5 are at the edge of 
becoming unstable and known to exhibit substantial 
roughness [73], which then leads to a corresponding 
variation in gap distance of the adsorbed particles. 

4.2 Measuring particle embedding 

To characterize the interaction of the gold nanospheres 
with the pH-responsive films, we fabricated a number of 
different samples with varying thicknesses and 
preparation pH. We chose 8.5, 9.0, 9.3, and 9.5 for the 
preparation pH values, with two samples of each kind 
fabricated at pH 9.0 to test reproducibility. At each 
preparation pH, samples with 0.5, 1.5, 2.5, 3.5, and 4.5 
bilayers of PAH/PSS were fabricated (the 0.5 bilayer film 
consists only of a single PAH layer). Each of the samples 
was fabricated in two versions, one where the PEM was 
deposited directly on the gold substrate, and one where a 
SAM of MUA was deposited first, followed by the PEM. 
After gold spheres had been adsorbed onto all 50 
samples, the extinction spectrum of each was measured 
both in the swollen (pH 3) and deswollen (or shrunken) 
(pH 10) states. The main peak in all spectra was fit to a 
Pearson type IV distribution with the Levenberg-
Marquardt algorithm, with the sole exception of the 
[(PAH/PSS)4.5 9.5] sample without underlying SAM, where 
the peak was so broad that we judged that assigning an 
average gap distance would be of questionable value. The 
peak position was converted into a gap distance using Eq. 
1 with 𝛼𝛼 = 0.5. In what follows, we denote with 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆  the 

Figure 8. Extinction spectra from 60 nm diameter gold particles in an 
aqueous suspension (blue curves, peaked near 530 nm) and adsorbed onto 
a 3.5 bilayer PAH/PSS film prepared at pH 9.3, shown at an ambient pH of 3, 
where the film is fully swelled (red curves, peaked near 580 nm) and at pH 
10, where the film is in its deswelled state (black curves, peaked near 650 
nm). The solid curves are data while the broken curves are theoretical fits 
using Mie theory in the case of the suspended particles (dash-dotted line), 
and T-matrix theory for the adsorbed particles. In the latter case, the dotted 
curves correspond to the assumption that the particles are adsorbed on top 
of the film with no penetration, and the dashed lines to the assumption that 
particles are fully immersed inside the film.  
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gap distance in those films where the PEM was deposited 
directly on the substrate, and with 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆/𝑆𝑆𝑆𝑆𝑆𝑆  the distance 
in those films where the PEM is deposited on an 
underlying SAM layer.  
These results are plotted in Figure 9 for samples without a 
SAM layer and in Figure 10 for samples with a SAM layer 
below the PEM. We will first focus on the data in Figure 9, 
as it concerns films that lack a thiol SAM and is the 
simplest to interpret. We see, as expected, that the gap 
distance 𝑑𝑑 increases with the number of deposited 
polyelectrolyte bilayers. By taking the difference in 𝑑𝑑 
between films with different numbers of bilayers, we can 
deduce the effective contribution to 𝑑𝑑 of each PSS/PAH 
bilayer as well as of the initial PAH monolayer. This 
contribution is the smallest for the first layers, and then 
rises monotonically through the fourth bilayer, consistent 

with prior reports [74]. This is illustrated in Figure 11, 
where the contribution of the initial PAH layer and all four 
subsequent bilayers in the films prepared at pH 9.3 are 
plotted. It is instructive to compare these values to the 
bilayer thickness in unstrained films of the same type, 
which are indicated in red in the figure, and taken from 
Itano et al. [1] as well as from our own previously 
published measurements (Ashry et al.) [10]. The value 
from Itano comes from ellipsometry measurements on 
~50 nm thick films in the dry state, while the Ashry 
number comes from AFM measurements on 0.5 and 1.5 
bilayer films in the wet deswelled state. In spite of the 
differences in film condition and thickness, the measured 
bilayer thicknesses are very similar in the two published 
reports (4.6 nm and 4.5 nm respectively). This comparison 
is extended to all SAM-free samples in Table I, and shows 
that the gold nanoparticles are partially embedded within 
the films as the value of 𝑑𝑑 in each case scales roughly with 
the unstrained film thickness, so that film compressions 
below the gold sphere in the range of about 50%-60% is 
observed in all cases. These values are sufficiently large 

Figure 10. Plots of gap distances 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆/𝑆𝑆𝑆𝑆𝑆𝑆 from optical extinction data as in 
Figure 9, but from samples where a mercaptoundecanoic acid SAM was 
assembled on the gold substrate prior to PEM film deposition.  

Figure 9. Plot of particle-substrate gap distances 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆, calculated from 
extinction spectra, in samples consisting of 80 nm diameter gold 
nanoparticles adsorbed onto PAH/PSS films fabricated directly on a gold 
surface, prepared at different pH values and containing different numbers 
of polyelectrolyte bilayers. Gap distances are shown both for films in their 
deswelled state (ambient pH 10—panel (a)) and films in their swelled state 
(pH 3—panel (b)). The gap distances are calculated from the plasmon 
resonance peak wavelengths, which are shown on the right side of the 
graphs. 
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that they are unlikely to be explained by uncertainties or 
inaccuracies in our model or by measurement errors 
(indicated by the error bars in Figure 11) and we conclude 
that the gold nanospheres are in fact embedded into the 
PEM films in all our samples. 
The penetration of a nanoparticle into a polymer film 
comes at the cost of conformational entropy of the 
polymer, leading to an entropic expelling force. In our 
films, this force counteracts the Coulomb force that pulls 
the negatively charged particle into the positively charged 
film, and limits the depth of penetration. The gap distance 
is in other words set by a balance between the Coulomb 
force and the entropic forces (which at small gap 
distances will also include hydration and osmotic forces) 
as well as any mechanical forces that may occur due to 
the compression of the polymer film. This mechanism 
qualitatively explains our observation of partial 
embedding. At the same time, we need to note that 
previous work measuring gap distances in similarly sized 
gold nanospheres adsorbed onto positively charged PEM 
films did not report any significant compression of the 
film [17]. Likely, this is because the earlier work  used 
films assembled under conditions of near-neutral pH that 
lead to PEMs that have a lower charge density [1, 73], and 
because PAH/PSS films soften markedly when exposed to 
high pH values like those used in this work [75]. These 
differences will lead respectively to larger expelling forces 
and smaller Coulomb attraction in films prepared under 
neutral conditions, so that the degree of film compression 
in those cases may have been sufficiently small so as to be 
easily overlooked.  As discussed in section S2 of the 
Supplementary Information, it is also possible that Ciracì 
et al. did not notice particle embedding even though it 
was present, because they overestimated the index of 
refraction of their films.   

4.3 Nanoparticle actuation 

Comparing Figure 9(a) and 9(b) (as well as Figure 10(a) 
and 10(b)), it is clear that in all cases, swelling of the films 
leads to actuation of the gold nanoparticles away from 
the substrate. The size of this motion was derived from 

Figure 9 and plotted in Figure 12, and varies substantially 
depending on the film preparation. Due to the high 
sensitivity of the plasmonic nanoruler, we are able to 
detect motions on the order of 0.2 Å in the thinnest, least 
responsive films, up to motions as large as 7 nm in the 
thickest films prepared at pH 9.5. In a relative sense, this 
corresponds to changes in the gap distance 𝑑𝑑 that vary 
between 1.2% and 96%. The actuations give rise to 
substantial and easily detected shifts in the gap plasmon 
resonances, but the physical particle displacements are 
significantly smaller than the corresponding actuation in 
unstrained PEM film thicknesses, where pH-induced 
swelling leads to thickness changes in excess of 200% in 
films prepared at pH 9.0 and above (See Table I) [1, 36]. 
Given the large Coulomb forces that embed the particles 
within the film combined with the high mechanical 
compliance of the uncrosslinked polymer, a discrepancy 
between film swelling and particle motion is not 

Figure 11. Plot of the effective contribution of each PSS/PAH bilayer 
(except that “bilayer” 0 is taken to consist only of the initially deposited 
PAH monolayer) to the gap 𝑑𝑑 for films prepared at pH 9.3, extracted 
from the data in Figure 9(a). As comparison, previously published 
bilayer thicknesses in identically prepared films are shown in red, with 
data taken from Itano et al. [1] and Ashry et al. [10] The black error bars 
indicate errors taking into account the known index of refraction range 
in our PEM films, while the magenta error bars reflect errors calculated 
using the experimental data in Fig 6. 

Table I. Comparison of effective contribution of each bilayer to the sphere-surface gap distance 𝑑𝑑 with known values for per-bilayer thickness in unstrained films, as 
well as the swell seen in unstrained films and the nominal amine excess that causes it (calculated assuming a PAH pKa of 8.8). 

Preparation pH 
Nominal amine 
excess in film 

Average per bilayer 
contribution to d (nm) 

Bilayer thickness in 
unstrained films (nm) 

Est. film 
compression 

Swell in unstrained 
films 

7.5 5% - 0.8a - - 

8.5 50% 1.1 2.5a 55% 230%a 

9.0 160% 1.6 4.0a 60% 440% 

9.3 320% 1.8 4.6a, 4.5b 61% 470%a 

9.5 500% 2.3 4.9a 53% 500% 

a Ref. [1] (Itano et al.) 
b Ref. [10] (Ashry et al.) 
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surprising. At the same time, the attractive forces are not 
so large that they completely suppress particle actuation, 
and we see the particles move whenever the underlying 
film swells, although we cannot necessarily use the 
thickness and degree of swelling of unstrained films as a 
guide to the size and tunability of 𝑑𝑑.  
When we examine the trends in Figure 12, two things 
stand out. First, although the swell Δ𝑑𝑑 generally increases 
with preparation pH, as expected, the films prepared at 
pH 9.5 really stand out in terms of their ability to actuate 
the particles, in a way not seen in the swelling of 
unstrained films, where, as shown in Table I, the 

differences in swell between films prepared at pH 9.0, 9.3, 
and 9.5 is relatively small. Some of this difference can 
likely be attributed to the much larger fraction of excess 
amines in the films fabricated at pH 9.5, as also shown in 
Table I.  Second, not only is Δ𝑑𝑑 larger for thicker films, as 
one might expect, but it grows significantly faster with 
bilayer number than the film thickness. This manifests in 
Figure 12 as a steady increase in the percentage numbers 
when scanning from panel (a) (0.5 bilayers) to panel (e) 
4.5 bilayers. Both of these observations indicate that the 
competency of the film in actuating the adsorbed 
particles grows significantly as more PAH is deposited on 
the substrate. 
With an eye to applications, it is also important to note 
that the pH-induced actuation of the nanoparticles is 
reversible multiple times. This is shown in Figure 13, 
where two samples (0.5 and 3.5 bilayer films prepared at 
pH 9.5) are alternately exposed to pH 3 and pH 10 
conditions, leading to repeatable actuation of the gold 
particles of approximately 0.3 nm and 1.5 nm 
respectively, with no hint of drift or other change in the 
size of motion that exceed the noise of the measurement 
during the 9 actuation steps performed on each sample.  
 

4.4 Effects of Mercaptoundecanoic acid SAM  

Next, we turn our attention to the effect of inserting a 
SAM made from a negatively charged alkanethiol (MUA) 
between the gold surface and the PEM. To first order, we 
expect the effect of the SAM to be an increase in the 
distance that equals the thickness of the SAM 𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 , which 
for MUA is known to be about 1.22 nm [66]. In other 
words, 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆 = 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 , and 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆/𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 , so 
the difference of the two thicknesses should equal 𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆  

Figure 12. The bar graphs show the amount of nanoparticle actuation in nm 
away from the surface in various PEM films (without underlying SAM) as the 
ambient pH is changed from 3 to 10, causing the films to swell. The 
corresponding percentage changes in 𝑑𝑑 are displayed in parentheses. Two 
numbers are shown at a preparation pH of 9.0 since two different sample 
sets were prepared at that pH. 

Figure 13. Measured particle-substrate gap distances in samples where the 
dielectric spacer consisted of a single PAH layer (red triangles) and a 3.5 
bilayer PAH/PSS film (black squares) as the samples are repeatedly cycled 
between pH 3 and 10. Both films were deposited at pH 9.5. 
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so long as 𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝  is the same for both films.  Comparing 
Figure 9 and 10, we see that the reality is more 
complicated than that, with the gap distance 𝑑𝑑 in some 
cases appearing to decrease with preparation pH when 
the SAM is present. To see the effect of the SAM more 
clearly, we plot in Figure 14 the apparent SAM thickness 
𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆/𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆 , obtained as the differences 
between the data in Figures 9(a) and 10(a). Calculating 
the difference between swollen films in Figures 9(b) and 
10(b) yields similar results. 

It is clear from Figure 14, that it is only in the relatively 
thinner films fabricated at lower pH values where our 
naïve expectation that 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 ≈ 𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆  is borne out. 
Specifically, 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  approximately equals 1.2 nm 
(indicated by a dashed line in the figure) for all the 0.5 
bilayer films. We also arrive at values of 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  somewhat 
larger than 1.2 nm for the 1.5 bilayer films fabricated at 
pH 9.3 and lower, and the 2.5 bilayer films fabricated at 
pH 9.0 and lower. This type of behavior is labeled as 
category ‘A’ in Figure 14(b). In addition, 3.5 and 4.5 
bilayer films prepared at pH 9.0 and 8.5 give rise to an 
apparent SAM thickness that is appreciably larger than 1.2 
nm (category ‘B’). In contrast, films with 1.5 bilayers or 
greater prepared at the highest pH values, appear to have 
𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  approximately equal to zero (category ‘C’). 
Classification of the [(PAH/PSS]4.5 9.0] and [(PAH/PSS]4.5 
9.3] films is uncertain, and these films may represent a 
boundary case between category B and C.  
Turning first to the films in category A and B, a more 
careful inspection of the data reveals that these films in 
fact fall on a continuum, with the excess of 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  over 
the true SAM thickness growing progressively larger as 
the total film thickness grows. This is shown in Figure 15, 
where 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆   values in category A and B are plotted vs 
the average 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 = 1

2
(𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆/𝑃𝑃𝑃𝑃𝑆𝑆 + 𝑑𝑑𝑃𝑃𝑃𝑃𝑆𝑆) of the data from 

which 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  is calculated. We can see that 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  grows 
nearly linearly with 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 , starting near 1.2 nm for the 
thinnest films, growing to about 5 nm for the thickest 
ones.  
As explained in detail in the Supplementary Information, 
this effect cannot be explained by inaccuracies in our 
model, because any model that leads to a constant value 
𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  leads to an unphysical relationship between 𝑑𝑑 and 

Figure 14. (a) Plot of the difference in gap distance 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 between films 
prepared with and without a mercaptoundecanoic acid SAM below the PEM, 
which can be interpreted as a measure of the effective thickness of the SAM. 
The dashed grey line indicates the 1.2 nm thickness of a freestanding SAM on 
gold. (b) Diagram of the same data as shown in (a) plotted vs bilayer number 
and preparation pH for each of the films, where the imputed SAM thickness is 
indicated both by the size of the circle symbol and the hue of the colored 
square at each point in the matrix. The hue is selected using the color gradient 
shown along the right axis of (a). The films can be divided into three categories 
as indicated in the figure: A—𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 is about the same as or slightly larger than 
the thickness of a freestanding SAM (green tones). B—𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 distinctly larger 
than the thickness of a freestanding SAM (blue tones). C—𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 is 
approximately zero (red tones). 

Figure 15. Apparent SAM thickness 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 plotted vs average 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎 of the 
thicknesses of the films deposited with and without an underlying SAM 
layer. The grey dashed lines indicate 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 = 0 nm and 1.2 nm, the known 
thickness of a freestanding MUA SAM. 
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𝜆𝜆, incompatible not only with our own model, but to all 
previous observations of this kind of system (See Figure 
S2 and discussion in section S2.3 of the Supplementary 
Information). 
To explain the discrepancy between 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆  and the free 
SAM layer thickness, we note that the thickness of the 
first few bilayers in a PEM depends strongly on the nature 
of the underlying surface. In particular, Caruso et al. have 
reported that the initial bilayers of a PAH/PSS films are 
thinner and less consistent when grown directly on bare 
gold compared to when it is grown on a gold surface 
capped with a negatively charged SAM [74]. In other 
words, the amount of polymer deposited per bilayer in 
the SAM/PEM films is greater than in the plain PEM films, 
leading to 𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 > 𝑑𝑑𝑆𝑆𝑆𝑆𝑆𝑆 , with the difference negligible 
for the very thinnest films, but growing steadily as 
additional polyelectrolyte is deposited on the surface. 
Specifically, our data indicates that the SAM layer 
increases the amount of polymer deposited (and thereby 
𝑑𝑑𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝) in films with more than one bilayer by between 
10% and 60%, with the highest increases seen in the 
thickest (4.5 bilayer) films. 
Films fabricated at the highest pH (category C films) 
exhibit the opposite effect in that rather than increasing 
the film thickness, the presence of an underlying SAM 
appears to have no material effect on the gap distance. 
This is perhaps the most surprising result of this study, so 
it bears pointing out that it does not depend on our model 
or any faults or inaccuracies it might contain. Instead, it 
rests solely on the observation that for the category C 
samples, the plasmon resonance wavelength is nearly 
identical for samples prepared with and without an 
underlying SAM, which means we must conclude that 
𝑑𝑑𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆 ≈ 0 regardless of model for the plasmon ruler.  
It seems unlikely that adding a SAM to the surface would 
reduce the amount of deposited polymer in the category 
C samples when it has the opposite effect in the category 
B case, so the explanation for our result must reside with 
the SAM. It is possible that the PEMs assembled at high 
pH through some mechanism simply removes the SAM 
from the surface. Another possibility is that the SAM in 
these films is pushed aside due the force between sphere 
and substrate. The thickest films assembled at the highest 
pH values hold the greatest charge density, which leads to 
the highest coulomb forces, consistent with the 
observation that larger bilayer count and higher 
preparation pH are required for the apparent SAM 
thickness to be zero. Previous work by Carpick and 
Salmeron  indicate that to promptly collapse a dense SAM 
with a small radius AFM tip, surface pressures on the 
order of 1 GPa are required [53]. For our spheres, this 
would correspond to adhesion forces 𝐹𝐹 on the order of 30 
nN, or 𝐹𝐹/𝑅𝑅 = 750 mN/m if rescaled by the tip radius 𝑅𝑅 
(which is relevant due to the Derjaguin approximation, 

where 𝐹𝐹/𝑅𝑅 equals 2𝜋𝜋 times the interaction energy per 
area). Similar forces are also required to shave thiol layers 
off with an AFM tip under lateral movement [76]. By 
comparison, the maximum pull-off forces measured with 
the colloidal probe technique for PEM films have typically 
been in the range of 4-20 mN/m [77-79], so it is unlikely 
that the attraction between PEM and sphere is sufficiently 
strong to provide the forces observed by Salmeron et al. 
However, the spheres are in contact with the SAM for a 
very long time—several hours—compared to the sub-
second interaction time in the AFM experiments, and it is 
conceivable that over this time scale, substantially smaller 
forces are required to displace the SAM from below the 
sphere. We finally note that one report exists of surface 
adhesion energies as high as 300 mJ/m2 in swellable PEMs 
[80], although much of this energy may be due to very 
short range interactions that have no impact on the 
pressure below the nanosphere embedded in the film. 

5. Conclusions 
In this paper, we have studied the use of plasmonic 
nanorulers to characterize the interaction between gold 
nanospheres and pH-responsive PEMs. For distances less 
than about 20 nm, the accuracy of this nanoruler 
measurement is at the sub-nm level or better. It is worth 
noting that the scattering from the particles is also 
sufficiently strong that the plasmon spectrum of 
individual particles can be measured directly [11, 20, 81, 
82], at least for spheres larger than about 50 nm in 
diameter. This makes gap plasmons an excellent 
technique for probing the interaction between 
nanoparticles and organic films.  
In contrast to prior work of this type, which has mostly 
been qualitative in nature [40-52], our modeling provides 
quantitative information on the separation between the 
nanospheres and the substrate. This has allowed us to 
draw several conclusions about the interaction between 
the particles and the PEM film. Notably, we have shown 
that (1) the nanospheres embed a significant amount into 
the PEM rather than ride on top of it, (2) nanoparticle 
actuation is repeatable and well-controlled, but notably 
smaller than the thickness changes seen in an unstrained 
film, (3) depositing PEM on a charged SAM leads to 
increased polymer deposition in the PEM, which we can 
quantify, except that (4) in the thickest and most highly 
charged PEMs, the SAM is instead desorbed or displaced 
from the region below the nanosphere. 
Our modeling includes an error analysis that accounts for 
uncertainties in the distribution of index of refraction in 
the volume surrounding the nanospheres as they interact 
with the organic film. This enhances the utility of the 
technique, as it demonstrates that we can draw 
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quantitative conclusions about a system even without 
detailed knowledge of the dielectric environment that is 
being probed. 
In addition to using a gap plasmon nanoruler to 
investigate organic films, this work also suggests that it is 
possible to do the reverse and use tunable organic films 
to precisely regulate the spectral position of plasmon 
resonances. This is important because current fabrication 
technologies often do not allow plasmonic and other 
nano-optical structures to be fabricated with sufficient 
precision, and also because dynamically tunable devices 
are of greater utility than static ones. A good example of 
this is the currently heavily studied area of plasmonic 
metasurfaces [83], where reconfigurability is an important 
goal [84]. 
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