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he synergistic combination of soft

and inorganic nanomaterials pro-

mises new classes of hybrid systems,
in which the stimuli-responsive properties
of the soft component' modulate the opti-
cal, electrical, catalytic, magnetic, and trans-
port properties of the inorganic component.
Specific examples in this area are compo-
sites of gold and silver nanoparticles (NPs)
with polymeric materials for plasmonic
nanosensors,®~* switchable catalysts® and
light-reconfigurable materials,® polymer-
modified nanopores for pH- or tempera-
ture-switchable transport,”'? and poly-
meric materials loaded with magnetic
nanoparticles exhibiting coupled mag-
netic and mechanical properties.’>'* These
“smart” materials present a higher degree
of physical and chemical complexity than
the isolated components. This complexity,
which arises because the properties of the
components are nonadditive, leads to new
function (e.g., the transport properties of
polyelectrolyte-modified nanopores cannot
be understood from the individual transport
properties of the bare nanopores and the
polyelectrolyte in the bulk®9). The funda-
mental understanding of hybrid systems
therefore challenges existing models and
intuition derived for homogeneous systems
and requires new theoretical approaches in
order to couple the organization of the soft
molecular component with the properties
of the inorganic part.

In this paper, we present a new modeling
approach to study the optical properties of
Au nanoparticles (NPs) coated by polymeric
shells. The position of the localized surface
plasmon resonance (LSPR) in hybrid Au NP/
responsive polymer composites can be
tuned by changes in the chemical or physi-
cal environment through three mechan-
isms: (i) coupling/decoupling of plasmons
of individual particles due to changes in the
interparticle distance as the soft component
switches shape (e.g., in polymer-linked NPs
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ABSTRACT

This work presents a novel modeling approach to calculate the optical properties of gold
nanoparticles coated with stimuli-responsive polymers. This approach combines, for the first
time, a molecular description of the soft material with an electrodynamics calculation of the
optical properties of the system. A mean-field molecular theory is first used to calculate
the local density of the polymer and the position-dependent dielectric constant surrounding
the nanoparticle. This information is then used to calculate the optical properties of the
Au@polymer colloid by solving Maxwell's equations for an incident electromagnetic wave.
Motivated by the interest in Au@PNIPAM and Au@PVP experimental systems, the theory is
applied to study the effect of polymer collapse on the position of the localized surface plasmon
resonance (LSPR) of the system. The most important results of the present study are as follows:
(i) the LSPR always shifts to lower energies upon polymer collapse (in agreement with
experimental results); this observation implies that the red shift expected due to increasing
polymer density always overcomes the blue shift expected from decreasing layer thickness; (ii)
the magnitude of the LSPR shift depends nonmonotonically on surface coverage and
nanoparticle radius; and (jii) the formation of aggregates on the nanoparticle surface (due
to microphase segregation) decreases the magnitude of the LSPR shift. These results highlight
the importance of explicitly considering the coupling between the soft material and the

inorganic components in determining the optical properties of the hybrid system.

KEYWORDS: localized surface plasmon resonance - gold nanoparticle -
stimuli-responsive polymer - Mie theory - discrete dipole approximation -
molecular theory - LSPR sensing

or Au-NP-decorated hydrogels4); (ii) changes
in the density of conduction electrons due to
electrochemical charging of the metallic  *Address correspondence to
core;'® and (iii) changes in the local refractive  '92isz@nerthwestern.edu.
index around the particle due to changes in geceived for review July 18, 2012
the density or thickness of the polymeric  and accepted August 20, 2012.
layer. In this work, we will focus our attention ' .
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on core—shell Au@polymer colloids™ 10.1021/nn303221y
(where the notation Au@polymer describes

a polymer-coated gold nanoparticle). In these  ©2012 American Chemical Society

ACNTANIY
VOL.6 = NO.9 = 8397-8406 = 2012 ACNJANI() | 8397

WWwWW.acsnano.org



systems, the LSPR shift is mainly attributable to
mechanism iii, more specifically, to changes in the local
refractive index produced by polymer collapse (a col-
lapsed polymer film contains no or very little solvent,
and thus it is a compact layer, in opposition to swollen
polymer films that have a large solvent content). Most
experimental work on Au@polymer colloids shows a
decrease in the particle hydrodynamic radius (as mea-
sured by dynamic light scattering, DLS) upon polymer
collapse,'®'® and therefore, nanoparticle aggregation
(which would lead to an increase in particle size) can be
ruled out. In those experiments, mechanism i (plasmon
shift due to plasmon coupling between particles) cannot
contribute to the observed shift of the LSPR. A contribu-
tion from mechanism Jji, change in the density of free
charge carriers, to the LSPR shift requires transfer of
electronic density from/to the gold core, which can
occur under electrochemical control, in the presence of
redox species or strongly adsorbed polyvalent ions.?°
These conditions, however, are not present in most
Au@polymer experiments, so mechanism ii can be also
ruled out for the systems of interest.

Examples of stimuli-responsive Au@polymer col-
loids are Au@poly(N-isopropylacrylamide) (PNIPAM),
which displays a red shift of the LSPR for temperatures
above the collapse temperature of PNIPAM'®1819:21
and Au@poly(4-vinylpyridine) (PVP) that shows a simi-
lar behavior when the solution pH is increased above
the collapse pH of PVP.?? Interestingly, predicting a
priori the direction of the shift of the LSPR due to
polymer collapse in Au@polymer colloids is nontrivial:
a collapse of the polymer shell decreases film thickness
(this effect alone will promote a blue shift of the LSPR)
but also increases the internal polymer density of the
film (this effect alone will promote a red shift of the
LSPR because the refractive index of PNIPAM and PVP
is higher than that of water).

Our approach to model the optical properties of
Au@polymer particles consists of (i) determining the
structure of the polymer layer using a free-energy
functional theory that considers the molecular details
of the grafted macromolecules, (ii) using the structure
of the polymer layer to calculate the heterogeneous
dielectric environment around the particle, and (iii)
calculating the optical properties of the system by
solving Maxwell's equations for an incident electro-
magnetic wave interacting with the Au@polymer
system, while treating the Au particles explicitly.
Motivated by the recent interest in Au@PNIPAM as a
thermoswitchable plasmonic system, we use our the-
ory to systematically study the change in the position
of the LSPR peak as the soft shell evolves from a
swollen to a collapsed state. We show that the collapse
of the end-grafted polymer layer resulting from de-
creasing the effective quality of the solvent always
results in a red shift of the LSPR band. The magnitude of
the shift nonmonotonically depends on the grafting
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Figure 1. Scheme of the system under study. A gold nano-
particle of radius R is coated by an end-grafted polymer
layer with a surface density o and a chain length N. The
collapse of the grafted polymer layer due to an increase in
the effective quality of the solvent (y) produces a shift
Alcoliapse in the position of the LSPR peak.

density (the number of polymers grafted on the sur-
face of the nanoparticle divided by its surface area) and
the radius of the Au core. These results highlight the
importance of a proper structural description of the
soft material component of the hybrid systems in
determining the plasmon resonance and provide de-
sign rules for stimuli-responsive plasmonic materials.

RESULTS AND DISCUSSION

Description of the Model System. Figure 1 shows the
system under study: a Au NP spherical core of radius R
and surface area A coated with n, end-grafted poly-
mers of chain length N and surface coverage o = ny/A
(number of grafted polymers per unit area). On the
basis of the assertion that collapse/swell of the soft
matter shell is the main mechanism for LSPR switching
in AuU@PNIPAM*'®'81923 and Au@PVP,** we will in-
vestigate specifically the effect of polymer reorganiza-
tion on the LSPR. The driving force for the collapse
is the change in the quality of the solvent (i.e., change
in the solubility of the polymer). The solubility depends
on the difference between the polymer—polymer and
polymer—water attractive forces (these forces include
van der Waals and hydrogen bonding interactions). In
order to keep the discussion general, we have chosen to
use a single parameter () to model the effective quality of
the solvent. The y parameter controls the strength of the
interaction forces between segments; changes in y, there-
fore, mimic changes in temperature or pH for PNIPAM or
PVP, respectively. This simplified description captures the
effect of polymer collapse on the optical properties of the
system, regardless of the specific driving force for col-
lapse. Details of the molecular organization of the poly-
mer layer may depend on pH or temperature effects.*

Effect of Solvent Quality, Chain Length, and Surface Coverage
on the LSPR. Figure 2A shows the polymer volume
fraction (fraction of a given three-dimensional space
that is occupied by polymer segments) as a function of
the radial coordinate for a spherical Au core of R =5 nm,
N =150, ¢ = 0.25 chains-nm~2, and different values of 5.
In this calculation, we assumed radial symmetry; that is,
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Figure 2. (A) Polymer volume fraction profile as a function
of the radial coordinate for a nanoparticle of R=5nm, N =
150, o = 0.25 chains-nm~2, and different values of the
quality of the solvent parameter y. (B) Local refractive index
profile as a function of the radial coordinate calculated from
the polymer volume fraction profiles in A. The dotted lines
show the refractive index of pure polymer (n,) and pure
solvent (ns). (C) Calculated extinction (absorption +
scattering) spectra for the systems in A. The inset shows
the normalized extinction spectra.

the film is inhomogeneous only in the radial coordinate.
Changing y from 0 kgT (good solvent) to 2 kgT (poor
solvent) causes a polymer collapse that produces a
decrease in film thickness and an increase in the average
polymer volume fraction. Figure 2B shows the r-depen-
dent refractive index, n(r), determined from the polymer
volume fraction profiles. Using the r-dependent refractive
index, we calculated the extinction spectra for different
values of y (see Figure 2C). For the values of R, N, and o
used in the calculations of Figure 2, polymer collapse is
predicted to produce a red shift of 4.3 nm and to increase
the extinction coefficient; this increase occurs due to
the shift of the LSPR away from interband transitions of
gold.

In contrast to inorganic shells, which present a well-
defined and homogeneous thickness and refractive
index, polymeric shells have a thickness and refractive
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Figure 3. Position of the LSPR as a function of chain length
(N) and grafting density (o) for a Au core of R =5 nm and
x =0 kgT (good solvent, panel A) or y = 2 kgT (poor solvent,
panel B).
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index that depend nontrivially on the molecular struc-
ture of the polymer and on environmental conditions.
Figure 3A,B shows the predicted position of the LSPR
band (1-°%) for ¥ = 0 and 2 ksT (good and a poor
solvents, respectively) for different surface coverages
(0) and chain lengths (N) of the polymer. In good
solvent, 1™ increases with ¢ but is rather insensitive
to N. Simple scaling arguments®>2® show that film thick-
ness for a polymer brush in a good solvent increases as
N-6"3. The internal volume fraction of the polymer
(which controls the refractive index of the film) is propor-
tional to the ratio of number of polymer segments per
unit area (N o) to the thickness of the layer (N-¢'"3), and
thus it scales as ¢*>. Since A“*FR for ¥ = 0 is rather
insensitive to N but varies with g, we conclude that the
internal volume fraction of the polymer is the main factor
controlling the optical properties in a good solvent. In a
poor solvent, the internal volume fraction of the polymer
is rather constant and very close to 1 (Figure 2A); there-
fore, in this case, the film thickness controls the position
of the LSPR. The thickness of the film in a poor solvent is
proportional to the product N-g, which explains why
A=PR depends both on N and o for a collapsed polymer
(x = 2 kgT in Figure 3B).

Collapse of the Polymer Always Leads to a Red Shift of the
LSPR. An important parameter in experimental studies
and potential sensing applications is the shift in the LSPR
peak following polymer collapse, that is, the difference
between the A"*P® values shown in Figure 3B and
those shown in Figure 3A. We introduce the variable
Alcollapse as the shift of the LSPR peak wavelength
between the collapsed and swollen states:

Adcoliapse = ARy = 2kgT) — 25PR(y = 0kgT) (1)

Figure 4A shows a color map of Adcoiiapse as a function
of N and o. An important conclusion from this plot is
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Figure 4. Change in the position of the LSPR band
(Adcoliapser S€€ €q 1, panel A) and the average polymer
volume fraction of the film (A¢Cgiapses Se€ eq 2, panel B)
upon film collapse, as a function of chain length (N) and
grafting density (o) for a Au core of R =5 nm.

that Aldcoiiapse is always positive (i.e., polymer collapse
always red shifts the LSPR), which is in agreement with
experimental findings.>'%'8192223 This result is, in
principle, not intuitive because decreasing film thick-
ness and increasing polymer density (the two effects
associated with polymer collapse) are expected to shift
the LSPR in opposite directions (to higher and lower
energies, respectively).?” Our calculations show that
the effect of increasing volume fraction always out-
weighs that of decreasing film thickness. This result can
be understood by considering the strength of the
electric near-field around the nanoparticle, shown in
Figure 5A. In Figure 5B, we compare the field enhance-
ment along the polarization axis (y) with the polymer
density in the swollen and the collapsed states. This
figure shows that the electric field decays exponen-
tially with distance from the nanoparticle surface.?®%°
The region close to the surface is where the electric
field enhancement is maximum and changes in the
volume fraction occur mainly upon collapse. The LSPR
is, therefore, more sensitive to the increase in polymer
density close to the NP surface than to its decrease far
from the surface. In the Supporting Information, we
present an approximate model based on the spatial
decay of the near-field, which predicts that polymer
collapse always produces a red shift of the LSPR, in
agreement with our calculations.

Another important result shown in Figure 4A is that
the LSPR shift (2—5 nm for large N) is of the same order
of magnitude as that experimentally observed for
AUu@PNIPAM (5—10 nm*'6181923) We will not attempt
here a quantitative comparison between our theore-
tical predictions and the experiments because experi-
mental values for N and o are unknown. Furthermore,
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Figure 5. (A) Electric field contour plot for a nanoparticle of
R=5nm, N =150, 0 =0.25 chains-nm 2, and y = 0 kgT. The
propagation and polarization axes are x and y, respectively.
(B) Electric field for the nanoparticle in A (right axis, blue
curve) and polymer volume fraction profiles (left axis, red
curve) for y = 0 and 2.0 kgT (same data as Figure 2). The
origin of the y-axis is located at the center of the particle.

our model is notintended to reproduce the behavior of
PNIPAM and the physical properties of the shells used
in the experiments (these shells have a 5—10% cross-
linking density and are thicker than the ones described
here).

Shift of the LSPR Peak upon Polymer Collapse Depends
Nonmonotonically on Grafting Density. Figure 4A shows that
Aldcoliapse increases monotonically with N, the chain
length. This result is in qualitative agreement with the
experimental results of Contreras—Caceres and co-
workers,’® who found an increase in the temperature
sensitivity of the plasmon band of Au@PNIPAM with
increasing shell thickness. Figure 4A also shows that
Alcoliapse depends nonmonotonically on the grafting
density. This important observation shows that in-
creasing the amount of polymer in the system does
not always maximize the LSPR sensitivity to polymer
collapse.

In order to understand the nonmonotonic variation
of Alcoiapse With grafting density, we need to study
how the polymer collapse affects film thickness and
inner volume fraction. The changes in these two vari-
ables are connected, so it is enough to analyze one of
them. In the previous section, we have shown that
A5PR s more sensitive to changes in the internal
volume fraction of the polymer than to changes in
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thickness, so we calculate the average volume fraction
for the film (¢™<?", see eq 8 in Methods) and its change
upon film collapse (eq 2)

Adginpse = ¢ = 2keT) —¢™"(x = OkgT)  (2)

collapse

Figure 4B shows that A¢caiiapse iS @ NoOnmMonotonic
function of o, in line with the trend observed for
Alcolapse- The reason for the nonmonotonic depen-
dence of Agcaiiapse ON grafting density is the following:
for low grafting densities, there is not enough polymer
in the system to substantially increase the polymer
density around the particle upon collapse. In the limit
of high grafting densities, the polymer volume fraction
in the swollen state is already high and, thus, increases
marginally upon collapse. The maximum in Aldcoiiapse
and A¢liapse is therefore achieved at intermediate
values of o.

Sensitivity of the LSPR Peak to Polymer Collapse Depends on
the Position of the Plasmon Peak. Miller and Lazarides
studied the sensitivity of the LSPR peak position for
Au nanoparticles and nanoshells of different size and
shape with variation of the refractive index for an
infinite dielectric environment.>® A main conclusion
of that work was that the sensitivity of LSPR to the
dielectric environment, also known as the refractive
index sensitivity or RIS, increases linearly with the
position of the LSPR. A similar behavior is expected
for Alcoliapse; t0 study this, we have calculated the
optical properties of polymer-coated hollow Au NPs®
for a fixed radius of the inorganic component (R =
30 nm) and different thicknesses of the Au shell (day,
see scheme in the inset of Figure 6A). In the calcula-
tions of Figure 6, the properties of the polymer layer do
not depend on the thickness of the Au shell (because
we keep the total radius of the inorganic component
constant); therefore, this calculation isolates the effect
of the position of the A*°"F on the sensitivity to collapse
(A/Icollapse)-

Figure 6A shows that, as the thickness of the Au
layer decreases, the LSPR band in the swollen state
(A5PR (y = 0 kgT)) shifts to lower energies. Figure 6B
shows that Alcoliapse increases linearly with the posi-
tion of the LSPR.3%3" In other words, stimuli-modulated
plasmon properties in Au@polymer systems can be
enhanced by using Au NPs with the LSPR in the red/
infrared region of the spectra. We note, however, that
the polymer layer will behave differently for particles of
different shape or size, and that this effect also impacts
the LSPR. As we discuss next, in Au@polymer systems
with cores of different sizes, there is a complex balance
between the effects of polymer reorganization and the
plasmon properties of the core.

Shift of the LSPR Peak upon Polymer Collapse Depends
Nonmonotonically on Particle Radius. We turn our attention
to the effect of particle size on Alcoiiapse (for solid Au
NPs). Figure 7A shows that Alcgiiapse displays a broad
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Figure 6. (A) Position of the LSPR band for polymer-coated
Au hollow shell (o = 0.5 chains:cm™2, N = 150, R = 30 nm) as
a function of the thickness of the gold layer for the swollen
state (y = 0 kgT). (B) Change in the position of the LSPR upon
polymer collapse as a function of the position of LSPR in the
swollen state.
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Figure 7. Change in the position of the LSPR band
(Adcolapser S€€ €q 1, panel A) and the average polymer
volume fraction of the film (A¢5iapses S€€ €q 2, panel B)
upon film collapse, as a function of chain length (N) and
radius of the Au NP core (R). The polymer surface coverage is
o =0.5 chains-nm 2,

minimum with R for R ~ 20—60 nm. The reason that
Acollapse increases for R > 60 nm is that the LSPR peak
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of Au NPs begins to shift dramatically to the red due to
coupling of the plasmon to far-field radiation, which
partially quenches the resonance and broadens the
LSPR (see, for example, ref 28). As we have shown in the
previous section, shifting the LSPR to the red increases
A)~cc>llapse~

The decrease in Aldcoiiapse With R for R < 20 nm
originates from the properties of the soft material shell.
Figure 7B shows that the change in the average
polymer volume fraction upon collapse, A¢coiiapser
defined in eq 2, is larger for smaller particles. This effect
causes the increase of Alcoiiapse for decreasing R. The
reason why Ag¢oiiapse is larger for smaller particles is
that polymer chains in the swollen state are less packed
on highly curved surfaces'? and, therefore, their den-
sity decreases with decreasing core size (see Support-
ing Information Figure S1). On the other hand, the
density of the collapsed state is rather constant. Con-
sequently, the change in polymer density upon col-
lapse is larger for smaller particles.

The complex nonmonotonic behavior of Adojiapse
with o and R (Figures 4A and 7A) is a direct consequence
of the interplay between the conformational properties
of the polymer shell and the optical properties of the
plasmonic core. This complexity highlights the impor-
tance of explicitly considering the physical properties of
both the inorganic and the soft material components.

Breaking Spherical Symmetry and the Effect of Domain
Formation on the LSPR Shift. In sections 2—6, we have
analyzed films with a homogeneous thickness at each
point on the NP surface (these films present inhomo-
geneities only in the radial coordinate). Polymers end-
grafted to planar or curved surfaces in poor solvent
can, however, microphase segregate’?*32734 to form
aggregates and thus break the original planar or
spherical symmetry of the system. Microphase segre-
gation occurs because grafting of the end group
prevents the polymer from diffusing on the surface
and thus frustrates macrophase separation in poor
solvents.*** In the microphase-segregated state, mul-
tiple local minima of the free energy, which correspond
to aggregates of different size and shape, are possible.
Figure 8 shows polymer volume fraction color maps for
a Au@polymer NP in a good solvent (y = 0 kgT,
Figure 8A) and a poor solvent (y = 2 kgT, Figure 8B,C).
These calculations were performed using a cylindrical
symmetry and allowing inhomogeneities in the radial
(r) and longitudinal (z) coordinates. The morphologies
in Figure 8B (“eccentric film”, i.e., a film slightly thicker
on one side of the particle than on the other) and 8C
(“janus film”) were obtained for the same system
parameters. In other words, these two morphologies
correspond to two local minima of the free energy
landscape. The janus morphology is more stable than
the eccentric one by 4.5 kgT per polymer chain.

Figure 9 shows the value of/l"SPR(X)—/lLSPR(x=O) asa
function of y calculated for the morphologies in
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Figure 8. Color maps showing the polymer volume fraction
in a plane containing the center of the particle. The calcula-
tions were performed assuming cylindrical symmetry and a
homogeneous system in the angular coordinate (i.e., only
inhomogeneities in r and z). The figures correspond to a Au
core of R =5 nm coated with an end-grafted polymer layer
of 0=0.25 chains-nm 2, N=150,and y = 0 kgT (A) or 2.0 kT
(B,C). The systems shown in B (eccentric) and C (janus)
correspond to two minima of the free energy for the same
calculation conditions.

Figure 8A—C. The figure shows that Adcoiiapse is always
positive and smaller for the janus film than for the
eccentric one. Note that the janus and eccentric curves
converge for y = 1.2 kgT because at this point the
homogeneous film becomes thermodynamically
stable and microphase segregation disappears.>® We
also plot the A="R(y)—1"PR(y=0) curve calculated for
the spherical symmetrical system described in Figure 2,
which almost overlaps that of the eccentric 2D calcula-
tion. The results in Figure 9 suggest that (i) homoge-
neously coating the NP maximizes the sensitivity of the
LSPR to polymer collapse, and (ii) the results predicted
in sections 2—6 may underestimate Adcojiapse When
microphase segregation occurs. In the case of neutral
polymers, microphase segregation is favored for rela-
tively low grafting densities.”
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Figure 9. Change in the position of the LSPR when increas-
ing the effective segment—segment interaction strength
from y = 0 kgT to x for the systems shown in Figure 8
(calculation in cylindrical geometry with inhomogeneities in
r and z, spontaneous symmetry breaking allowed) and
Figure 2 (calculation in spherical geometry with inhomo-
geneities in r, enforced radial symmetry).

CONCLUSIONS

We have presented a new approach to model the
optical properties of hybrid soft plasmonic materials
and applied it to analyze the behavior of the LSPR in
the Au@polymer system. Our results are in qualitative
agreement with available experimental evidence,
namely, (i) polymer collapse always produces a red
shift of the LSPR>7"923 (ji) the magnitude of the
shift for spherical NPs is of the order of a few nano-
meters (<10 nm),>'67'923 (jii) the sensitivity of Au@-
polymer systems to collapse increases with film
thickness (i.e., larger N),'® and (iv) Au@polymer sys-
tems exhibiting LSPR at lower energies present larger
shifts of the plasmon peak upon polymer collapse'®'®
(although, in this case, the effect of complex particle
shapes on polymer morphology remains largely un-
explored and may play a role). Our theory also pre-
dicts that the magnitude of the collapse-induced shift
of the LSPR is a complicated function of the polymer
grafting density, core radius, and formation of poly-
mer aggregates. In these cases, systematic experi-
ments are needed to corroborate these predictions

METHODS

We model the end-grafted polymer layer using a molecular
theory that explicitly considers the shape, size, conforma-
tion, and molecular interactions of all of the species in the
system.?*3” For a detailed description of the analytical deriva-
tion and numerical implementation of the molecular theory, the
reader is referred to ref 37 (one-dimensional inhomogeneities in
spherical coordinates) and the article and Supporting Informa-
tion of ref 7 (two-dimensional inhomogeneities in cylindrical
coordinates). The predictions of the theory have been found
to properly describe structural, thermodynamic, and functi-
onal properties of end-tethered neutral and charged poly-
mers as compared with full-scale coarse-grained computer
simulations***> and with experimental observations.®3846—48

Briefly, we formulate the theory by writing down the free
energy of the system as a functional of the distribution of the
different molecular species and the probabilities of the different
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and maximize the sensitivity of the LSPR to the
chemical/physical stimuli.

We have studied a model polymer responsive to
changes in the quality of the solvent (given by the
parameter y). We note that our theory can be straight-
forwardly extended to study Au@polymer NPs respon-
sive to environmental changes of temperature,®® pH,***’
redox potential, ®**° or concentration of biological ligands.*
Moreover, the molecular theory approach used here can be
extended to other polymer topologies used in Au@polymer
composites beyond the end-grafted homopolymer
studied here, such as pH-sensitive grafted layers,'?
pH- and redox-responsive electrostatically adsorbed
polymer layers,*33° gels,*' or block copolymers.**** It
is also possible to use our methodology to study
systems where changes in size or shape of the soft
matter component modulate the distance between
plasmonic nanoparticles and thus the plasmon cou-
pling between them. This type of calculation will allow
decoupling of the contributions of interparticle plasmon
coupling and changes of refractive index to the shift of the
plasmon resonance in, for example, the optical response of
nanorod-coated PNIPAM microgels?

The molecular theory used in this work is well-suited to
study the structure of polymer systems because it allows
systematic calculations at a fraction of the computational
cost required by typical computer simulations, and it can
be easily extended to model the effects of pH, redox
potential, or chemical equilibria. The general concept
behind our approach is not, however, limited to the
molecular theory. For example, if a more detailed chemi-
cal model of the polymer is required, atomistic molecular
dynamic simulations can be used to determine the local
density and dielectric function around the nanoparticle,
which are required in the electrodynamics calculations.
Understanding hybrid materials requires hybrid theore-
tical models and we believe that, as the complexity of
hybrid soft/plasmonic materials increases, our approach
will be useful to provide design rules and fundamental
understanding.

polymer conformations. More specifically, we write
pwW = /ps(r)[ln(ps(r)vs) —11dr

+0 [ 3 Polr(s), 0)in (Py(r(s), o))ds
A o

6
J%x' // (‘r fr,‘> Fllr — ¥ Xnp(M)np(¥))drd¥
3)

where [ = 1/kgT. The first term in eq 3 corresponds to the
translational entropy of the solvent, where py(r) and v, are the
number density and volume of the solvent molecules (vs =
0.03 nm°), respectively. The second term is the conformational
entropy of the polymer chains, where Py(r(s),) is the probability
of having the polymer chain grafted at r(s) in conformation o,
where s is a parametrization of the surface where the chains are
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grafted and ds is the area element. The summation in this term
runs over all possible chain conformations (although in practice
we use a very large representative set). These conformations are
generated in free space for the given values of N and R. The last
term represents the van der Waals (vdW) effective attractive
interactions between polymer segments. Here a is the segment
length (@ = 0.5 nm), x is the strength of the effective seg-
ment—segment interactions, f([r—r'|) is a cutoff function that is
1fora < |r—r'| < 2.5 (with 0 =0.5 nm) or 0 otherwise and (n,(r)) is
the ensemble average number density of polymer segments at r:

(npn)y = o / > Po(r(s)), a)n(¥

where n(¥'(s'),0,r)dr is the number of the segments that a chain in
conformation a grafted at ¥(s’) has in the volume element
between r and r + dr and the integral runs over the area where
polymers are grafted.

The intermolecular repulsions are modeled as excluded
volume interactions, and they are incorporated on a mean-field
level through the packing (incompressibility) constraints

(s'), o, ds’ (4)

<np(r)>vp +Ps(r)vs =1 (5)

where v, is the polymer segment volume (vp = 0.095 nm?3).

The parameters relevant for the system under study are y, o,
N, and R. The parameter y controls the strength of the seg-
ment—segment attractions; that is, it is a multiplicative factor in
the vdW interaction energy term in eq 3. The surface grafting
density, o, and the nanoparticle radius, R, determine the total
number of chains in the system and appear in the theory in
egs 3 and 4 (R is implicit in the parametrization of the nano-
particle surface given by s). Finally, the number of segments per
chain, N, enters the theory in the generation of the set of chain
conformations (R also affects this set since the generated
conformations avoid the nanoparticle). The specific segment
distribution of each generated conformation determines the
function n(r'(s'),o,¥) in eq 4.

In order to solve the theory, we perform a functional mini-
mization of eq 3 with respect with the density of the mobile
species and the probability of each polymer conformation in
order to obtain a set of coupled integro-differential equations.
We discretize these equations into a system of nonlinear
equations that we solve using numerical methods.

As an output from the theory, we obtain the functional
forms for the density of mobile species and the probability of
each polymer conformation in the equilibrium state, including
the r-dependent polymer volume fraction:

@o0) = (oMY, (©)

We calculate the r-dependent refractive index of the soft
shell, n(r), from (¢p ) using the Lorentz—Lorenz mixing rule
for binary mixtures:*

nr? —1 ng? o — 1

e U L A S e S
where ns and n, are the refractive indexes of the solvent (water,
ns = 1.33) and the polymer (n, = 1.52, corresponding to the
refractive index of PNIPAM and PVP>'—>3), respectively. The
mixing rule given by eq 7, one of the most commonly used
mixing rules to calculate the refractive index of mixtures, is
based on the Clausius—Mossotti (CM) equation, which relates
the dielectric constant and the molecular polarizabilities.>* The
quantitative results of our calculations are not affected by the
choice of mixing expression; see Figure S2 in the Supporting
Information. We finally calculate the optical properties of the
polymer-coated nanoparticles by solving Maxwell's equations.
We adopt different strategies to solve the molecular theory and
calculate the optical properties of the Au@polymer colloids
depending on the symmetry of the system. For the calculations
in Figures 2—7, we assumed a spherical symmetry with inho-
mogeneities in the radial coordinate (the distance from the
center of the sphere).?” This strategy reduces the number of
relevant dimensions to one, allowing very fast calculations. As
an output from the theory, we obtain the radial-dependent

refractive index of the system, n(r), which we use to determine
the optical properties. In practice, we discretize n(r) into layers of
thickness & = 0.5 nm (which is the same discretization step used
for the molecular theory) and use the open-source multilayer
Mie theory code scattnlay> (the multilayer Mie theory is an
analytical solution to the problem of calculating the optical
properties of a spherical object with an inhomogeneous radial
refractive index profile). We use the dielectric function of
Johnson and Christy*® for the Au core (for simplicity, we neglect
the corrections to the gold dielectric function due to scattering
of the electrons on the boundaries of the metal partic|e57). The
extinction coefficients Qe reported in Figure 2 are calculated as
Coxt/(R?7), where Coy is the extinction cross section and R is the
radius of the gold core.

For the calculations in Figures 8 and 9, we allow the system to
spontaneously break the spherical symmetry upon collapse’ by
performing calculations within a cylindrical geometry that
assumes inhomogeneities in the r and z coordinates.”” The
resulting nonlocal refractive index, n(r,z), was then mapped into
a Cartesian tridimensional grid (which completely contained
the hybrid system and had a spacing of  =0.5 nmin the x, y, and
z coordinates), and the optical properties were calculated with
the discrete dipole approximation approach, as implemented in
the open-source code DDSCAT.>® The near-field in Figure 5 was
also calculated with DDSCAT.

For spherical nanoparticles, it could be possible to use an
effective medium theory (EMT) where the radially dependent
refractive index is replaced by an effective refractive index
estimated from the polymer volume fraction profile. However,
for structures with a high degree of anisotropy, or where the
electric field strength varies dramatically between resonances
(for example, the longitudinal and transverse resonances of a
nanorod), the effective refractive index in the EMT would need
to be determined for each resonance, and therefore, the multi-
layer Mie theory or the DDA approaches to solve Maxwell's
equations used in this work are more general than an EMT.
Additionally, effective medium theories conceal the details of
the electric field profile in the polymer, which is useful for the
study of sensing devices.

We define mean quantities in the film from the theory as
weighted averages, where the weighting factor is (¢,(r)) since
this variable determines how much of the local value contri-
butes to the value averaged over the film. In the specific case of
the polymer volume fraction, the average value (used in eq 2) is

/ (6,0, 1)dr

/ (G()dr
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