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ABSTRACT: Au nanoparticle (Au-NP) sensors need a high
surface plasmon resonance intensity and a low steric effect for
efficient labeling in sensors. Since dimers meet these require-
ments, we have theoretically studied the self-assembly of
monomer and dimer Au-NPs by considering influential factors
such as Au-NP size, polymer thickness, and gap distance
between dimer Au-NPs. In order to control the monomer-
ization and dimerization of spherical Au-NPs and their sizes via
self-assembly, two polymers (hydrophilic PEG and hydrophobic
PMMA) were grafted on the Au-NPs as amphiphilic brushes.
Computational methods of dissipative particle dynamics and discrete dipole approximation were employed for virtual self-
assembly and theoretical analyses of plasmons related to sensing properties, respectively. We found that the bigger Au-NPs were
obtained when the amounts of each polymer were roughly identical and the gap distance between Au-NPs in the dimer was
shorter when the amount of PMMA was reduced within the condition of dimerization. This theoretical study revealed an optimal
near-contact distance for Au-NPs@PMMA/PEG, where the electron tunneling effect was minimized, and reported unseen roles
of polymers and plasmons, which consequently allowed achieving a highly efficient Au-NP dimer sensor.

■ INTRODUCTION

Au nanoparticles (Au-NPs) have been widely used in fields
related to electronics and photonics. Among several important
factors under consideration, the size and shape controls have
been the important issues, particularly in nanofabrication
processes.1,2 When Au-NPs are larger than ∼2 nm,1 the surface
plasmon resonance (SPR) appears and the SPR absorbance
becomes detectable. Also, the SPR absorbance of Au-NPs can
be tunable by changing the size or shape. Therefore, Au-NPs
have been applied in sensors,3 colorimetric detection,4 and
labeling in biosystems.5−7 For the application of NP, large size
NPs (10−100 nm) are commonly used due to their high SPR
intensity, since the absorbance intensity and red-shift of the
peak wavelength increase with increasing particle size.8 In
contrast, the labeling efficiency increases with a decrease in size
because of less steric effect.9 When the NPs are smaller than 10
nm, quantum size effects (i.e., intrinsic size, spatial nonlocality,
etc.) become important on Au-NPs due to the comparable
length regarding the mean free path of conduction electrons.10

These effects influence on the sensing capabilities of Au-NPs by
changing the width of spectral peaks, resonance peak
wavelength, and electric field intensity. Especially, intrinsic

size effect makes the spectral peaks broaden and reduces the
peak intensity. Nonlocal effect influences the peak wavelength
by inducing the blue-shift and reduces the electric field intensity
over the Au-NP surface. Thus, the quest to achieve a high SPR
intensity with a minimal steric effect remains a challenge in the
course of making good SPR-based sensors. A synthesis method
exists to help overcome the above-mentioned limitations. An
Ag staining strategy,10−12 where Ag is coupled with Au-NPs to
enhance the SPR intensity, could be used. However, complex
experimental steps are generally involved when compared to
nonstaining methods, which do not involve the process of
coating of silver or other plasmonic materials on the surface of
Au-NP.
In that regard, the dimerization of Au-NPs is a promising

approach to obtain high SPR intensities with reduced steric
effects. The SPR absorbance peak is increased due to the
plasmonic coupling in dimers when two NPs are in close
proximity, and thus sensing becomes more accurate than the

Received: January 31, 2016
Revised: April 7, 2016
Published: May 11, 2016

Article

pubs.acs.org/JPCC

© 2016 American Chemical Society 11068 DOI: 10.1021/acs.jpcc.6b01055
J. Phys. Chem. C 2016, 120, 11068−11077

pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.6b01055


monomer case.13 One of the methods for dimerization involves
attaching polymer brushes, where polymer chains are grafted on
the NP surface. This favors particle aggregation to form
different morphologies.14,15 The synthesis method consists of
sequential steps of making Au-NP followed by grafting of the
polymers. Conveniently, a single-step method is also available
by mixing directly the aqueous polymer solution and Au
precursors.16,17 The latter method is particularly interesting
since both size-control and Au-NP aggregation are simulta-
neously achieved. Accordingly, this single-step method was
adopted in our study, in order to minimize the drawbacks of
small-sized NP (i.e., low SPR intensity) by increasing the SPR
intensity from self-assembled dimerization. In order to
aggregate Au-NPs to a certain degree, we set an amphiphilic
nature on the Au-NP using hydrophobic and hydrophilic
polymers. The combination of hydrophobic PMMA and
hydrophilic PEG has been shown to create amphiphilic Au-
NPs, which are stable18,19 and form dimers.20,21 In practice, it is
difficult to know the exact amount of polymers, resulting in a
targeted degree of size-controlled NP aggregation through self-
assembly. Furthermore, the synthesis task becomes more
difficult if the gap distance between the two Au-NPs in the
dimer is controlled to produce an efficient SPR absorbance
since one needs to avoid the electron tunneling effect, which
occurs in very short distances (i.e., below 0.4 nm).22,23

We used a theoretical approach in order to determine key
information on the efficient SPR NP sensor by using two
computational methods, namely dissipative particle dynamics
(DPD) and discrete dipole approximation (DDA). Since self-
assembly was a crucial phenomenon to synthesize the Au-NPs,

a coarse-grained (CG) simulation method was adopted. This
allowed us to observe changes in the microphase including self-
assembly, which is usually very time-consuming. We expected
to obtain Au-NP between 2 and 10 nm, which could represent
an average size. DPD is one of the most well-known CG
methods, where a bead (i.e., super atom) is the building block
for modeling materials. With appropriate repulsive forces
exerted on modeled beads, it has been successfully applied to
study liquidlike phases, polymers,24−26 and colloidal Au-
NPs.27,28 The description of the DPD simulation is introduced
in the Computational Methods section. DDA is a theoretical
method to estimate optical properties of plasmonic materials
responding to external electrical field through dipole moments
of discretized dipoles.29 The sensing capabilities were studied
using absorption cross section (Cabs), detection accuracy, and
electric field intensity (|E(ω)|2/E0

2, where E0 is the incident
electric field and E(ω) is the induced electric field at a
frequency (ω)) in terms of grafted polymer thickness and
composition. In the DDA calculation, we included three
quantum effects (intrinsic size, spatial nonlocality, and electron
tunneling) into the classical electrodynamics calculation in
order to determine their influence on the sensing capability.
The description of the DDA method and the detailed
derivation for each quantum effect are introduced in the
Computational Methods section.

■ RESULTS AND DISCUSSION

Self-Assembly Studies of Monomer and Dimer Au-
NP@PMMA/PEG via DPD. With the bead model (Figure 1a),
the monomer (Figure 1b) and dimer (Figure 1c) of Au-NP@

Figure 1. (a) Bead models of DPD and an initial state of the simulation. The Au bead (yellow) conceptually contains 28 Au atoms, and the water
bead (blue) conceptually contains 12 water molecules. PEG and PMMA are composed of 22 and 110 beads, respectively, where a PEG bead (cyan)
conceptually contains 5.2 constitutional units and a PMMA bead conceptually contains 2 constitutional units. (b) Self-assembled Au-NP@PMMA/
PEG monomer from the DPD simulation with a total of 25 725 beads at 16.4, 75.6, and 8 vol % of Au, PMMA, and PEG, respectively, with excess
water in a box of 20 × 20 × 20 Rc

3, where Rc is the cutoff radius (i.e., 1.026 nm). Polymer chains are 17 and 9 ea for PMMA and PEG, respectively.
(c) Self-assembled Au-NP@PMMA/PEG dimer from the DPD simulation with a total of 51 110 beads with 27.4, 64.3, and 8.3 vol % of Au, PMMA,
and PEG, respectively, with excess water in a box of 26 × 26 × 26 Rc

3. Polymer chains are 26 and 18 ea for PMMA and PEG, respectively.
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PMMA/PEG were self-assembled via the DPD simulation at
room temperature. The time-based self-assembly processes are
presented (Figures S2 and S3 and following note). (Note: We
determined the formation time of the fully grown monomer,
which took ∼770 ns as shown from Figure S4a, by tracing the
self-assembled number of Au beads with respect to the
simulation time. The growth rate of the monomer was
estimated, which is shown in Figure S4b. For this calculation,
the Lifshitz−Slyozov−Wagner (LSW) model for Ostwald
ripening was employed,65 and the rate constant of growth of
Au-NP was 0.75 nm/ns1/3.) To check the reliability of the
polymer models, we compared the radius of gyration (Rg) from
PEG and PMMA with the experimental results.30,31 Average
Rg’s were in agreement with the literature values to within 5.9
and 16.2 error % for PEG and PMMA, respectively (Figure S5).
Note that the large difference of Rg’s for PMMA was due to the
bulk32 and the grafted systems. Grafted Au beads were well
located within 1 nm from the surface of the Au-NPs (Figure
S6). The size of Au-NPs in the monomer (Figure 1b) was 5.5
nm as expected. Interestingly, PEG and PMMA segregated into
each other, and PMMA was closer to the Au-NP surface due to
its strong affinity to Au, as expected from smaller repulsion
parameters (Table S1). The two Au-NPs in the dimer (Figure
1c) were formed with diameters of 5.6 and 5.9 nm, respectively,
where PMMA acted as a linker between the two monomers.
Since the DPD simulation produced rather realistic results,

we have thoroughly investigated the factors that influence the
sensing capability. First, in order to increase the Au-NP size in
the monomer system, the relative amount of the two polymers
was varied, while fixing the amount of Au at 16.4 vol %. Figure
2 shows the influence of the PMMA quantity (vol %) on the

size of the Au-NPs. We found that the biggest Au-NPs were
obtained using a nearly equivolumetric mixture of the two
polymers. In these conditions, the chain length of the PMMA
was about 5 times longer than that of the PEG. Hence, the
number of PEG polymers was roughly 5 times larger than that
of PMMA. Cheng et al.20 explained that the growth of small-
sized Au-NPs was due to a shielding effect of PEG, but from
our results, the hydrophobic effect from PMMA could be
equally treated. By varying the relative amounts of Au and two
polymers, the formation composition for the Au-NP@PMMA/
PEG dimer was obtained (Figure S7). The ternary phase
diagram clearly shows that the relative amount of PMMA
required for the formation of the dimer. The PMMA ranged

from 54.3 to 64.3 vol %, which was equivalent to a number of
PMMA polymers between 20 and 28 ea (Table S2).
The gap distance between two Au-NPs in dimers can also

affect the absorbance, so we conducted the following
dimerization study. First, we found the distance criterion for
the aggregation of dimer from two monomers. Two Au-NP@
PMMA/PEG monomers with the size of Au-NP (i.e., 5.9 nm,
the same system as in Figure 1c) were separately self-assembled
at the gap distances of 12.4, 11.4, and 7.6 nm in water (Figure
S8). The dimerization occurred when the gap distance was
smaller than about 1.9 times the size of the monomer. By
setting up the gap distance at 9.6 nm (i.e., smaller than 11.4
nm), two monomers with varying numbers of PMMA polymers
(from 20 to 28 ea), which corresponded to the dimerization
condition (Figure S7), were separately self-assembled. Figure 3

showed the gap distances between Au-NPs in dimers with
respect to the number of PMMA polymers. We found that the
distance between Au-NPs became closer when the number of
PMMA was less than 25 ea, which demonstrated that the
amount of PMMA may significantly affect the sensing capability
of the dimer. Ghosh and Pal reported that the coupling
plasmonic effect appeared when d/R was smaller than 5, where
d is the center-to-center distance and R is the NP radius.33 Our
dimer system, where d/R was about 4.6, matched very well with
their result.

Prediction of Sensing Capabilities of Monomer and
Dimer Au-NP@PMMA/PEG via DDA. To elucidate the
sensing capability, the sensing characteristics of absorbance, full
width at half-maximum (fwhm), and electric field intensity were
investigated for both monomer (Figure 4) and dimer (Figure
5) using DDA. Note that fwhm is the inverse of the detection
accuracy34 and the electric field intensity represents the
sensitivity, which is the sensing strength at contact with
objects. For the DDA calculation, we used the diameter of Au-
NP as 7.6 nm, which was the largest size in monomer obtained
from previous DPD simulation, for both monomer and dimer
models. For monomer Au-NP, quantum effects (i.e., intrinsic
size effect and nonlocal effect) were included due to the small
size of Au-NP. Consequently, those effects lead to the decreases
in Cabs (Figure S9a) and |E(ω)|max

2/E0
2 (Figure S9b) at the

blue-shifted (∼3.3 nm) peak wavelength. Furthermore, the
detection accuracy was reduced due to the reduction of the
total dephasing time of plasmon resonance,35 as indicated by

Figure 2. Plot of the size of Au-NP as a function of the relative vol %
of PMMA to PEG at fixed 16.4 vol % of Au. Inset particles are
snapshots of self-assembled Au-NPs. Green and light yellow colors
represent grafted Au beads and original Au beads, respectively.

Figure 3. Gap distance vs the number of PMMA polymers at fixed
27.4 and 8.3 vol % of Au and PEG, respectively ((f) in Figure S7). The
number of beads of Au and PEG were 1268 and 414, respectively.
Yellow, cyan, and pink colors represent Au, PEG, and PMMA,
respectively.
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the increased fwhm. Therefore, quantum effects resulted in
lowering the sensitivity as well as the detection accuracy.
When the polymers were grafted as 2 nm thick shell on Au-

NP, which was chosen from the result of our DPD simulation
(∼1.8 nm), Cabs was increased at the peak wavelength red-
shifted by ∼2 nm and fwhm was increased (Figure 4a). When
the thickness of the polymer shell was increased to 4 nm, Cabs
was increased further and the peak was red-shifted further by
∼2.9 nm with even broader fwhm. It clearly showed that the
polymer shell intensified the absorbance spectra at the red-
shifted wavelength but decreased the detection accuracy.
Interestingly, for a thickness of 4 nm, the value of |E(ω)|max

2/
E0

2 near the Au-NP surface was increased in comparison with
that for the 2 nm thickness (Figure 4b). We found that, when
the polymer shell was thicker, the value of |E(ω)|avg

2/E0
2 near

the surface became higher since the thick shell helped to
enhance the induced electric field inside the Au-NP by
accommodating collective oscillation of plasmons (Figure
S10). However, the enhanced electric field decayed non-
monotonically through the polymer shell and finally became
lower than that of Au-NP@(PMMA/PEG)t=2 nm at ambient
medium. Consequently, the sensitivity became the least for the
thick polymer shell. Interestingly, we found ignorable effects of
various core−shell models on absorbance spectra (i.e., at peak
wavelengths, maximum difference of ∼1.04% for 2 nm and that
of ∼1.36% for 4 nm, respectively) due to the similar refractive
indices of the two polymers (Figure S11). This result clearly
indicated that control of polymer thickness was more important
than control over composition or shape in order to obtain good
sensitivity. Since the thickness was the dominant factor, we
estimated the optimal thickness as ∼1.75 nm for Au-NP with
diameter = 7.6 nm (Figure S12) by assuming that the enhanced
electric field beneath the Au-NP surface became the same value
as the decayed electric field at the end of the polymer surface.

To investigate coupling effects caused by the closeness of Au-
NPs (i.e., with diameter = 7.6 nm) in the dimer, two Au-NPs
were separated by varying D values (from D = 24 to 0 nm),
where D is the gap distance between surfaces of two Au-NPs.
At D = 24 nm, the coupling effect was completely eliminated,
and Cabs/2 became similar to that of the monomer. Note that
Cabs/2 represents the property of the monomer in the dimer.
The value of Cabs/2 and the maximum peak wavelength
gradually increased on decreasing D from 24 to 4.2 nm (Figure
5a). The increments of Cabs/2 and the maximum peak
wavelength were continued to D = 1 nm, and then Cabs/2
reached the maximum but the peak was red-shifted further until
D = 0.6 nm (Figure 5b). Enhanced electric fields between Au-
NPs were observed due to the coupling of localized surface
plasmon resonance (LSPR) of Au-NPs for D = 0.6 nm (Figures
5c and 5d). At D = 0.6 nm, the value of |E(ω)|max

2/E0
2 of the

dimer was 36 times greater than that of the monomer due to
the gap-plasmonic effect.36,37 It is known that D ≤ 0.4 nm
belongs to the quantum regime,22 where electron tunneling
occurs. To describe the effect of electron tunneling on the
plasmon mode, the quantum-corrected model (QCM)22,23 was
implemented to our classical electrodynamics calculation (see
Electron Tunneling Effect in the Computational Methods
section). At D = 0.2 and 0.4 nm, the absorption peak was split
into two, and this was induced by the bonding dipole plasmon
(BDP) and high-order hybridized plasmon (HHP) modes
(Figure 6a). The latter mode was generated by plasmon
hybridization from the interaction of plasmons of different
angular momentums of each particle due to a short gap
distance; when the dipole-active plasmon mode of one particle
interacts with the higher energy level of the other, a new peak
with high plasmon energy appears at a low wavelength.38 Based
on this fact, we identified the plasmon modes of the main peaks
(i.e., maximum intensity of Cabs/2), which were the HHP mode

Figure 4. (a) Absorption cross sections (Cabs) of Au-NP (28 768 dipoles), Au-NP@(PMMA/PEG)t=2 nm (102 208 dipoles), and Au-NP@ (PMMA/
PEG)t=4 nm (248 872 dipoles), where the subscript t stands for the thickness of the polymer shell. The size of Au-NP and the thickness of the
polymer shell are extracted from the maximum size (diameter = 7.6 nm) of self-assembled Au-NP in the DPD simulation from Figure 2. (b) Electric
field contour plots at peak wavelengths from (a). White dashed lines represent the polymer shells. Directions of the electric field E and the incident
light k are indicated with arrows. E(ω) is the induced electric field and E0 is the external electric field as a reference. The subscript max represents the
maximum value of |E(ω)|2/E0

2.
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for D = 0.2 nm and the BDP mode for D = 0.4 nm. It indicated
that, as two particles become closer, the plasmon mode of the
main peak changed from BDP to HHP. Interestingly, for the
case of D = 0.2 nm, we found that the BDP peak was
remarkably decreased because of electron tunneling. It results
in the weakening of the plasmon hybridization of bonding and
antibonding energy levels in the dipolar mode.
To determine the detection accuracy of the dimer, fwhm’s

were calculated from D = 0 to 9 nm. Especially for D ≤ 0.4 nm,
we deconvoluted the Cabs/2 plots to extract the value of
intrinsic fwhm’s. Upon reducing D to 0.4 nm, the detection
accuracy was decreased, as demonstrated by increasing fwhm’s
of the main peaks at each D (Figure 6b). The greatest
improvement in detection accuracy was observed at D = 0.2 nm
even under diminishing electron tunneling effects (Inset of
Figure 6b). This phenomenon directly resulted from HHP,
where the total dephasing time of plasmon resonance was long
(Figure 6c). On the other hand, the maximum sensitivity was
significantly decreased at D = 0.2 nm, as shown by decreasing |
E(ω)|max

2/E0
2 of the main peak, and the sensitivity was reduced

further by the electron tunneling (Figure 6d). Remarkably, |
E(ω)|max

2/E0
2 of the secondary peak (BDP peak) at D = 0.2 nm

was larger than that of the main peak (BDP peak) at D = 0.4
nm by ∼33% even under the electron tunneling effect (Figure
S13e). Among D = 0, 0.2, and 0.4 nm, |E(ω)|avg

2/E0
2 of the

secondary peak was the largest for D = 0.2 nm, particularly at

the center and edge of the dimer (Figure 6f). These results
revealed the ambilateral nature of peaks for sensing application
at D = 0.2 nm (i.e., high detection accuracy but low sensitivity
at the main (HHP) peak, and low detection accuracy but high
sensitivity at the secondary (BDP) peak). We also considered
the net change of the sensitivity and the detection accuracy to
investigate the optimal gap distance, which showed the high
sensing capability through the figure of merit (FOM). In Figure
S13a, the FOM value sharply increased from 1 nm and was
dropped from 0.4 nm. In particular, from 0.4 to 1.0 nm, the
detection accuracy was decreased while the sensitivity was
increased. However, from 0.4 to 0.2 nm, the detection accuracy
was increased while the sensitivity was decreased (Figure S13b
and S13c). Overall, because of greater change of sensitivity
compared to detection accuracy, the FOM followed the same
trend of sensitivity. Additionally, the secondary peak was also
investigated. From 0.4 to 0.2 nm, detection accuracy was
decreased while sensitivity was increased (Figure S13b and
S13c). Overall, because of greater change of sensitivity
compared to detection accuracy, the FOM was increased by
following the trend of sensitivity (Figure S13a). From the FOM
analysis, we can conclusively remark that the high sensing
capability appears indeed at the optimal gap distance between
0.2 and 0.4 nm. At D = 0 nm, the charge transfer plasmon
(CTP) mode was dominant39,40 as inferred by the secondary
peak at 1040 nm, since the two Au-NPs acted like a single

Figure 5. Absorption cross sections of the monomer in the dimer (Cabs/2) with respect to the gap distance (D) at (a) 4.2−24 nm and (b) 0−4 nm.
(c) and (d) Electric field contour plots at peak wavelengths from the Cabs/2 spectra for D at (a) 4.2 nm and (b) 0.6 nm, respectively. Directions of
the electric field E and the incident light k are indicated with arrows.
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particle with a large effective volume, where charge oscillated
throughout Au-NPs. Thus, the contact of Au-NPs had a
significant impact on the drastic reduction of detection accuracy
and sensitivity at the main peak wavelength (Figures 6b and
6d).

■ CONCLUSION

We successfully employed DPD, a coarse-grained simulation
method, and DDA, a method to estimate the optical properties
of plasmonic material, to suggest optimum key factors for
sensors based on the Au-NP dimer. First, we have shown the
size controllability of Au-NPs in terms of the volume fraction of
PMMA and PEG in polymer brushes. The same amount of the
amphiphilic polymers induced the formation of the largest Au-
NP monomer. From the dimerization study, we have shown
that PMMA-like hydrophobic polymers played a linker role in
the formation of the dimer, and its amount was a very
important factor to ensure good dimerization. The gap distance
was controlled by varying PMMA content, and the optimal

dimer model of Au-NP was suggested. The optimal growing
condition of dimer was found to be 54.3−64.3 vol % of PMMA.
Next, by conducting DDA calculations with inclusion of
quantum effects, we could analyze the sensing capabilities of
polymer-grafted Au-NP monomer and dimer over a small scale.
For the monomer system, we have clearly shown that the two
quantum effects (i.e., intrinsic size effect and nonlocal effect)
reduced Cabs, detection accuracy, and sensitivity of bare Au-NP.
However, with the polymer shell, even though detection
accuracy was reduced only slightly, Cabs was considerably
increased. Due to the polymer shell, the induced electric field
was enhanced and the enhancement was intensified as the
polymer thickness increased. For Au-NP with a diameter of 7.6
nm, the optimal thickness was estimated to be 1.75 nm for the
best sensitivity. For the dimer system, the distance between Au-
NPs played a major role in improving the sensitivity drastically
by increasing the electric field intensity through coupling
LSPRs. In general, the detection accuracy was low when the gap
distance between two monomers (D) was above 0.4 nm, but

Figure 6. (a) Absorption cross section of the monomer in the dimer (Cabs/2) with respect to the gap distance (D) over wavelength. The solid and
dashed lines correspond to the presence and absence of the electron tunneling effect, respectively. (b) fwhm of the main peak at each D. Inset shows
the fwhm results of 0.4, 0.2, and 0 nm with (black line) and without (red line) the electron tunneling effect. (c) Deconvoluted main (red line) and
secondary (blue line) plots for D = 0.2 nm under the electron tunneling effect using a Gaussian function. The plots were calculated by fixing the
secondary peak wavelength, where the second and third derivatives became zero, to find the exact inflection point in the Cabs/2 spectra.63,64 (d) |
E(ω)|max

2/E0
2 of 0.4, 0.2, and 0 nm at the main peak wavelength with (black line) and without (red line) the electron tunneling effect. (e) |E(ω)|max

2/
E0

2 of 0.4, 0.2, and 0 nm at the main (red line) and secondary (blue line) peak wavelengths with the electron tunneling effect. (f) |E(ω)|avg
2/E0

2 at the
secondary peak wavelengths of each D (i.e., 0.4, 0.2, and 0 nm) with the electron tunneling effect. The values were calculated by setting the baseline
(i.e., principal axis) to be the linearly connected centers of the Au-NPs in the dimer.
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within the quantum regime, the detection accuracy was
maximal at D = 0.2 nm due to the HHP mode even under
the electron tunneling effect. The sensitivity, which was
elucidated from the electric field intensity, was maximal at D
= 0.4 nm, where electron tunneling effects were negligible.
Moreover, through the FOM analysis, we demonstrated that
the optimal gap distance showed high sensing capability.
Overall, therefore, for the best detection accuracy and
sensitivity, the suggested gap distance between Au-NPs in the
dimer was 0.2−0.4 nm. Even though theoretical analyses have
been carried out with a few specific sizes of Au-NPs, we remark
that the average size of NPs lied in the range between 2 and 10
nm so that one may expect similar results with similar sizes of
Au-NPs. One must note that the DPD and DDA calculations
carried out in this study include a few simplifications and
approximations originating from the nature of calculation
methods. In DPD, coarse-grained feature simplifies the
interactions of atoms. In DDA, spatial discretization by dipole
points approximates the actual shape of the target system. Thus,
it is necessary to validate the applicability of each method to the
system of interest by reproducing experimental results as well as
theoretical verification through varying coarse-graining degree
and dipole spacing. When those parameters are well found, the
physical phenomena such as self-assemblies of monomer and
dimer and their plasmonic properties could show meaningful
results.

■ COMPUTATIONAL METHODS
Dissipative Particle Dynamics (DPD). DPD, which was

developed by Hoogerbrugge and Koelman,41 uses the concept
of superatom depicted as a bead that experiences dissipative,
random, and conservative forces. The former two forces are
auxiliary functions for the energy sink and source, which work
together as a thermostat to maintain the isothermal conditions
of the system. The last term represents the soft-repulsive
interactions of the beads. The bead physically does not contain
molecules but only represents chemical identity of molecules. It
can conceptually contain a few to several molecules or
fractional parts of material by calculation adequate interpreta-
tion of pair interactions of beads. Groot and Warren42 have
realized the interaction based on the repulsion parameter,
which originally comes from the difference of solubility
parameters of actual molecules. The size of the bead is
generally determined by a multiple of the effective volume,
where the number of specified water molecules can be fitted.
Detailed information on the method can be found in the
literature.42 Hence, we only provide a brief summary of the
method. The conservative force undergoes adjustment of a
repulsion parameter that is expressed as follows

κ
αρ

=
−−

a
N

k T
( 1)

2ii

1
m

B
(1)

χ= +a a 3.27ij ii ij (2)

χ δ δ= −
V
k T

( )ij i j
bead

B

2

(3)

where aii and aij are the repulsion parameters for the same and
different types of beads, respectively, κ is the isothermal
compressibility of water, Nm is the number of basis molecules
(i.e., water in this study) included in a bead, ρ is the bead
number density, α is a fitting constant, kB is the Boltzmann’s

constant, T is the temperature, χij is the Flory−Huggins
parameter, Vbead is the bead volume, and δi and δj are the
solubility parameters for different types of beads.28 The values
fitted to our model systems are κ−1 = 16, Nm = 12, ρ = 3, and α
= 0.1 with Vbead = 0.36 nm3 that is equivalent to the volume of
12 water molecules. First, the solubility parameter was obtained
from the cohesive energy density (CED) from δ = CED . We
have performed all-atom molecular dynamics (MD) simulation
to obtain CED for each component (i.e., water, constitutional
units of PEG and PMMA) at 298 K. For PEG and PMMA, the
solubility parameters were determined by checking the number
of constitutional units in a bead (Figure S1). Each MD
simulation was run for at least 1 ns with a time step of 1 fs.
Sequential runs of NPT (i.e., isothermal−isobaric) and NVT
(i.e., isothermal) MD simulations were performed with the
Berendsen thermostat and barostat.43,44 After the equilibration,
additional NVT MD was run to obtain the final CEDs. For the
simulation, we used the COMPASS force field.45 Table S1
shows the calculated repulsion parameters. Note that the
solubility parameter of Au (i.e., 4.865 (J cm−3)0.5) was extracted
from the work of Chen et al.28 where the Au−water repulsion
parameter was estimated to be 825.31. The DPD interaction
radius (Rc) was set to 1.026 nm based on the bead density (i.e.,
ρ = 3), where three beads were contained in a box volume of
1.08 nm. In DPD, Rc represents the cutoff range of the
interaction distance between beads. Since the constituent
atoms, molecules, and constitutional units in the beads have
different volumes, we controlled the numbers of each
component to be included into a roughly same Vbead. Figure
1a shows the information on the beads of the components.
Note that the numbers of constitutional units in the polymers
are not required to be integers because the same types of
constitutional units are sequentially connected in the
polymers.46 For chain lengths of polymers in DPD, PMMA
and PEG were set to be 110 and 22 for the study of monomer
Au-NP and 118 and 22 for that of dimer Au-NP, respectively,
which are estimated from experimental results.20,47 The bond
between polymer beads was assumed to be harmonic with a
dimensionless spring constant varying between 4 (2.25 kcal
mol/nm2) and 6 (i.e., 3.37 kcal mol/nm2), which was used to
preserve the chain form of polymers. To include the grafting
effect, one Au bead was attached to the ends of the polymer
bead models. For the self-assembly simulation of the monomer
and dimer of Au-NP, the simulation box sizes were set to 20 ×
20 × 20 Rc

3 and 26 × 26 × 26 Rc
3, which contained 25 725 and

51 110 beads, respectively. The periodic boundary condition
was applied to the simulation box. We ran DPD simulations
about 200 ns on average except 400 ns for the dimer simulation
with a dimensionless time step of 0.01 (i.e., 95.795 fs) in units
of Rc m k T/bead B , where mbead was the mass of bead (i.e., 216
amu). All simulations were conducted at room temperature.

Discrete Dipole Approximation (DDA). DDA, which
allows us to investigate optical properties of extinction,
absorption, and scattering, divides an arbitrarily shaped target
system into a finite array of dipole points, which are formulated
to have dipole moments by the local electric field. After DeVoe
introduced DDA,48,49 Purcell and Pennypacker have advanced
this method by incorporating the retardation phenomenon,50

which occurred if the size of the particle was larger than 10% of
the wavelength.51 We briefly explain the DDA method in the
following derivation.29,52 First, a target structure is divided into
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an array of N dipole points, and then the dipole moment Pi is
calculated by the following equation

α= ·P E r( )i i iloc (4)

where αi is the polarizability tensor, which is based on
Clausius−Mossotti polarizability,29,50 and Eloc(ri) is the external
electric field with i = 1, 2, 3, ..., N. The local electric field (i.e.,
Eloc(ri)) is composed by the sum of incident field and dipole
field as follows

∑α= · − ·
=

≠

P E A P( )i i i
j

i j

N

ij jinc,
1

(5)

where Einc,i is the incident electric field at position ri and Aij is
an arbitrary 3 × 3 matrix. By solving the dipole moment Pi in eq
5, the optical properties of absorption cross sections (i.e., Cabs)
can be calculated through the following equation

∑π α=
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where superscript * represents the conjugate value of each
property. To execute the theory, we used the DDSCAT
program (v 7.3.0) originally developed by Drain and Flatau.29

There is a criterion |m|kd < 1, in which optical properties
calculated by DDSCAT become trustworthy, where |m| is the
complex refractive index, k is the reciprocal value of incident
wavelength, and d is the dipole spacing between adjacent
dipoles. The dielectric functions of PMMA and PEG were
taken from literature.53,54 On the other hand, the dielectric
function of Au was estimated by considering the radius (R) of
Au-NP and the gap distance (l) of the Au-NP dimer system due
to quantum effects. The dielectric function of gold depending
on the R of Au-NP due to intrinsic size effect and nonlocal
effect is as follows

ε ω
ω

ω ω γ β
= −

+ −‐ k R
i R k

( , , ) 1
( ( ))

p
free electrons

2

free
2 2

(7)

Moreover, the dielectric function to describe the electron
tunneling effect depending on the l of Au-NP dimer system is
as follows

ε ω ε ω ε ω ε ω

ω
ω ω + γ

= + −

−

−l

( i (l))

( , ) ( ) ( ( ) ( ))e l l
g 0 m

d
0

/

p
2

g

d

(8)

We applied three quantum effects (i.e., intrinsic size effect,
nonlocal effect, and electron tunneling effect) in the DDA
calculation. More detailed explanations of each quantum effect
are introduced in each quantum effect section below.
Intrinsic Size Effect. The radius of Au-NP in our target

model was 3.8 nm, which was in the quantum effect region.
Generally, the bulk dielectric function of noble metals can be
described by the following equation:55,56

ε ω ε ω ε ω= +‐ ‐( ) ( ) ( )bulk bound electrons free electrons (9)

The dielectric function of the bound-electrons term
(εbound‑electrons(ω)) includes the interband transitions from the
d-band to the conduction sp-band. If the radius of the particle is

over 1 nm, the term does not depend on the size of the
particle.55 Thus, we did not consider the size dependence of
bound-electrons term in this paper. The other term, which
comes from free-electrons (εfree‑electrons(ω)), is expressed with
the Drude−Sommerfeld model as follows

ε ω
ω

ω γ ω
= −

+‐ i
( ) 1free electrons

p
2

2
free (10)

where ωp is the bulk plasma frequency and γfree is the damping
constant. The value of ωp for Au is 1.3 × 1016 Hz.57 The
intrinsic size effect can be estimated by changing the damping
constant depending on the size of the particle

γ γ= +R C
v
R

( )free bulk
F

(11)

where vF is the electron velocity at the Fermi surface, R is the
radius of the particle, and C is the scattering constant, which is
included in the scattering processes.55 The value of C depends
on the geometry of the particle. In this paper, we used the
spherical particle, where C was 0.75.58 vF of Au was 1.41 × 1015

nm s−1,57 and the bulk damping constant (γbulk) was 1.1 × 1014

Hz.59

Nonlocal Effect. The nonlocal effect can be expressed by
applying the hydrodynamic Drude model60−62 to the Drude−
Sommerfeld model

ε ω
ω

ω ω γ β
= −

+ −‐ k
i k

( , ) 1
( )free electrons

p
2

free
2 2

(12)

where β2 is expressed by Av
D

F
2

, where D is the dimension of the

target structure, A is 1 for low frequencies, and
+
D

D
3

2
for high

frequencies. In this paper, we used a spherical particle, which
was a three-dimensional structure, with size in the range of the
incident light wavelength (0.4−0.8 μm). Therefore, the values
of D and A were taken to be 3 and 1.8, respectively. k is the
wave-vector component, which is expressed by 2π/b, where b is
the particle size. In short, we used the size-corrected Drude−
Sommerfeld model that includes the two quantum effects,
namely intrinsic size effect and nonlocal effect as follows:

ε ω
ω

ω ω γ β
= −

+ −‐ k R
i R k

( , , ) 1
( ( ))free electrons

p
2

free
2 2

(13)

Electron Tunneling Effect. In the dimer system, when the
gap distance is below 0.4 nm, they belong to the quantum
regime, where electron tunneling occurs between Au-NPs. To
describe this effect in the classical electrodynamics calculation,
we used the quantum-corrected model (QCM).22,23 The QCM
is to make the artificial medium (i.e., effective medium for
electron tunneling effect) between adjacent two Au-NPs in the
dimer. By using the dielectric function of this medium, which
depends on the frequency (ω) and gap distance (l), the
electron tunneling effect can be described. The permittivity
εg(ω,l) can be expressed as follows22

ε ω ε ω ε ω ε ω

ω
ω ω γ

= + −

−
+
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i l
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where γg(l) is the gap distance-dependent loss parameter.22 It
can be expressed as follows

γ γ=l( ) el l
g p

/ c
(15)

where lc is the characteristic length, ld is the decay length, and
ε0(ω) and εm

d (ω) are the dielectric functions of dielectric
medium and interband transitions, respectively. For Au metal,
the value of lc was 0.4 Å.22 For γp, we used γfree(R) from the
intrinsic size effect section. ld was 0.79 Å.22 In this paper, we
applied the QCM to dimer systems, where the gap distances
were 0.4, 0.2, and 0 nm. Also, the dielectric medium was
PMMA because the tunneling region was occupied with
PMMA polymer. All systems for the DDA calculation were
constructed with 0.2 nm of dipole spacing (d) and were
conducted in water environment. The ranges of wavelengths
were 0.4−0.8 μm for monomer systems and 0.5−0.6 μm for
dimer systems except for dimer systems below 0.4 nm, in which
the range of wavelength was extended to 1.5 μm.
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