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Gold Nanoparticle Chains: Synthesis, Characterization, and Modeling Using Spectroscopic 
Ellipsometry 

Julien Vieaud, Jie Gao, Jérémy Cane, Michel Stchakovsky, Aotmane En Naciri, Katsuhiko Ariga, Reiko 
Oda, Emilie Pouget, and Yann Battie 

 

In this paper, we explore the ability of ellipsometry to characterize colloidal suspensions composed 
of gold nanoparticle (NP) chains. The complex effective index of these suspensions is deduced from 
ellipsometric measurement by using a wavelength-by-wavelength inversion without any dispersion 
law. We show that the effective refractive index of these colloids is defined by the nature of the 
solvent, whereas their effective extinction coefficient is mainly sensitive to the plasmonic properties 
of NP chains. The influence of the NP radius distribution and arrangement on the effective extinction 
coefficient of NP chain are investigated through simulations based on the coupled point dipole 
method (CDM). We clearly show that this coefficient is mainly sensitive to the interparticle distance 
and the number of NPs in the longest segment of chains. We demonstrate that the distribution of the 
number of NPs in the longest segment of chains and their volume fractions can be directly deduced 
from the ellipsometry by using the CDM. 

 

 

Introduction 

Metallic nanoparticles (NPs) such as gold NPs (Au NPs) show attracted plasmonic properties, which 
come from the collective oscillations of their free electrons. (1) This process is resonant at a 
particular frequency of light and is responsible for the bright intense colors of metallic NP 
suspensions. The characteristics of plasmon resonance mainly depend on the NP size, shape, and 
environment. (2−6) These NPs, which act as nanoantennas, can be used to manipulate light–matter 
interactions at the nanoscale. (7,8) Thus, metallic NPs can be viewed as building block elements of 
complex plasmonic nanostructures (9) such as helices, (10−13) oligomers, (14−18) or NP chains, 
(19−24) which exhibit unconven onal op cal properties. Indeed, NPs are strongly coupled in self-
assembled NP chains, resulting in an enhancement of the electric field in the gap between adjacent 
NPs. (25) These self-assembled NP chains are attractive candidates for the amplification of the 
Raman signals, (26,27) optical communications, (28−30,39) and sensors. (31,32) 

Conventional NP synthesis routes and self-assembly techniques, used to produce colloidal 
suspension composed of NP chains, unavoidably conduct to NP chains showing size polydispersity, 
disorder, and ramifications which could have strong impacts on their optical properties. (21−23,33) It 
is therefore crucial to develop models to correlate the morphology of interacting NP chains with their 
optical properties. This can be simulated in the framework of generalized Mie theory, discrete dipole 
approximation, T-matrix approach, or boundary element method. (34−38) These electromagne c 
approaches take into account the multipolar effect. Other approaches such as time-dependent local 
density approximation or quantum-corrected model (39,49) can be introduced to simulate quantum 
effects such as charge-transfer plasmon or tunneling effects, which occur for small interparticle 
distance. (41−45) However, all of these approaches require large compu ng resources especially for 
large structure or for small interparticle distance. In addition, these complex approaches hide the 
information about the physical meaning of the spectral response of plasmonic systems. This prohibits 
their use to simulate the optical properties of colloidal suspensions composed of long NP chains with 



some distributions, disorder, and ramifications. In this context, coupled point dipole method (CDM), 
(10) which considers each NP as a dipole, can be considered as a tradeoff to describe the optical 
properties of these colloids with accessible computing resources, despite the fact that it cannot take 
into account multipolar interaction or quantum effects. Indeed, we have previously used this 
approach to give straightforward information concerning the circular dichroism of nanohelices 
composed of interacting gold NPs and showed that this method is suitable for designing an optimized 
nanostructure architecture. (10) 

The topology of self-assembly nanostructures is usually characterized by transmission electron 
microscopy (TEM) in dried or in cryo modes. Because conventional TEM only gives a two-dimensional 
projection of three-dimensional nanostructures, the nanostructure topology can be misestimated. In 
addition, TEM observation in the tomography mode is too time-consuming to record the distribution 
of topologic defects over a significant number of nanostructures. Thus, the development of nonlocal 
characterization tools is required to characterize self-assembled nanostructures. Small-angle X-ray 
scattering was previously used to determine the crystalline structures of self-assembled Au NPs. (46) 
However, this technique requires some facilities such as synchrotron beam line and is not sensitive to 
the optical properties of nanostructures. Spectroscopic ellipsometry is an indirect optical 
characterization tool based on the change of the polarization state of light after reflection on the 
sample. (47) On contrary to the standard transmission spectroscopy, ellipsometry is sensitive to both 
the real part and the imaginary part of the complex refractive index of materials. This technique, 
which requires an appropriate modeling, enables the determination of the effective refractive index 
of nanostructured materials and the optical properties of the matrix. In other words, ellipsometry 
gives a complete characterization of the optical properties of the nanocomposite. We have recently 
developed an ellipsometric cell to characterize the optical properties of colloids. (48) In this work, the 
recorded ellipsometric spectra were analyzed with the shape distributed effective medium theory 
(SDEMT) in order to determine the shape distribution of Au nanorods in water. However, because 
the SDEMT theory fails to describe the interaction between NPs, the ellipsometric measurement was 
restricted to colloidal solutions composed of isolated NPs. (48) 

In the present paper, we explore further the ability of ellipsometry to characterize colloidal 
suspensions composed of Au NP chains. The complex effective index of these suspensions is deduced 
from ellipsometric measurement by using a wavelength-by-wavelength inversion without any 
dispersion law. (47) We show that the real part of the complex refractive index can be assimilated to 
the refractive index of the matrix, whereas the imaginary part is sensitive to the plasmonic properties 
of NP chains. Thus, this is the first report, to the best of our knowledge, on the influence of the NP 
radius distribution and arrangement on the effective extinction coefficient of NP chain through 
simulations based on the CDM. We conclude that the distribution of the number of NPs per chains 
can be determined from ellipsometric spectra by analyzing them with the CDM model without any 
assumption concerning the optical properties of the matrix. 

Materials and Methods 

Synthesis of S1 to S6 Au NP Suspension 

1/Synthesis of 14 nm diameter Au NPs, following the protocol described by Ji et al. (49) 

The auric acid (HAuCl4·4H2O; M = 411.85 g·mol–1; CAS: 16961254), sodium tricitrate 
(C6H5Na3O7,2H2O; M = 294.1 g·mol–1; CAS: 6132043), and polyacrylic acid (PAA) with Mw = 5000 
g·mol–1 were purchased from Sigma-Aldrich. The auric acid solution (0.492 mL, c = 0.486 mol/L) and 
sodium tricitrate solution (6 mL, c = 0.145 mol/L) are added to 500 mL of hot water under stirring, 



and the solution is kept heating for 30 min. A suspension of 14 nm diameter Au NPs in water is 
obtained with a volume fraction of 2.4 × 10–6. 

These Au NPs are then stabilized with PAA inspired by the protocol of Schneider and Decher. (50) The 
pH of the Au NP solution is adjusted to 4 (with HCl 0.1 M solution) to which 1.5 g of PAA is added; 
then, the solution is rapidly plunged into a sonication bath. The solution is then stirred overnight at 
room temperature. Finally, the pH of the solution is increased to 7 (with NaOH 1 M solution) and 
washed by water using centrifugation to replace the excess of PAA. The solution is then concentrated 
or diluted to obtain a volume fraction of 2.5 × 10–5. 

2/Destabilization of the Au NP suspension with HCl 10 mM to obtain the colloidal suspensions S1 to 
S6: 

The total volume of each solution is 4 mL, and volume fraction of gold is maintained at ϕ = 0.78 × 10–
5. The synthesis was done in glass flasks. The water and HCl were mixed first, to which Au NP 
suspensions were added in one shot and the flasks were shaken on a shaker plate at 800 rpm for 1 h 
and 30 min and let to rest at room temperature for 24 h. Volumes and pH of the different solutions 
are summarized in Table 1. The colors of the solutions evolve from red to blue (Figure 1) 

Figure 1 

 

Figure 1. (a) TEM images of S1 to S6 Au NP chains (pH is 8.5, 4.29, 4.19, 4.09, 3.93, and 3.90, 
respectively). Scale bare = 50 nm. In the inset: pictures of the samples showing the color evolution. 
(b) Number-weighted and (c) volume-weighted distributions of the number of Au NPs in the longest 
segment of chains contained in S2 to S6 suspensions, determined from TEM images (from 129 to 200 
measurements). 

 

Table 1. Composition and pH of Au NP Suspensions 

 
 



 
TEM Observation 

TEM was performed at room temperature on a Philips EM 120 electron microscope operating at 120 
kV, and the images were collected by a 2k × 2k Gatan ssCCD camera. Drops of diluted dispersions of 
the hybrids were deposited on carbon films coated 200/400 mesh copper grids. The excess of liquid 
was blotted with a filter paper. 

CryoTEM Observation 

The solutions were deposited on Lacey F/C 300-mesh copper grids after glow discharge inside a 
Vitrobot Mark IV chamber set to 100% relative humidity. Blotting and vitrification were done 
automatically with the robot. Observation was performed at −170 °C on a FEI Technai-F20 200kV-FEG 
electron microscope, and the images were collected by a 4k × 4k FEI Eagle camera. 

Ellipsometric Measurements 

Ellipsometric measurements were recorded at room temperature with a phase modulation 
ellipsometer (UVISEL, HORIBA Jobin Yvon) in the 275–830 nm range. As we have shown previously, 
this ellipsometer, which uses fixed polarizing elements, is required for accurate measurements on 
liquids. (48) Two ellipsometric parameters Is and Ic which depend on the ellipsometric angles Ψ and 
Δ, respectively, are measured 

(1) 

(2) 

A specific liquid cell (48) was used for ellipsometric measurements on liquids. Briefly, the liquid under 
study is sandwiched between the base of an isosceles silica prism with an angle of 55° and a silicon 
wafer. This ensures the absence of surface waves at both interfaces of the liquid. The thickness of the 
liquid is fixed at 400 μm by electro-polished Ni blades spacers. As we have shown previously, (48) this 
thickness is sufficiently high to detect NPs at the parts per million by volume (ppmv) level. Two 
beams are collected by the optical fiber of the ellipsometer: (48) the beam reflected at the 
prism/liquid interface and the beam which comes from the first reflection at the liquid/silicon 
substrate interface. 

Because ellipsometry is an indirect characterization tool, a model is required to exploit the 
ellipsometric measurements. This model consists of a silicon substrate covered by a 3 nm silicon 
oxide layer and a 400 μm liquid layer. Silica is used as ambient. The angle of incidence of light, 
defined by the angle of the prism is 55°. By considering the coherence length of the ellipsometer, 
estimated at 34 μm, the modeling is made according to the incoherent reflection condition as 
reported in our previous work. (48) Indeed, the ellipsometric parameters Is and Ic are calculated 



from the Fresnel coefficients rp and rs of the Si/SiO2/liquid/prism system for p and s polarized light, 
respectively 

(3) 

 (4) 

where 

(5) 

(6) 

(7) 

(8) 

where h = 400 μm and θ1 are the thickness of the colloid layer and the angle of refraction of light in 
this layer, respectively. ri01, ti01, and ti10 (i = p, s) are the reflection and the transmission Fresnel 
coefficients at the prism/liquid interface. ri123 (i = p, s) is the reflection Fresnel coefficient of the 
Si/SiO2 substrate, considering the liquid as the ambient. The complex effective refractive index of the 
suspensions (N = n + iκ) is determined from ellipsometric measurements according to a wavelength-
by-wavelength numerical inversion (47) which consists of the minimization of the root-mean-square 
error between the measured and calculated ellipsometric parameters Is and Ic at each wavelength by 
using the Levenberg–Marquardt algorithm. (51) 

Coupled Point Dipole Method 

The extinction coefficient of suspension, which contains chains of spherical NPs, is calculated by 
using the CDM. In this approach, each spherical NP m has a sufficiently small radius Rm to be 
considered as a point dipole which has a polarizability αm defined by (10) 

(9) 

where εh is the dielectric function of the solvent and εnp(Rm) the dielectric function of the Au NP m. 
By considering a classical approach, this latter can be calculated by taking into account the 
confinement effect (1) 

(10) 

εnp(∞) is the bulk dielectric func on of gold given by Johnson and Christy, (52) ωp = 8.8 eV is the 
plasma frequency, Γ0 = 0.081 eV is the damping parameter, and vf = 1.4 × 106 m·s–1 is the Fermi 
velocity of free electrons of gold. The confinement effect, which limits the mean free path of 
conduction electrons, plays a major role for the NP radius smaller than 5 nm. (1,2) 

Exposed to a local electric field , the NP m acquires a dipole moment  given by 



 (11) 

We then considered that the NPs in a chain are coupled each other through a dipolar interaction. 
Indeed, the neighboring NPs (l) can be considered as nanoantennas, which radiate an 
electromagnetic field. The local electric field view by the NP m is the sum of the incident electric field 
() and the field generated by the other NPs l 

 (12) 

where Nnp is the number of NPs in the chain. In the following, we assume that the incident field is a 
linearly polarized plane wave 

(13) 

k⃗ is the wave vector,  is the amplitude vector of the incident electric field, and  is the position vector 
of the NP m. 

The second term of eq 12 described the dipolar interaction between NPs. This term is expressed as 

(14) 

where  and k are the norm of the wave vector k⃗. The first and the second terms of eq 14 describe 
the far- and near-field interactions, respectively. By applying the same procedure for all Au NPs, we 
obtain a set of 3Nnp linear equations, which can be rewritten as following (10) 

(15) 

P and Einc are the 3Nnp dipole moment and incident electric field vectors, respectively. A is a tensor 
which describes the optical and geometrical properties of the NP assembly. The 3 × 3 off-diagonal 
block elements Aml of this tensor are deduced from eq 14, whereas the 3 × 3 diagonal block 
elements Amm are given by 

(16) 

I3,3 is the 3 × 3 identity matrix. The vector P is determined by solving eq 15 using the generalized 
minimal residual method. For a given incident electric field, the extinction coefficient of a suspension 
composed of GNP chains is calculated by 

(17) 

|E0| is the amplitude of the incident electric field, and C is the concentration of NP chains in the 
suspension. The extinction coefficient per number of NPs in a chain is given by 

(18) 

In the following, we consider that the NP chains are randomly oriented in suspensions. To take into 
account these random orientations, the extinction cross section is averaged over 30 different 
orientations of the wave vector and polarization of the incident light according to the procedure 
described in our previous work. (10) 



Results and Discussion 

Representative TEM images of NP suspensions are shown in Figure 1a. For the solutions S1–S6, the 
Au NP volume fraction is fixed to be 0.78 × 10–5 and the pH of the solvent is varied from 8.5 to 3.9. 
The chain length distributions, evaluated by counting the number of NPs contained in the longest 
segment of each chain, are also reported in Figure 1b (distribution done on a number of 
measurements comprising between 130 and 200). Between pH 8.5 and 4.3, the spherical NPs remain 
individualized in solution as it is shown in Figure 1a (S1, pH 8.5). The radius of the NPs follows a 
Gaussian distribution with a mean value and standard deviation estimated at 7 and 0.5 nm, 
respectively (Figure S1). These NPs assemble to form chains for the pH < 4.3 (Figure 1a, S2–S6). In 
order to confirm that the chain formation is not a drying artifact during the TEM grid preparation, the 
solutions have also been observed in the hydrated state by cryoTEM and the interparticle gap g, 
defined as the distance between the surfaces of adjacent NPs, has been evaluated at 1.2 nm with a 
standard deviation of 0.2 nm. A cryoTEM image of the S4 sample and the interparticle gap 
distribution are shown in the Supporting Information (Figure S2). It has to be noted that the 
interparticle gap measured on the dry TEM images is only of 0.6 nm with a standard deviation of 0.3 
nm, suggesting a shrinkage of the PAA chains during the drying of the samples on the TEM grids. 
Nevertheless, the morphology of the GNP chains and the number of particles per chain remain 
exactly the same in dried or hydrated state so the chain lengths can be evaluated by using the 
number of GNPs obtained from the statistics from the dry TEM images as the length unit. S2 (pH 
4.29) and S3 (pH 4.19) are mainly composed of linear chains with less than 10 NPs (Figure 1a,b). At 
pH lower than 4.3, the chains get much longer, that is, >10 NPs, and ramifications appear in the S4 
(pH 4.09), S5 (pH 3.93), and S6 (pH 3.90) suspensions. We observe from TEM image statistics that S4 
chains contain about 2 ramifications, whereas S5 and S6 chains have about 3 ramifications. 

The solution colors go from red for the number of NPs <5 to blue for longer chains (the number of 
NPs > 10, Figure 1). For pH lower than 3.9, the Au NPs totally aggregate and precipitate, showing the 
fragile equilibrium between the different forces inducing the chain formation. 

The chain length distribution has been evaluated by counting the number of particles in the longest 
segment of each chain. Figure 1b shows the original measurements, and Figure 1c shows the same 
measurements plotted versus the volume occupied by the chains, which can directly be compared 
with the distributions obtained from ellipsometry. Indeed, the macroscopic polarization of a medium, 
that is, its optical response, is directly proportional to the volume density of the dipoles. As shown by 
eq 17, the extinction coefficient of colloidal suspension is proportional to the product between the 
volume and the concentration of the NP chains. The mean value of the number of NPs per chains 
gradually increases from 2 to 26 NPs as the pH of water varies from 4.29 to 3.9 (the values of the 
average number of particles per chain and the standard deviation are, respectively, for S2 to S6: 1.7 ± 
0.5; 2.7 ± 0.9; 8 ± 3; 21 ± 9; and 20 ± 9 or 2.0 ± 0.4; 4 ± 2; 17 ± 8; 27 ± 11; and 26 ± 10). It is known 
that, in the absence of the template, one-dimensional array of plasmonic NPs can be produced by 
spontaneous self-assembly: the colloidal suspension is a metastable system whose stability is 
determined by a balance between the long-range van der Waals attractions and short-range 
electrostatic repulsions of the counterions surrounding the NPs (in the present case, the PAA). 
(19−24,53,54) In the present study, the pH of the solu ons is very close to the pKa of the acrylic acid 
(pKa = 4.25) so the ionization of the carboxylate ion versus the hydrogenated acid form is 
equilibrated and decreases, whereas pH is decreasing allowing the chain formation until the point 
where the interactions are too strong and induce the complete precipitation. 



The measured ellipsometric spectra of suspensions are reported in Figure 2. The plasmon bands are 
clearly observed in the 525–650 nm spectral range of the Ic spectra, confirming that ellipsometry is 
sufficiently sensitive to detect the Au NPs. 

Figure 2 

 

Figure 2. Measured ellipsometric spectra (dots) of (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6 
solutions. The blue and red dots show the Ic and Is measured spectra of suspensions, respectively. 
The ellipsometric spectra calculated from a wavelength-by-wavelength inversion are also 
represented as solid black lines. 

 

As shown in Figure 2, the ellipsometric measurements are well-reproduced by the wavelength-by-
wavelength inversion. The effective refractive index and extinction coefficient of the suspensions, 
deduced from the wavelength-by-wavelength inversion of ellipsometric measurements, are depicted 
in Figures S3 and 3, respectively. The effective refractive index of the suspensions is close to the 
refractive index of water (55) used as a solvent. Small deviations between the measured refractive 
index and the tabulated refractive index of water can be attributed to the presence of the PAA 
polymer, and the chemical residue (sodium tricitrate, HCl, and NaOH) used during the NP chain 
synthesis. In contrast, the interband transitions located below 500 nm and the plasmon bands of Au 
NPs are clearly distinguished in the effective extinction coefficient of suspensions (Figure 3). The 
extinction coefficient spectra of S1 are dominated by a single plasmon band located at 521 nm. This 
band is also observed in the extinction coefficient spectra of other suspensions, whereas a second 
band appears at higher wavelength. This latter is red shifted from 559 to 646 nm as the pH 
decreases. According to several authors, (56−58) this spli ng of the plasmon band is a consequence 
of the asymmetric interactions between NPs. Indeed, straight linear chain of coupled NPs exhibits 
two bright plasmon modes. (56−58) 



Figure 3 

 

Figure 3. Comparison between the effective extinction coefficient spectra of colloidal suspensions 
measured by ellipsometry and the calculated ones by CDM. 

 

Modeling 

The effect of various parameters on the optical cross section of NP chains was investigated by using 
the CDM. 

Interparticle Distance 

The influence of the interparticle distance on the optical properties of NP chains is investigated by 
simulating the extinction coefficient of a straight linear chain in water. These chains are composed of 
five Au NPs with a radius of 7 nm. In the following, the interparticle distance d is defined as the 
distance between the centers of adjacent particles. This latter is related to the interparticle gap g and 
NP radius R by d = g + 2R. As it is shown in Figure 4, for interparticle distance higher than 17 nm (i.e., 
interparticle gap g > 3 nm), the extinction coefficient spectra of NP chain are similar to the one of the 
isolated sphere. The spectra exhibit a narrow plasmon band centered at 525 nm. As highlighted in 
Figure 4b and in accordance with the measured effective extinction coefficient of suspensions (Figure 
3), the plasmon band is splitted into two bands for interparticle distance smaller than 17 nm: the 
longitudinal (L-SPR) and transversal (T-SPR) plasmon bands. This splitting is a consequence of the 
coupling effect in an anisotropic assembly of NPs. (56−58) As suggested in Figure 4b, the longitudinal 
plasmon mode (L-SPR) is selectively excited when the incident electric field is parallel to the NP 
chains. (56−58) According to several authors, (18,22) the L-SPR mode observed here is a super-radian 
resonance, that is, all dipoles in the chains oscillate in the phase. In this case, the NPs are polarized, 
such that, the induced local electric field is in the same direction as the applied field. The restoring 
force applied on the electron cloud is reduced and the plasmon band is red-shifted. (56−58) In 



contrast, the transversal plasmon mode (T-SPR) is excited when the incident electric field is 
perpendicular to the NP chains. The induced local electric field points in the opposite direction as the 
applied field. The restoring force applied on the electron cloud is enhanced, and the plasmon band is 
blue shifted. (56−58) 

Figure 4 

 

Figure 4. (a) Evolution of the simulated effective extinction coefficient spectra of chains with the 
interparticle distance. These simulations are made by considering unpolarized light. (b) Effective 
extinction coefficient spectra of NP chains, which exhibit an interparticle distance of 100 nm (blue 
lines) and 14 nm (red lines). The spectra are calculated for unpolarized light (solid lines), and a linear 
polarization parallel (dots) and perpendicular (dash lines) to the NP chains. The straight chains are 
composed of 5 NPs with a 7 nm radius. Water is used as a matrix. 

 

The amplitude of the T-SPR plasmon band is smaller than the L-SPR one (Figure 4). Despite the 
interparticle distance has a negligible effect on the position of the transversal plasmon band, a 
decrease of the interparticle distance induces a pronounced red shift of the L-SPR band. Indeed, the 
more interparticle distance decreases, the more NPs are coupled, reducing the restoring force 
applied on the electron cloud. (58) In the conductive contact limit, multipolar interaction and 
quantum effect such as charge-transfer plasmon or tunneling effect become significant. (41−45) Our 
CDM cannot capture these effects. Thus, much more appropriate approaches such as time-
dependent local density approximation or quantum-corrected model (39,40) must be used to 
simulate the optical properties of these NPs. However, these approaches are too time-consuming 
and require too large computing resources to be applied for long NP chains. In our case, cryoTEM 
images (Figure S2) reveal that the gap between NPs (interparticle gap, g) is close to 1 nm. As shown 
in Figure 4, the extinction coefficient spectra of NP chains, which have an interparticle gap of 1 nm, 
are close to the one of the chain composed of NPs in conducting contact. Thus, we consider in the 
following that the suspension found by point dipole approximation in the conductive contact regime 
has an asymptotic limit for interparticle gap smaller than 1 nm. 

Influence of the Number of NPs in a Chain 

To evaluate the influence of the number of NPs in a chain, we have simulated the extinction 
coefficient spectra of straight linear chains composed of Nnp spherical Au NPs with a 7 nm radius. 
The adjacent NPs are in conductive contact (g = 0). Figure 5a shows the evolution of the extinction 
coefficient spectra and the resonance wavelengths with the number of NPs per chain. The optical 
properties of NP chains can be tuned by changing the number of NPs. Indeed, the T-SPR band is 
slightly blue shifted, whereas a large red shift is observed for the L-SPR band as the number of NPs in 



the chain increases. This red shift of the L-SPR band saturates at about 640 nm for 25–30 NPs, 
suggesting that the NP assembly can be viewed as an infinite chain. In other words, despite the 
nearest-neighbor interactions play a major rule, the long-range interactions must be taken into 
account to describe accurately the optical properties of NP chains. As shown in Figure 5b, the L-SPR 
wavelength found by ellipsometry is close to the simulated one. Because CDM reproduces the 
correct L-SPR wavelength in the asymptotic conductive contact limit, it is not unreasonable to 
exclude quantum effects and multipolar effects. These effects can be viewed as small perturbations 
and not change the overall conclusions. 

Figure 5 

 

Figure 5. Evolution of (a) simulated effective normalized extinction coefficient spectra, (b) L-SPR and 
T-SPR wavelengths, and (c) normalized effective extinction resonance at the L-SPR wavelength with 
the number of NPs per chains. The straight chains consist of NPs in asymptotic conductive contact 
limit. The NP radius is 7 nm, and water is used as a matrix. The measured L-SPR wavelength by 
ellipsometry as a function of the mean number of NPs per chains estimated by TEM is also reported 
in (b). 

 

Figure 5c reveals that the amplitude of the L-SPR band increases with the number of NPs in the chain. 
As expected, the extinction coefficient is roughly proportional to the number of NPs for infinite chain 
length limit. Indeed, κc remains nearly constant for the number of NPs per chains higher than 25 NPs. 
However, this scaling law fails for smaller number of NPs, confirming that NPs cannot be considered 
as isolated absorption center and plasmon hybridization occurs between them. 

Influence of Ramification of NPs in a Chain 

As shown in TEM images (Figure 1), long NP chains, such as observed in S4, S5, and S6, exhibit some 
ramifications. The effect of ramifications on the extinction coefficient of NP chains was investigated 
by considering the chain structure depicted in Figure S4a. This structure consists of M1-aligned NPs 
connected to two symmetrical branches which contain M2 NPs. The angle θ between these branches 
varies in the 60°–180° range. The extinction coefficient spectra of these structures are simulated by 
considering the asymptotic conductive contact limit. Three sets of (M1, M2) values are considered: 
(5, 5), (3, 3), and (5, 3). The NP radius is 7 nm, and water is used as a matrix. The simulated extinction 
coefficient spectra, shown in Figures S4 and 6a, reveal that the T-LSPR band and interband transitions 
are independent of the angle between the branches. An increase of this angle only induces a small 
shift and a decrease of the amplitude of the L-SPR band. Compared to the high sensitivity of the L-
SPR band to the number of NPs and interparticle distance, we conclude that the angle between 
branches has a negligible effect on the optical properties of ramified chains. The extinction 
coefficient spectra of a ramified structure are close to the spectra of a straight linear chain composed 
of the same number of NPs as the longest path of the ramified chain. In other words, the spectra are 
dominated by the hybridization of the plasmon mode along the longest NP subchain. (21) 



Figure 6 

 

Figure 6. (a) Evolution of the extinction coefficient spectra with the angle between ramifications of 
(5, 5) ramified chain. The spectra of straight linear chain composed of 10 NPs are also reported. (b) 
Influence of the standard deviation σR of the NP radius distribution on the range, in which the 
extinction coefficient of each individual NP straight chain, taken separately, can vary and (c) on the 
extinction coefficient of suspensions composed of these chains. The NP mean radius used for the 
simulations is 7 nm. The number of NPs per chains is 10. The simulations are performed by 
considering NPs in asymptotic conductive contact limit. 

 

Effect of NP Size Distributions 

As shown in TEM images (Figure 1) and size distribution (Figure S1), NPs exhibit some polydispersity 
in radius of about ±10%. Therefore, we investigated the effect of such polydispersity on the optical 
properties of linear chains. To introduce this polydispersity in the simulations, the NP radius was 
randomly generated from a Gaussian distribution with a mean value of 7 nm and a standard 
deviation σR in the 0–1 nm range. Simulations are made for 100 randomly generated linear chains 
composed of 2, 5, 10, and 20 NPs in asymptotic conductive contact limit. Figures 6b and S5 show the 
range in which the extinction coefficient of each individual NP chain, taken separately, can vary. Each 
generated NP chain has its own optical signature. Indeed, the range in which the extinction 
coefficient of each NP chain can vary, increases as the standard deviation increases. However, the 



SPR wavelength does not depend on the NP size in the chain. As reported by Jain et al. for small NP 
radius, the SPR wavelength is invariant for constant ratio R/rm,m+1 between the NP radius R and the 
distance rm,m+1 between two adjacent NPs. (58) Note that in these simulations, this ratio is equal to 
2. Indeed, the SPR wavelength is defined by two competing forces: the near-field interaction and the 
restoring force applied on the electron cloud. The restoring force, which is related to the inverse of 
the NP polarizability, scales as the inverse of R3. According to eq 6, the near-field interaction decays 
as rm,m+1–3. Thus, the coupling strength is a function of the ratio R/rm,m+1. A distribution of NP 
radius in the chain only changes the overall magnitude of the extinction coefficient of isolated chains. 
As each chain exhibits a specific extinction coefficient, an increase of the standard deviation of NP 
radius induces a broadening of the distribution of extinction coefficient. This broadening is more 
pronounced for shorter chain length. Indeed, the NP size distribution induces variations of 
polarizability of the NPs in the chain. Because of the NP coupling, these local variations can be 
averaged in long NP chains. 

The extinction spectra of colloidal suspensions, which contain chains of NPs distributed in radius, are 
shown in Figures 6c and S6. These spectra are calculated by averaging the contribution of all 
individual chains. Despite the high sensitivity of the optical response of individual chains to the NP 
size distribution, this latter has a negligible effect on the optical properties of colloidal suspensions. 
Thus, spectroscopic measurements performed on a collection of NPs blind the spectral variations 
between chains induced by the NP size distribution. 

Disorder of NPs in the Chain 

TEM images (Figure 1) reveal that long chains are not straight and present a degree of disorder, that 
is, NPs have random position in the chain. To evaluate the effect of the disorder on the optical 
properties of suspensions, we have introduced the disorder in the linear chain of NPs. Chains are 
composed of 3, 5, 10, and 20 Au NPs in asymptotic conductive contact limit. Their radius is set at 7 
nm. The disordered chains are built as following. As shown in Figure 7a, we can define an 
orthonormal local frame (e1,(l,l+1),e2,(l,l+1),e3,(l,l+1)) for each pair of adjacent NPs (l and l + 1). The 
basis vector e1,(l,l+1) is collinear to the (l,l + 1) pair of NPs. The position of the subsequent (l + 2) NP 
can be obtained by using two angles (θl+2, φl+2) defined as the spherical coordinates of the NP (l + 2) 
in a local frame (e1,(l,l+1),e2,(l,l+1),e3,(l,l+1)). These set of angles are equal to (0, 0) for straight linear 
chains. These angles are randomly generated according to a Gaussian distribution centered on 0. The 
degree of disorder is given by the standard deviation σθ,φ of the distribution. Note that this latter is 
estimated from TEM images at about 15° (Figure 1). For each chain length and standard deviation, 
the extinction coefficient spectra of 100 chains are simulated. The extinction coefficient spectra of 
colloidal suspensions composed of disordered chains, shown in Figure 7, are then calculated by 
averaging the spectra of all individual chains. The main characteristics of straight chain spectra are 
preserved. Indeed, two SPR bands can be clearly observed in disordered chains. The extinction 
coefficient in the interband transitions spectral range is not sensitive to the disorder. In addition, the 
disorder slightly reduces the amplitude of the T-L-SPR band. As reported by Esteban et al., (21) the L-
SPR is blue shifted and its amplitude decreases as the degree of disorder increases. These variations 
are more pronounced for the longest NP chains. Indeed, straight linear chains support two plasmon 
modes, which can be selectively excited by a polarization parallel and perpendicular to the chain axis. 
As disorganized chains are not perfectly straight, the excitation of these modes is less effective, 
decreasing the amplitude of the plasmon modes. In addition, for an incident electric field parallel to 
the NP chain, the restoring force applied on the electron cloud is less reduced for disorganized chain 
than that for the straight chain. Thus, the L-SPR band of disorganized chain is blue shifted. (21) 



Figure 7 

 

Figure 7. (a) Schematic representation of disordered chains of NPs. (c–e) Influence of the standard 
deviation σθ,φ on the extinction coefficient of suspensions which contain NP chains. The simulations 
are performed by considering chains composed of (b) 2, (c) 5, (d) 10, and (e) 20 NPs in conductive 
contact limit. The radius of NP is 7 nm, and water is used as a matrix. 

 

NP Loop in the NP Chain 

TEM images (Figure 8a) reveal that long NP chains (samples S5 and S6) exhibit some closed loops and 
complex ramifications. To investigate the effect of closed loop on the optical properties of chains, we 
have simulated the extinction coefficient spectra of an assembly of 10 NPs, in conductive contact 
limit, organized into a circle. The extinction coefficient spectra of this NP ring, shown in Figure 8, are 
compared to one of a straight linear chain composed of 10 NPs. Because of its symmetry, the ring 
supports two plasmon modes: an in-plane plasmon mode which can be selectively excited by an 
incident light with a polarization parallel to the ring plane and an out-of-plane plasmon mode which 
can be selectively excited with a polarization perpendicular to the ring plane (Figure 8a). The plasmon 
bands assigned to the in-plane and out-of-plane plasmon modes are centered at 573 and 514 nm, 
respectively. Under unpolarized light, the spectra of the ring are dominated by the in-plane plasmon 
mode. The in-plane plasmon mode of the NP ring is blue shifted by 45 nm with respect to the L-SPR 
plasmon band of straight linear chains composed of 10 NPs. According to Figure 5, the position of the 
in-plane plasmon band is similar to one of the L-SPR mode of straight linear chains, which contain 3 
NPs. Thus, the optical properties of rings are less sensitive to the number of NPs than straight chains. 
In addition, the in-plane plasmon band of ring has smaller amplitude of the L-SPR plasmon band of 
straight chain. 
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Figure 8. (a) TEM image of a Au NP chain ramified and forming loops (sample S5). The scale bar is 100 
nm. (b) Comparison between the extinction coefficient spectra of 10 NPs organized into a ring (red 
solid line) and 10 NPs organized into a straight linear chain (blue solid line) exposed to unpolarized 
light. The extinction coefficient spectra of a ring calculated for in-plane (red dashed line) and out-of-
plane (red dotted line) linear polarizations are also reported. (c) Extinction coefficient spectra of a 
straight linear chain of 10 NPs (blue solid line), a circular ring of 10 NPs (red solid line), and a straight 
linear chain of 10 NPs ended by a circular ring of 10 NPs (black solid line). The simulations are 
performed for unpolarized incident light. In pink solid line, the spectra obtained from a linear 
combination between the spectra of straight linear chain of 10 NPs and the spectra of a circular ring 
of 10 NPs. The NPs are in conductive contact limit. Their radius is 7 nm. 

 

To give a more complete description of chains which contained closed loop, we have also simulated 
the extinction coefficient spectra of an assembly of 20 NPs in water, which consists of 10 NPs 
organized in a straight linear chain ended by 10 NPs organized in a circular ring. The NPs, whose 
radius is set to 7 nm, are in conductive contact limit. As shown in Figure 8, three plasmon bands, 
located at 623, 573, and 520 nm, are observed in the extinction coefficient spectra. The band located 
at 623 nm has the highest amplitude. In a first approximation, the extinction coefficient spectra of 
this structure can be deduced from a linear combination of the extinction coefficient spectra of two 
NP assemblies: a straight linear chain composed of 10 NPs and a circular ring composed of 10 NPs. In 



other words, the optical properties of NP chain which contained closed loop are simultaneously 
sensitive to both: linear sub-branch and the NP rings. 

Determination of the Distribution of the Number of NPs per Chains from Ellipsometry 

As we discussed above, simulations have shown that the optical properties of NP chains are mainly 
sensitive to the interparticle distance and to the number of NPs in chains. Meanwhile, as shown in 
Figures 1 and 5, the interparticle distance in the synthesized chains is sufficiently small to be 
simulated as having asymptotic conductive contact limit. Thus, in the following, the CDM is used to 
estimate the distribution of number of NPs in chains from the effective extinction coefficient of 
suspensions measured by ellipsometry. 

This analysis is performed by using the following procedure. First, the extinction coefficient spectra 
of several straight linear chains composed of Nnp Au NPs in the asymptotic conductive contact limit 
are calculated from the CDM. The number of NPs in the chain varies from 1 to 60. The NP radius is 
set to 7 nm, that is, the measured mean radius from TEM. In accordance with Figure 6c, the 
distribution of NP radius can be neglected. The real part of refractive index of the suspension found 
by ellipsometry is used as the refractive index of the matrix. This latter, which depends on the nature 
of the solvent and the presence of chemical species (PAA, HCl, and NaOH) used to synthesize the NP 
chains, is directly introduced in the CDM to calculate κc. In other words, the determination of the 
refractive index of the matrix is crucial for our model. Indeed, an inaccurate effective refractive index 
of the matrix leads to an inaccurate distribution of the number of NP per chains. This parameter 
cannot be deduced from other techniques such as absorption spectroscopy, suggesting that 
ellipsometric measurements must be used to characterize the optical properties and the composition 
of NP chains. The effective extinction spectra of suspension are then calculated by weighting κc(Nnp) 
of individual chains by the distribution of the number of NPs per chains: 

(19) 

Pf(Nnp) is the volume fraction distribution of chains composed of Nnp NPs with a radius R. We 
assume that Pf(Nnp) is described as a sum of two Gaussian distributions 

(20) 

Ai, , and σi are the amplitude, the mean value, and the standard deviation of the Gaussian 
distribution i, respectively. These parameters are fitted by minimizing the root-mean-square error 
between the measured and the calculated effective extinction coefficient spectra by the Levenberg–
Marquardt algorithm. (51) Because the interband transitions of Au are weakly sensitive to the 
number of NPs per chains, we restrict the analysis to the 500–800 nm spectral range. The correlation 
matrix (not shown) reveals that all fitted parameters are independent. The comparison between the 
measured and calculated effective extinction coefficient spectra, shown in Figure 3, confirms that the 
CDM reproduces the optical properties of suspensions. 

The distributions of number of NPs per chains obtained from ellipsometry, shown in Figure 9, are 
compared with the ones estimated by TEM (Figure 1). According to simulations performed on 
ramified chains, this comparison suggests that the distributions obtained by ellipsometry can be 
assimilated to the distributions of the number of NPs contained in the longest segment of chains. 
Indeed, the mean values of the distributions of number of NPs per chains are reproduced. 
Meanwhile, the S5 and S6 distributions deduced from ellipsometry suggest that these suspensions 



are composed of two populations of NP chains: one of the populations is the long chains composed 
of 25–40 NPs. The other population is either short NP chains or the loops as both types of structures 
give contribution to the extinction coefficient spectra in the same spectral range, as shown in Figure 
8. As we observe form TEM images, this contribution is more likely induced by the loops rather than 
the short linear chains composed of 1–5 NPs. 

Figure 9 

 

Figure 9. Distribution of the number of NPs in the longest segment of chains obtained from 
ellipsometry. The estimated volume fractions of chains are also reported. 

 

The knowledge of the refractive index of the matrix, which constitutes a key point for the 
quantitative analysis of optical spectra, prevents the use of absorption spectroscopy for the 
characterization of the NP chain length. Thus, the method developed here takes the advantage of the 
sensitivity of ellipsometric measurements to both the real part and the imaginary part of the complex 
refractive index of materials. On contrary to TEM, ellipsometry is a nonlocal characterization tool. By 
considering the volume fraction of NP chains as well as the ellipsometric cell spacer and beam 
diameter, the number of probed chains is estimated at 1010. This suggests that the number of 
probed NPs by ellipsometry is sufficiently significant to give an accurate estimation of the distribution 
of the number of NP per chains. In addition, on contrary to TEM, ellipsometry can be used to give a 
quantitative estimation of the volume fraction of chains in the suspension. This latter, reported in 



Figure 9, is in the 6–18 ppmv range, confirming that the chains are sufficiently diluted to neglect the 
interchain interaction. 

Conclusions 

In summary, spectroscopic ellipsometry is used to determine the optical properties of suspensions 
composed of Au NP chains. The real and imaginary parts of the effective refractive index of these 
suspensions mainly depend on the refractive index of the solvent and the plasmonic properties of 
the NP chains, respectively. CDM introduced to explain the impact of the morphology of NP chains on 
their optical properties reveals that the position of the L-SPR band depends on the number of NP in 
the longest segment of NP chain as well as the interparticle distance. This model, which does not 
take into account multipolar and quantum effects, remarkably reproduces the measured spectra. We 
demonstrate that the distributions of the number of NPs in the longest segment of chains as well as 
their volume fraction can be determined from effective extinction coefficient spectra by fitting it with 
the CDM, and these distributions are in very good agreement with the ones obtained from TEM 
measurements. Thus, ellipsometry combined with the CDM successfully provide a detailed image of 
NP chains in the suspension. 
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