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Heteroaggregation Assisted Wet Synthesis of Core-Shell Silver-
Silica-Cadmium Selenide Nanowires 

I. A. Pita,a S. Singhb, C. Siliena, K. M. Ryanb and N. Liu*a  

A method has been  developed for the wet solution synthesis of core shell heterogeneous nanowires. An ultrathin silica layer 

was first grown around plain silver nanowires to act as a suitable insulator. An outer nanoparticle layer was then attached 

through heteroaggregation by dispersing the un-functionalized nanowires in toluene solutions containing nanoparticles of 

CdSe or Au. Total coverage of nanoparticles on nanowires was found to increase with the nanoparticle size, which is 

attributed to the increase in the van der Waals interaction between the nanoparticles and the nanowire with the increasing 

size of nanoparticles. Using this method, we achieved over 79.5% coverage of CdSe nanoparticles (24 nm  11 nm) on the 

nanowire surface. Although following the same trend, Au nanoparticles however show an overall lower coverage than CdSe, 

with only 24.2% coverage at their largest particle size of 19 nm in diameter. This result is attributed to the increase in steric 

repulsion during attachment due to the increasing length of capping ligands. Investigation of the core-shell nanowire’s 

optical properties yielded CdSe Raman peak enhancement by a factor of 2-3 due to the excitation of surface plasmon 

propagation. Our method can be applied to the attachment of a wide range of nanoparticles to nanowire materials in non-

polar solution and the core-shell nanowires show great potential for incorporation into various microscopic and drug 

delivery applications.  

Introduction 

Metallic nanowires, due to their various applications in 
optoelectronic devices, have been studied extensively in recent years. 
In particular, silver nanowires have demonstrated applications as 
probes for general optical sensing1 such as fluorescence microscopy 
and as the building blocks for nanocircuits2-4. Silver nanowires have 
also found applications as drug delivery systems. As an example, 
research has shown that suitably functionalized nanowires could be 
used to penetrate and treat cells in lung cancer patients5. 

Heterogeneous (metal/semiconductor (insulator)) materials show 
potential benefits over plain metal structures due to interactions 
between the different material layers. One of these interactions is 
surface plasmon propagation; where light of a suitable frequency 
causes coherent electron oscillations to propagate along the 
metal/semiconductor (insulator) interface. This propagation 
produces an electromagnetic wave which decays exponentially into 
the material from the surface6. Due to the interplay between 
different materials present in heterogeneous structures, some 
optical or electrical properties can be altered or enhanced. As an 
example of this, heterogeneous nanobelts of metal-insulator-
semiconductor layered structures have proven capable of producing 
hybrid plasmonic modes for signal amplification7 and lasers8, while 

gold-PbS nanocubes can produce response times suitable for the 
formation of saturable absorbers9.  The incorporation of 
semiconductor or other functioning material at the vicinity of 
metallic nanowires can greatly enhance their applications in optical 
sensing and drug delivery.  

Heteroaggregation, the attachment of dis-similar particles in 
solution10,11, has previously been used to coat spherical particles with 
dis-similar outer nanoparticle layers such as polymer microbeads 
coated with gold, silver, or semiconductor material12,13. Studies have 
indicated that the particles adsorbed on the surface show a 
preference for lateral attachment over clustering on the surface, and 
that the attachment process can begin at lower energies compared 
to bulk aggregation14. In some cases the heteroaggregation allows 
complete monolayer particle shells to be formed outside a larger 
diameter particle completely. While heteroaggregation has been 
studied extensively on spherical particles in aqueous solution, the 
effect of particle interactions in nonpolar solvent and between 
nanoparticles and a cylindrical nanowire structure remains relatively 
unknown.  

In this paper a novel synthesis route is developed for the formation 
of a metal-insulator-semiconductor and metal-insulator-metal core-
shell nanowire, utilizing heteroaggregation as the final step to attach 
an outmost semiconductor cadmium selenide (CdSe) or Au 
nanoparticle layer in toluene. Silver nanowires were synthesized to 
act as the metal core, and a thin insulating layer of silica was then 
grown using a modification to the well-known Stӧber method15-18; 
originally used for the synthesis of uniform silica spheres. The 
heteroaggregation step was carried out by dispersing the nanowires 
in solutions of toluene containing nanoparticles of either CdSe or Au 
to investigate metal-insulator-semiconductor, and metal-insulator-
metal nanowire structures. In both cases the silica coated silver 
nanowires were not functionalized. Larger CdSe nanoparticles were 
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capped with tetradecylphosphonic acid, while the Au, and smaller 
CdSe, nanoparticles were capped with oleylamine and/or oleic acid. 

   Results obtained indicated that for the CdSe nanoparticles the 
coverage was critically dependent on the size of the particles, with 
larger nanoparticles capable of covering the majority of the wire’s 
surface (80 percent) and smaller nanoparticles showing continuous 
reductions in coverage, while Au nanoparticles were seen to exhibit 
a similar trend but in general with lower coverage to that seen for 
the CdSe nanoparticles. Because the nanoparticles are weakly 
charged19-21, we attribute the size dependent coverage change to the 
increases in the van der Waals interaction between the nanowire and 
nanoparticle following the increase of particle size, with steric 
repulsion, originated from Pauli Exclusion Principle, being the other 
major contributing factor. Together, these two interactions form an 
energy well to trap the nanoparticles at the nanowire surface. 
Particle attachment is modelled after a particle attachment-
detachment rate equation, with a saturation point that was reached 
when particle movement reaches an equilibrium point. When 
illuminated with a 532 nm laser Raman spectra of the wires were also 
found to match those of plain CdSe. With a specific excitation 
configuration, this led to increases in the Raman signal per 
nanoparticle, highlighting the effects of excited surface plasmons. 
The completed structure shows potential for use as a probe in certain 
microscopic techniques and as a suitable system for metallic 
nanowire based drug delivery studies. 

Experimental 

Silver nanowires 2-10 µm long were synthesized using soft solution 
phase synthesis22 to form the core of the heterogeneous nanowire. 
The synthesized wires were stored in ethelyne glycol, making them 
stable for more than six months.  

The growth of the ultrathin silica layer was achieved through a new 
modification to the Stöber method. 0.5-2 mL of the silver nanowire 
solution (20- 75 mg of silver nanowires approx.) was first washed four 
times with isopropanol under centrifuge at 3100 rpm. The washed 
wires were then functionalized by dispersing them into a 4: 1 de-
ionized water: isopropanol mixture containing 60 mg 4-
mercaptobenzoic acid previously dissolved in 2 mL isopropanol. The 
solution was left under 500 rpm magnetic stirring for 1 hour. 
Following this step, the wires were again washed with isopropanol 
twice under centrifuge at 3500 rpm and re-dispersed into a new 4 : 1 
de-ionized water : isopropanol mixture in a three neck flask. The 
solution was stirred at 500 rpm in a nitrogen atmosphere at room 
temperature. In order to grow the silica layer, 0.15 mL of ammonium 
hydroxide was then injected into the solution followed by 0.024 g of 
tetraetheylorthosilicate. The reaction was left for 1 hour. The wires 
were then washed a further four times under centrifuge, to halt the 
silica growth, and were stored in 10 mL of isopropanol. 

In order to attach the outer layer of nanoparticles via 
heteroaggregation, cadmium selenide nanoparticles of different 
sizes were synthesized:  6 nm in diameter from a new synthesis 

procedure (see supplementary information), and 15 nm  9 nm, 

along with 24 nm  11 nm sizes (in all cases the dimensions are length 
by diameter) by changing the amounts of reactants as stated in the 
reference23,24. Au nanoparticles were also synthesized (10 nm 
diameter, and 19 nm diameter in size25) to test the feasibility of 
metal-insulator-metal wires. The termination ligand for the larger 
CdSe nanoparticles was tetradecylphosphonic acid, while the 
smallest CdSe nanoparticle and the Au nanoparticles had oleic acid. 
Prior to use the CdSe nanoparticles were washed in toluene and 

isopropanol to remove most ligands. The Au nanoparticles were not 
washed due to the risk of homoaggregation caused by isopropanol. 
Each type of nanoparticle was then dispersed into 10 mL toluene 
solutions; for CdSe a weight per volume of 4.8 mg/ mL was used for 
all different sized particles, while the Au nanoparticles had a higher 
measure of 30 mg/ mL to account for the mass of the gel matrix. The 
particles needed to remain as monodisperse as possible when 
dispersed into the toluene, as homoaggregation was found to reduce 
the level of coverage achievable on the wire surface.  3 mL of the 
solution containing silica coated nanowires are then added to each 
particle solution and sonicated for 5-10 minutes three times a day, at 
eight hour intervals, for 20 days. At different points during this period 
the wires were washed out through centrifuge with isopropanol to 
inspect coverage of the wires. 

Results and discussion 

An example of a completed core shell silver-silica-CdSe nanowire 
through each stage of its fabrication is shown in Fig. 1. Analysis of the 
nanowires under TEM after the silica growth step revealed that an 
ultrathin silica layer 5-10 nm thick had been successfully grown 
around more than 95 % of the nanowires. The inspected layers were 
quite smooth with only occasional flaking seen, and the thickness 
was between 5 to 10 nm, sufficient to be used as an insulating layer.5 
If a thicker layer was desired; however, the amount of 
tetraethylorthosilicate can be increased in the growth step, or by 
decreasing wire concentration. The total coverage of the CdSe and 
Au nanoparticles were inspected under SEM. It was found that the 
CdSe nanoparticles yielded the best results with sharp increases in 
average coverage seen for increasing particle size.  

 

Fig. 1: (a) + (b) Plain silver nanowires, (c) + (d) silver nanowires coated 
with silica, (e) + (f) silica coated silver nanowire coated with 24 nm x 11 
nm CdSe nanoparticles. 

 

This increase is seen from a 22.0 ± 9.7 % average for the 6 nm long 

nanoparticles to 40.8 ±  15.9 % for the 15 nm, and an overall 

maximum average of 79.5 ± 11.3 % for the 24 nm ones, with a good 
number of nanowires with over 90 % coverage. In addition an 

Page 2 of 9Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale  Paper 

This journal is ©  The Royal Society of Chemistry 2015 Nanoscale, 2015, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

increase in the particle size shows a continual reduction in the 
number of uncoated wires.  Fig. 2 shows the coverage obtainable for 
thirty nanowires after 3 days in solution from each case, which 
highlights the continuous increases in coverage with size. An increase 
was also seen for the Au nanoparticles, but to a smaller extent with 
an approximate increase of only 2 % for the 19 nm nanoparticles, as 
seen in fig. 3. At saturation the nanowires only achieve coverage of 
24.2 ±  6.3 % and 22.1 ±  8.1 % for the 19 nm and 10 nm 
nanoparticles respectively. 

 

Fig. 2: An image of an averagely coated nanowire, and the percentage 
coverage recorded for 30 nanowires in histogram form, after a period 
of 3 days for (a) 6 nm x 6 nm, (b) 15 nm x 9 nm, and (c) 24 nm x 11 nm 
CdSe nanoparticles. Images obtained using SEM. 

 

 

Fig. 3: An image of an averagely coated nanowire, and the percentage 
coverage recorded for 30 nanowires in histogram form, after a period of 
3 days for (a) 10 nm diameter, and (b) 19 nm diameter Au nanoparticles. 
Images obtained using SEM. 

 

 

van der Waals and Steric Repulsion Contributions 

The increase in coverage of nanoparticles on the wires is attributed 
to the increase in the magnitude of total interaction energy of the 
system. The double layer forces are not considered relevant here as 
the charge associated with nonpolar solvent toluene is much lower 
than that of other aqueous liquids such as water. As a result, its 
effects are thought to be minimal. Instead, van der Waals force is 
considered as the major attractive force, which is dependent on the 
dimensions of the particle26. In our study, all particles are terminated 
with long chain ligands. As the distance between the nanoparticle 
and silver nanowire decreases, steric repulsion due to the 
compression to the ligand shell of the nanoparticle becomes 
important. The combined effect of these two forces lead to the 
formation of an energy well that stabilizes the nanoparticles at a 
close vicinity of the nanowire. Both forces are much stronger at short 
range, with the strength decaying as the nanoparticles move further 
away.   

Here an estimation of the van der Waals interaction energy is 
made for both the CdSe and Au cases. Three components are 
considered to determine the attractive energy experienced by the 
nanoparticle (see figure 4): (1) the nanoparticle’s interaction with the 
silver nanowire over the silica interface, (2) the nanoparticle’s 
interaction with the ultrathin silica layer, and (3) the opposing 
attraction that the nanoparticle experiences from the toluene. The 
silica coated silver nanowires are taken as cylinders with average 
length of 5 µm and diameter 235 nm. Calculation of the Hamaker 
coefficient (AH) can be obtained using the combining relations for 
Hamaker coefficients26,27: 

                               𝐴131 ≈ (√𝐴11 − √𝐴33)2                                   1 

                        𝐴132 ≈ (√𝐴11 − √𝐴33)(√𝐴22 − √𝐴33)              2 

Where A132 is the Hamaker coefficient for phase 1 and phase 2 
interacting in a medium 3, as shown in figure 4, allows estimation of 
the constant for CdSe-silica-silver and Au-silica-silver. A11, A22 and A33 
indicate cases where a phase interacts with itself across a vacuum. In 
effect, A11 would match the case A131 if the medium it was interacting 
across was vacuum. For these calculations the values are available 
from literature sources.  In the calculations to compute parts (1) and 
(2) the effects of the toluene were ignored as the silica layer is 
ultrathin and acts as more of a medium to the particle attachment. 
In addition, the toluene system was calculated separately in part (3). 

Hamaker coefficient values of 34.20  10-20 J for silver-vacuum-silver, 

6.55  10-20 J for silica-vacuum-silica28, 45.00  10-20 J for Au-vacuum-

Au29,30, and a CdSe-vacuum-CdSe value of 15.60  10-20 J31 were used 
when determining the Hamaker coefficients for the system. This 

yielded a Hamaker coefficient of 4.57  10-20 J for CdSe-silica-silver. 

The Hamaker coefficient for Au-silica-silver was calculated as 13.64  
10-20 J. 

In order to calculate the Hamaker’s coefficients for the CdSe and 
Au nanoparticles’ interaction with toluene (part (3)) or with silica 
(part (2)) one further combination relation was used26: 

                               𝐴12 ≈ (√𝐴11𝐴22)                                              3 

A Hamaker coefficient value of 5.4 10-20 J, obtained from 
literature32, was used for toluene-vacuum-toluene in these 

calculations. Using this equation values of 9.18  10-20 J and 10.10  
10-20 J were obtained for CdSe-toluene and CdSe-silica respectively. 

Similarly values of 15.58  10-20 J and 17.17  10-20 J were calculated 
for Au-toluene and Au-silica. 
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Fig. 4: Representation of the two cases used when calculating the van 
der Waals interaction energy for both (a) a CdSe nanoparticle, and (b) an 
Au nanoparticle. The distance of the nanoparticle to the silica is 
represented as d1. The distance of the nanoparticle from the silver is 
represented as d2, and takes into account the thickness of the silica layer. 
A1, A2, and A3 represent the Hamaker coefficient of the material. For the 
Hamaker coefficient A132, this would mean the interaction of the 
nanoparticle with the silver nanowire through the silica layer. 

 

Approximating the three sizes of CdSe nanoparticles as cylinders 
allows for the calculation of the van der Waals interaction energy per 
unit length of the nanoparticle when the long axis of the nanorods 
are parallel with the long axis of the nanowire using the Derjaguin 
approximation26,33: 

        𝐸𝑛𝑒𝑟𝑔𝑦𝑉𝑑𝑊 =  
−𝐴132 

12√2𝐷
3
2

(
𝑅1𝑅2

𝑅1 + 𝑅2
)

1
2                                     4 

While both cylinders perpendicular follow the equation: 

          𝐸𝑛𝑒𝑟𝑔𝑦𝑉𝑑𝑊 =  
−𝐴132 √𝑅1𝑅2

6𝐷
                                             5  

Where D is the separation between the cylinders (d1 or d2 
depending on the system being calculated, and R1 and R2 are the radii 
of the nanoparticle and the nanowire respectively. The Derjaguin 
approximation was considered valid in these cases, as the nanowire’s 
radius is much greater than that of the distance between the particle 
and the nanowire surface. Furthermore, the silica coated silver 
nanowire was also taken as flat surface in separate calculations to 
determine if the radius was large enough to behave as if completely 
flat. In the calculations the cylinder configuration would match that 
of the parallel case above. This was calculated as26,33:  

                           𝐸𝑛𝑒𝑟𝑔𝑦𝑉𝑑𝑊 =  
−𝐴132√𝑅

  12√2𝐷
3
2

                                     6 

Here R indicates the radius of the nanorod. The values obtained 
from equations 4 and 6 were per unit length, meaning that the actual 
energy value was determined by multiplying by the length of the 
nanorods. The dimensions of the nanoparticles in comparison to the 
distance from the nanowire, (with the distance to the silica being 
relatively small) was believed to further reduce error.  

Two different distances were used when calculating the van der 
Waals energy of the system (see fig.4); d1 was taken as the distance 
from the nanoparticle to the silica layer, as well as the distance to the 
toluene in solution (in (part 3)). The distance from the nanoparticle 
to the silver was taken as d2, including the thickness of the silica. In 
these calculations the thickness of the silica was taken as an average 
of 7.5 x 10-9 m. 

The values for the nanorod when parallel, perpendicular, and 
regarding the nanowire as a flat plate were found to be quite similar. 
van der Waals values for the parallel and flat plate configurations 
were almost identical, while the perpendicular case was in the same 
order of magnitude as the other cases. This held regardless of what 
values of d1 and d2 were chosen to be put into the equations for the 
three configurations, something which has proven true in previous 
investigations between spherical particles and cylinders for EDL 
energies34 due to the large nanowire radius. Due to both 
configurations being reasonably close to the flat plate approximation, 
it is believed that the majority of the nanoparticles behave as if on a 
flat surface. 

For the Au nanoparticles the system is taken as a sphere and 
cylinder (nanowire). The van der Waals interaction of such a system 
can be expressed as34,35: 

𝐸𝑛𝑒𝑟𝑔𝑦𝑉𝑑𝑊 =
−16𝐴132𝑅1

3

3𝜋
∫ 𝑑𝜑 ∫ 𝜌𝑑𝜌 ∫[(𝐷 + 𝑅1 + 𝑅2

𝐿

0

𝑅2

0

𝜋

0

+ 𝜌𝑐𝑜𝑠𝜑)2 + (𝜌𝑠𝑖𝑛𝜑)2 + 𝑧2

− 𝑅1
2]−3𝑑𝑧                                                         7 

where L is the length of the cylinder, and R1 and R2 are the radii of 
the nanoparticle and the nanowire respectively. Due to the ratio of 
the cylinder radius to that of the nanoparticles being greater than 10 
it is possible, however, to estimate the energy and force through a 
more straightforward sphere flat surface calculation. Due to the 
shape of the Au nanoparticles, and the complete energy of the 
system being obtained from the radius of the nanoparticles alone, 
the surface element integration (SEI) approximation was used to 
reduce error in the estimation of the van der Waals interaction 
energy36: 

 𝐸𝑛𝑒𝑟𝑔𝑦𝑉𝑑𝑊 =  
−𝐴132

6
[
𝑅1

𝐷
+ 

𝑅1

𝐷 + 2𝑅1
+ ln [

𝐷

𝐷 + 2𝑅1
]]       8 

 For a nanoparticle fully immersed in toluene, we assume that its 
interaction energy with toluene is zero. The interaction with the 7.5 
nm silica (which is the average silica layer thickness) was estimated 
by varying the distance between a nanoparticle and a silica block. In 
order to calculate the interaction energy between the nanoparticles 
attached to the nanowire and the toluene (part 3), the interaction is 
estimated as if the nanoparticle is interacting with a large block of 
toluene with a distance d1 from the particle. The total van der Waals 
energy was than obtained by summing the individual energies for 
material-silica-silver (1) and material-silica (2), and subtracting 
material-toluene (3). 

As discussed previously, the main contribution to the repulsion of 
the nanoparticles is considered the steric repulsion. The physical 
origin of the steric repulsion is from Pauli Exclusion Principle. Once 
the atoms within or between the molecules are brought too close 
together, there is an associated energy cost due to the overlapping 
of electron clouds. Steric repulsion occurs when the interfacial layers 
of two colloids overlap, causing a repulsive force32. In our case, steric 
repulsion needs to be considered when the ligand layer is 
compressed too much due to the decrease of nanoparticle-nanowire 
distance. The energy of steric repulsion can be calculated, to a first 
approximation, as37: 

                          𝐸𝑠𝑡𝑒𝑟𝑖𝑐 = (
𝛿

𝑑1
)12𝑘𝑏𝑇                                            9   

where δ is the thickness of the interfacial layer, kb is Boltzmann’s 
constant, d1 is the distance between the nanoparticle and nanowire 
and T is the temperature. For these calculations a factor of two is 
ignored, as the nanoparticles are interacting with the nanowires, not 
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identical particles, and the silica does not have an interfacial layer. 
The (d1)-12 term closely resembles the repulsive term in Lennard-
Jones potential, which again reflects the nature of this force. In order 
to determine the effects of the steric repulsion, the entire energy of 
the system was estimated using Boltzmann distribution statistics. 
The Boltzmann distribution is used to determine the probability P(i) 
that a particle is in a particular energy state, which can be written 
as38: 

                               𝑃(𝑖) = 𝐴𝑒
−𝐸𝑖
𝑘𝑏𝑇                                                     10 

Here Ei is the energy of the state, and A is a constant determined 
from the partition function. Here we assume that the particle in the 
toluene solution has zero energy, so that the attached particles on 
the nanowire are in a lower state. In order for the particles to go into 
the solution, they need to escape from the potential well. The deeper 
the well is, the harder it is to escape, and the higher the coverage is. 
The obtained percentage coverage was used as the probability that 
the nanoparticle would remain on the surface. This value is then used 
to determine the energy required for the system to have this 
percentage of nanoparticles leaving the wire’s surface. The 
difference between the obtained energy, and the van der Waals 
interaction energy was then taken as the steric repulsion energy. In 
order to calculate both the optimum distance from the nanowire 
surface, and interfacial layer thickness, the distance between the 
nanoparticle and the wire surface d1 was altered, along with the 
interfacial layer thickness, until the correct total energy value was 
obtained from the calculated van der Waals and steric energy. When 
calculating the van der Waals energy the value of d2 was increased 
by d1 each time to account for the increasing distance from the 
nanowire. The chain length of the capping molecules was estimated 
from the molecular formula, and the length of C-H, and phosphate 
ion bonds. The length of tetradeclyphosphonic acid was calculated as 
1.68 nm, while the calculated length of oleic acid was 1.97 nm. The 
temperature was taken as 293 K for these calculations.  

The fitted interfacial layer thickness for the Au nanoparticles was 
found to be a perfect match to the calculated chain length of oleic 
acid at 1.97 nm. For the larger 24 nm and 15 nm CdSe the calculated 
value was at 1.47 nm and the 6 nm CdSe the value was 1.34 nm. 
These two values are smaller than those of the chain lengths but are 
reasonable considering all CdSe nanoparticles were washed 2 times 
before use, and less ligands were attached to the particles, leading 
to smaller effective interfacial layer thicknesses. 

 The calculated values for the total energy of the system, along 
with the optimum distance and the determined van der Waals and 
steric repulsion values are shown in table 1. The results obtained 

support the theory that the larger nanoparticles would have a much 
stronger attractive energy; making them less susceptible to thermal 
excitation, and increasing the total coverage. As a comparison, we 
also calculate the Coulomb interaction energy between the 
nanoparticle and silver nanowire. The charge on individual CdSe 
nanoparticle is estimated to be 0.2e ~ 0.4e based on our previous 
study20. The Coulomb interaction energy for all particle sizes has 

been estimated to be in the range of -0.4 to -2  10-22 J. (See 
supplementary information for details) These values are one order of 
magnitude lower than that the van der Waals interaction. As such, its 
effects on the nanoparticle-nanowire attachment are minimal. 

The largest CdSe nanoparticles have a much larger van der Waals 
energy at -10.47 x 10-21 J, which is much higher in magnitude than 
the standard thermal excitation at room temperature estimated at 
around 4.04 x 10-21 J, making them much more likely to remain on 
the nanowire’s surface. This was also found to be true for the 15 nm 
CdSe and 19 nm Au nanoparticles. In comparison the 10 nm Au and 
6 nm CdSe nanoparticles have much smaller van der Waals values at 
-3.47 x 10-21 J and -1.16 x 10-21 J respectively. These values are lower 
in magnitude than the thermal excitation (kbT), making them more 
likely to be excited from the nanowire surface before steric repulsion 
is even considered. The optimum fitted distance is also seen to 
reduce with increasing particle size; the larger nanoparticles can 
come closer to the surface then the smaller ones.  

The effect of the interfacial layer thickness can be seen clearly 
through comparison with the Au nanoparticles. The Hamaker 
coefficient for Au-silica-silver is larger than that of CdSe-silica-silver. 
However, due to the much longer capping agent used in the synthesis, 
the optimum distance for the 19 nm Au nanoparticle is 1.93 nm. This 
substantially reduces the nanoparticle’s van der Waals interaction 
energy to -6.56 x 10-21 J. As a result surface coverage is much lower. 
Yet, when compared to the 10 nm Au nanoparticles, the other 
nanoparticle with the same thickness oleic acid ligand, it still comes 
much closer to the wire’s surface. In addition the trend in 
nanoparticle size is once again apparent, with the optimum distance 
increasing with the nanoparticle dimensions. 

The effect on distance overall for both the obtained van der Waals 
energy and steric repulsion is shown in fig. 5 for the 24 nm x 11 nm 
CdSe nanoparticle case. In the figure the potential well for the 24 nm 
CdSe nanoparticles is clearly visible in the region of 1.5 nm to 2.5 nm. 

As shown in the figure, increasing the distance causes the steric 
repulsion to reduce extremely quickly towards zero. The van der 
Waals values also decrease but at a reduced rate overall.

Table 1:  The calculated total interaction energy from the coverage, along with the van der Waals and steric repulsion, calculated from the optimum 
distance, for the various nanoparticles used. The optimum fitted distance to obtain the observed coverage is included for reference. 

 
 

Nanoparticle size Total Energy of the 

System ( 10-21 J) 

Optimum Distance 
(nm) 

van der Waals 

Interaction Energy ( 
10-21 J) 

Steric Repulsion ( 
10-21 J) 

24 nm x 11 nm 
CdSe 

-6.41  1.47 -10.47  4.04  

15 nm x 9 nm CdSe -2.12  1.48 -5.82 3.73  

6 nm x 6 nm CdSe -1.00 1.80 -1.17  0.17 
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19 nm Au -1.16 1.93 -6.56 5.34 

10 nm Au -1.06 2.06 -3.47 2.36 
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Fig. 5: The (blue) van der Waals interaction energy and (red) steric 
repulsion for different distances in the 24 nm x 11 nm CdSe nanoparticle 
case. The purple line shows the total energy obtained when the van der 
Waals and steric repulsion values are added together. The black line 
represents absolute zero. 

 

Additionally, the strength of the repulsive energy at short range 
helps highlight the issue with the longer chain interfacial layers of the 
Au nanoparticles. Decreasing the distance past the interfacial layer 
thickness of the nanoparticles causes steric repulsion such that 
particle attachment would be much more difficult. Due to this fact, 
the nanoparticles could not get as close to the surface as the larger 
CdSe nanoparticles. 

These results indicate that both the nanoparticle size, and 
interfacial layer thickness are the major factors effecting coverage. 
While the larger CdSe nanoparticles experience a similar steric 
repulsion, the stronger van der Waals interaction energy of the 24 
nm x 11 nm ones give the nanoparticles a much stronger preference 
to remain on the surface. In addition, the shorter capping molecules 
mean that, at the same distance, the system is overall more likely to 
shift towards surface attachment than the longer molecules. 

 

Deposition Rate Coefficient 

The entropy of mixing (or configuration entropy) is the main driving 
factor for the nanoparticle attachment to start when the bare SiO2 
coated Ag nanowires are transferred in to the nanoparticle solution. 
Monitoring of the average particle attachment every few days 
allowed for the change in particle attachment with time to be studied.  
Analysis of these results indicated an initial increase in the average 
coverage of nanowires before a saturation point was reached which 
usually occurred within the first 5 days in solution. The saturation is 
thought to be due to the attachment-detachment rate of particles 
reaching an equilibrium point, where the number of additional 

nanoparticles attaching to the surface becomes equal to those 
detaching.  While previous studies of heteroaggregation have 
included the effects of homoaggregation on particle attachment, 
such as the Von Smoluchowski-Stokes equation39, it is ignored here 
as the particles only attached to the surface as monolayers, and the 
majority of nanoparticles did remain monodisperse in solution. The 
general curves obtained can then be readily fit to a standard particle 
attachment-detachment rate equation40: 

                                          
∂𝐵

∂t
= 𝑘𝑎𝐶(𝐵0 − B) − 𝑘𝑑𝐵                  11 

where t is time, B is the number concentration of bound particles, 
C is particle concentration in solution, B0 is the bound nanoparticle 
concentration if the nanowire were 100 % covered, and ka, the 
attachment coefficient and kd, the detachment coefficient, are 
kinetic constants.  

Values for B were determined from the percentage coverage of 
the wires using the average percentage values and the geometries of 
the nanoparticles/ wires. The values for C were estimated based on 
the knowledge of the nanoparticle mass in solution, the geometry of 
the nanoparticles, and the density of CdSe or Au as applicable. The 
attachment and detachment rate coefficient was then calculated 
simultaneously using the information from the coverage versus time 
graphs of best fit. The obtained average coverage, and the lines of 
best fit from the obtained coefficients, are included in fig. 6. 

Based on the numbers obtained the larger the CdSe nanoparticle 
the faster the saturation level is achieved, with the larger 24 nm x 11 
nm CdSe nanoparticles having an attachment coefficient ka of 1.67 x 
10-18 particles-1 L day-1, which is considerably higher than that at the 
15 nm x 9 nm value of 1.60 x 10-19 particles-1 L day-1 and the 6 nm x 6 
nm value of 1.21 x 10-20 particles-1 L day-1. The detachment 
coefficient kd values vary between 0.14 day-1, 0.19 day-1, and 0.22 
day-1, showing a progressive trend of easier detachment with the 
decrease in particle size. The continuous increases of the attachment 
coefficient ka, and the decrease of the detachment coefficient kb with 
nanoparticle size, for CdSe further indicate a correlation between 
particle size and particle attachment, suggesting that smaller 
nanoparticles are more susceptible to thermal excitation. Once the 
concentration of the nanoparticles was increased from 4.8 mg/ mL 
to 12.0 mg/ mL, there was an initial increase in the coverage for the 
24 nm x 11 nm CdSe nanoparticles to 65 % after the first day, 
however; the rest of the results showed no major change with the 
increased concentration.  
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Fig. 6: The increase of the average percentage coverage for each type of 
nanoparticle, obtained over a period of 20 days for: (green) 6 nm x 6 nm 
CdSe nanoparticles, (pink) 15 nm x 9 nm CdSe nanoparticles, (black) 24 
nm x 11 nm CdSe nanoparticles, (red) 19 nm diameter Au nanoparticles, 
and (blue) 10 nm diameter Au nanoparticles. The line of best fit for each 
different type of nanoparticle is displayed in its matching colour.  

 

 

The reason for this can be rationalized as follows: Once the 

equilibrium is reached 
𝜕𝐵

𝜕𝑡
 = 0. Equation 11 becomes: 

                                     𝑘𝑎𝐶𝐵0 = 𝐵(𝑘𝑎𝐶 + 𝑘𝑑)                             12 

This can then be divided across as: 

                                          𝐵 =
1

1+ 
𝑘𝑑

𝑘𝑎𝐶

𝐵0                                            13   

The initial increase in nanoparticle attachment is due to the kaC 
term. Considering equation 13; however, at equilibrium it doesn’t 

change the coverage as much, as at higher coverage the 
𝑘𝑑

𝑘𝑎𝐶
 term is 

much less than one, which would make the change very small.  

In comparison the deposition rate coefficient of the Au 
nanoparticles are similar to that of CdSe nanoparticles of the closest 
size, with the attachment coefficient for the 19 nm nanoparticles 
being 7.40 x 10-20 particles-1 L day-1, with a detachment coefficient of 
0.46 day-1 and the 10 nm nanoparticles having coefficients of 3.30 x 
10-20 particles-1 L day-1 and 0.49 day-1. The difference in the results 
for the Au nanoparticles to that of the CdSe are attributed to 
increases in the interfacial lignand layer thickness, as seen in section 
1, which reduce van der Waals interaction and, in turn, the number 
of particles which can attach to the surface. Regardless, both follow 
the attachment-detachment model well. 

 

 

Raman Scattering 

To investigate the optical properties of the completed 79.5 % 
covered core-shell nanowires, measurements were taken of its 
fluorescence and Raman peaks using a 532 nm laser at 1 mW. When 
the nanowire’s spectrum was recorded the laser beam was 
positioned at the end of the wire. This allowed the Raman spectrum 
to be collected from the point where surface plasmon propagation 

would be excited, giving a good indication of the Raman 
enhancement afforded by the heterogeneous structure.  

Investigation of the completed nanowire’s optical properties 
indicate a fluorescence peak (supplementary information) at 620 nm 
with Raman bands at 210 cm-1and 420 cm-1 corresponding to the 
longitudinal optical mode (LO) of the CdSe NPs and its overtone41. 
The intensities of these properties varied depending on the thickness 
of the silica layer demonstrating the Raman enhancement and 
fluorescence quenching when the metal is in close proximity to the 
CdSe NPs. An example of the Raman bands obtained for a 
heterogeneous nanowire, in comparison to the CdSe monolayer is 
shown in Fig. 7 which gives an indication of the enhancement 
afforded by the core shell structure. The Raman bands are clearly 
more intense for both the 1LO and the overtone despite fewer CdSe 
nanoparticles being present on the nanowire’s surface.  

The exact level of enhancement in the Raman bands was 
determined through an estimation of the Raman intensity for an 
individual nanoparticle. The beamwaist of the laser beam hitting the 
sample was calculated using the equation42: 

                                           𝜔0 =
𝜆0

𝜋𝑁𝐴
                                            14 

Where λ0 is the wavelength of light, NA is the numerical aperture 
of the lens, and ω0 is the beam waist. The beam area obtained using 
this equation was used to determine the number of particles 
illuminated in both the monolayer, and on a core-shell nanowire.  

For the nanowire, this was achieved by determining the area of 
the wire that was covered by the laser by utilizing the average 
dimension for the nanowire and the size of the beam illuminating it.  
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Fig. 7: Comparison of the CdSe Raman peaks for the heterogeneous 
nanowire (black) and the CdSe monolayer (blue). The spectra were 
obtained using a 532 nm laser. 

 

 

In these calculations the tip of the nanowire was taken to be near 
the edge of the beam’s circumference. Using the dimensions of the 
nanoparticle, the number of particles capable of covering 79.5 % of 
the nanowire’s surface in this region was calculated.  

The number of nanoparticles was then used to determine the 
individual Raman band contribution from a single CdSe nanoparticle. 
This contribution was calculated for both of the CdSe bands in the 
spectra from multiple nanowires. These values were then compared 
with the individual contributions from three different CdSe 
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monolayer reference readings, and used to determine the 
percentage increase in each case.  For both the LO and its overtone 
the intensity factor for the core-shell nanowire nanoparticles was 
found to be much higher than the nanoparticle monolayer. Values 
for the LO band showed an average increase of 141.27 % (or a ratio 
of 2.41) in individual CdSe intensity for the nanowires, with typical 
values between 90 and 190 %. The overtone itself showed an average 
intensity increase of 85.86 % (ratio of 1.85) per nanoparticle, with the 
majority of wires having increases between 60 and 90 %.   These 
observed increases are due to the electric field enhancement after 
the excitation of surface plasmon propagation, increasing the signal 
strength per nanoparticle (see supplementary information).  

 In order to determine the exact effect on the electron phonon 
interactions for these wires the Huang-Rhys factor S was calculated, 
which gives a measurement of the Frӧhlich interaction. The S-factor 

is equivalent to Δ2 = ∑ ∆𝑘
2 

𝑘  where Δk is the shift of the harmonic 
oscillator potential when coupling between phonons is treated as 
Hamiltonian42.  

The ratio of integrated intensities for the first and second LO 
overtones can be used to obtain Δ for a given system. In these 
calculations the excitation effective mass was taken as M* = (1/ me + 
1/ mh)-1 = 0.11241. The S-factor of the nanowires was found to have 
values between 0.043 and 0.054, in comparison to the S-factor of the 
CdSe monolayer which had a typical value of 0.039. The change in S-
factor is due to alterations in the confining potential for the electron 
hole wave function44,45. Similar to the intensity increase, the main 
factor for the change in S value is the silica layer thickness. Variations 
in the insulator affect the way that the metallic and semiconductor 
layers interact, resulting in various S-factors. 

Conclusions 

CdSe-silica-silver nanowires were successfully synthesized using a 
new heteroaggregation assisted wet synthesis route. Results 
obtained from the heteroaggregation indicate that the larger 24 nm 
x 11 nm CdSe nanoparticles are capable of covering an average of 
79.5 % of the surface corresponding to a completed structure. The 
increase of coverage due to particle size is attributed to increases in 
the van der Waals attractive force, resulting in a much deeper energy 
well and making it harder for the nanoparticles to escape back into 
solution. However, increased ligand length can greatly diminish this 
effect and lead to lower particle coverage on the nanowire surface, 
as demonstrated in the Au-silica-silver nanowire cases. Our study 
provides general guidance on the factors that need to be considered 
in particle-nanowire attachment in a nonpolar environment. The 
attachment rate, and saturation point are dependent on the 
attachment and detachment rate of nanoparticles reaching 
equilibrium, in turn related to the depth of the energy well.  

Analysis of the completed wires highlight an increase in the 
intensity of the Raman peaks of CdSe for the completed 
heterogeneous nanowires in comparison to the plain nanoparticles, 
due to the generated surface plasmon propagation. The unique 
shape and Raman enhancement offered by these nanowires makes 
their advantageous attributes over plain metal nanowires for 
incorporation into sensor tips. It is expected that they could perform 
well as probe tips in microscopy techniques46 such as near field 
optical microscopy, and in chemical analysis, due to their strong 
Raman bands. In addition, the possibility also exists to use the 
nanowires to functionalize certain biological microorganisms; 
allowing their processes in drug delivery to be studied in detail.  
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