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Introduction

�e di�usion of ions across a membrane can be observed in many 
systems such as polymer electrolyte for fuel cells [1], ion-exchange 
[2] and also biologically, in the cells [3]. A complete understanding 
of ionic di�usion, in these systems, is of fundamental importance to 
uncover the mechanistic details of how a membrane can function in 
relation to its permeability. Many studies use various polymers [4] 

to understand this phenomenon, by exploring its porosity [5]. More 

recently nanostructures have been fabricated to help us explore ionic 

di�usion [6,7].

Gold nanoparticle (AuNP) encapsulated with a di-block 

copolymer, polystyrene-block-poly(acrylic acid) (PSPAA), is a type of 

core-shell nanoparticle (AuNP@PSPAA). �is structure composes of 

a metallic core and an organic amphiphilic polymer, which serves two 

important functions. Firstly, the hydrophobic polystyrene (PS) block 

of the polymer is able to self-assemble around the thiol-functionalized 

AuNP, protecting the core. Secondly, the poly(acrylic acid) (PAA) 

block helps maintain charge-charge repulsion, and hence allows the 

AuNP@PSPAA to maintain its stability in water [6]. While pores 

or voids may be found in the PS domain when placed in water [8], 

AuNP@PSPAAwere found to resist cyanide etching for months [9]. 

�is suggests that limited or low ionic di�usion of ions occurred across 
the polymer shell.

In the literature, various di�usion models in polymers have been 

proposed [4]. �ese models are usually based on the free volume 

theory, which is derived from Fick’s law of di�usion [10], where small 

holes residing in the polymer will form the basis of the di�usion of 

molecules across the polymer [11]. For example, Cohen and Turnbull 

developed a model where the di�usion coe�cients of the molecules 

will decrease exponentially as its size increases, and also provided a 

mean to understand the probability of �nding holes in a polymer [12]. 

Fujita extended Cohen and Turnbull work’s and derived a new model, 

which could explain the di�usion of molecules in a solvent-polymer 

system [13]. �is model has also been adopted to study di�erent 

types of polymer including poly(methyl methacrylate) and poly(N,N-

diethylacrylamide) [4,14]. Collectively, these works highlight the 

importance of understanding di�usion in polymer.
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di�uses into the network, the solvent molecules will form an in�ltration 
layer and cause the polymer to be completely swollen over time. When 
large excess of the solvent eventually in�ltrate the polymer, dissolution of 
the polymer will be expected, forming a solute-solvent solution [21].

Ando et al. demonstrated that poly (N,N-diethulacrylamide) may 
be swollen by using deuterated water and poly(ethylene glycol) (PEG). 
�e swollen state of the polymer was probed using proton (1H) nuclear 
magnetic resonance (NMR) and found that the di�usion of the water 
can be explained by the free volume theory [14]. Similarly, Taton et 
al. discovered that when small amount of THF was used to swell the 
cross-linked block-copolymer, ionic di�usion of cyanide resulted in 
immediate etching of the embedded AuNP in the polymer [15]. �ese 
studies illustrate probing the swollen state of the polymer is of great 
importance in understanding the transport of molecules (Figures 1 and 2).
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where D is self-di�usion coe�cient of the molecule, A is a constant, R 
is the real gas constant , T is temperature, B is the particle size, f

v
 is the 

average free volume per molecule.

Several studies involving core-shell nanoparticles have revealed 
their utility in terms of di�usion of either small molecules or ions, by 
relating to some di�usion models. For example, AuCl

4
- was able to 

di�use across the polymer shell of Au@Oligoaniline nanoparticle at a 
very slow rate [7]. Presence of small amounts of organic solvent can swell 
polymeric structures, promoting penetration of ions [15]. Polymers, 
conductive ones, may be doped using acids or bases to support ionic 
conductivity [5]. However, it is not easy to fully comprehend how ionic 
di�usion will occur at the nanoscale. �erefore, it is necessary to �nd 
an easy and simple method to probe this process.

In this study, the ionic di�usion of cyanide through the polymer 
shell of AuNP@PSPAA was probed using surface enhancement Raman 
spectroscopy (SERS) [16]. We envision that as cyanide etches the 
AuNP, its surface ligands will be detached, contributing to a decrease in 
SERS signal. We hypothesize that when the PS domain of the polymer 
becomes more porous, more water will be able to penetrate through 
these pores, serving as a medium to support the cyanide di�usion to 
etch the AuNPs. �is provides a useful platform to probe the e�ect 
of ionic di�usion through the predominately hydrophobic of the PS 
membrane.

To better understand the ionic di�usion of cyanide, the porosity of 
the PS was modulated using various conditions, allowing the entry of 
ions across the hydrophobic membrane to be carried out at di�erently. 
�e four di�erent approaches were adopted in our study: (a) swelling the 
PS domain using an organic solvent of varying amounts; (b) incubating 
the AuNP@PSPAA for a long period of time in water; (c) incorporating 
aniline and its oligoaniline into the PSPAA shell to increase its polarity; 
and (d) using cholesterol as a biomolecule to induce defect formation.

Results and Discussion

Raman active ligands such as 2-napthalenthiol (2-NT) can produce 
characteristics SERS spectrum when attached onto metallic surfaces 

[17]. In this study, this ligand was chosen to tune the interfacial energy 

between Au-polymer [18], forming core-shell nanoparticles of AuNP@

PSPAA [19]. In order to probe the e�ect of ionic di�usion, small 

amount of cyanide was added and allowed to be di�used across PS, 

under varying experimental parameters, to etch the AuNPs over 90 

h. We monitored the Raman shi� of 1067 cm-1 corresponding to the 

symmetric C-H bending vibrational mode of 2NT, which has a strong 

SERS intensity [17], and envisioned that as ionic di�usion of cyanide 

proceeds, the intensity of this band will decrease. As the AuNPs are 

being etched by the cyanide ions, soluble ions of Au(CN)2- will be 

formed. �is ion was also found to be SERS active and will produce a 

Raman signal, of a high frequency mode, at ~2100 cm-1 [20]. �us on 

this basis, we were able to monitor the ionic di�usion of cyanide in situ.

AuNP@PSPAA in THF

Swelling of a polymer is an important process because it allows the 
polymer to be converted from a glassy to rubbery state. For example, 
many organic solvents such as DMF, dioxane, acetone, benzene and 
tetrahydrofuran (THF) can cause polystyrene to swell. When the 
organic solvent penetrates into the polymeric network, they are initially 
inserted into free holes or voids of the polymer. Next, as more solvent 

Figure 1: Raman spectra illustrating the changes of SERS intensity vs. time, 

when AuNP@PSPAA are etched by cyanide with the presence of THF (a) THF/

Water (1:1); (b) magnified SERS band of (a) at 1067 cm-1; (c) with increasing 

amount of THF (10, 30 and 50% - Sample 1, 2 and 3 respectively) monitored 

over 90 h.

Figure 2: TEM images showing the purified AuNP@PSPAA were incubated in 
different solutions: (a) after 24 h in presence of cyanide in 30% THF solution; 
(b) 90 h in the absence of cyanide in 50% THF solution.
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In our study, we chose THF as the organic solvent to swell PS for 
three reasons. Firstly, cyanide cannot react with THF and will not 
interfere with the etching process. Secondly, the low dielectric constant 
of THF will make it distinct to us that during the process of etching, 
water served as the medium in which the cyanide ions will di�use on. 
Lastly, THF and water can form a miscible liquid mixture with AuNP@
PSPAA.

We swelled the PS domain by using an increasing amount of THF: 
10, 30 and 50% (Sample 1, 2 and 3 respectively) and monitored the rate 
of etching over several data points for 90 h (Figure 2c). It is found that 
the colour of all three samples did not visibly change when cyanide was 
added initially. In contrast, bare citrate-stabilized AuNPs are able to 
be etched immediately, resulting in a visible change in colour from red 
to colourless within seconds. �is result suggests that the ions needed 
time, in order to di�use through the hydrophobic domain even in the 
presence of THF. A�er 5 h, we discovered that slight visible colour 
change could be seen in the sample 3 only. �e SERS intensity of this 
sample dramatically decreased at 1067 cm-1 Raman band (Figure 2b). 
As the samples were incubated in the presence of cyanide for 24 h, 
more visible etching and decrease in SERS intensity was recorded in 
Sample 2 and 3. Increasing the time to 48 h and 90 h, the SERS intensity 
appeared to be stabilized. Control experiment shows that the SERS 
intensity slightly decreased in the absence of THF, even a�er 90 h. �e 
results indicate that THF molecule can insert in the polymer chains 
and swell the polymer shell. As a result, the porosity of polymer shell 
increased, allowing the di�usion of water and cyanide. As shown in 
Figure 2c, the di�usion rate of cyanide increased with increasing the 
amount of THF. Interestingly, low THF content (10%, sample 1) has 
no e�ect on the ionic di�usion over 90 h (Figure 2c). We postulated 
that the small amount of THF may not be able to swell the polymer 
su�ciently. Instead, the THF could have been only resided in the holes 
or voids that are found within the PS domains. �e low mobility and 
�uidity of PS chains may be not su�cient to cause water to penetrate 
deeper to etch the embedded AuNPs.

In our experiments, polymer shell of AuNP@PSPAA is in an 
uncross-linked state. �is might lead one to contemplate that the large 
amount of solvent might cause complete dissolution of the polymer 
shell surrounding the AuNP. Figure 3b shows the result when the 

AuNP@PSPAA were incubated in 50% THF solution for 90 h. It is clear 
that the polymer shell is still intact, which is evidence that the THF is 
well inserted among the PS chains without compromising the structure 
of the polymer shell. Moreover, as shown in Figure 3a, the surface of 
the AuNPs appeared to have been etched away by cyanide when the 
AuNP@PSPAA were incubated in 30% THF solution for 24 h. We also 
observed that the etching of the AuNPs surface appeared to be non-
uniformed in nature. �is indicates that it is hard to precisely control 
the entry of the cyanide ions as the solvent molecules are inserted 
between the polymer chains in a random manner, which results in 
non-uniformed etching of the AuNPs surfaces.

Collectively, our data is consistent with di�usion of solvent in the 
polymer [21,22]. While we understand that increasing THF can swell 
the polymer shell leading to a larger increase in volume, it is di�cult 
to characterize the nature of the free volume in the polymer as the PS 
chains are free to move about in the presence of the solvent. �erefore, 
the application of the free volume theory is not expected.

AuNP@PSPAA Incubation in water

It is believed that small cavities could be found between the PS 
chains [8]. �erefore, it is likely that as time proceeds, water is able to 
penetrate through the cavities of the PS chains and eventually allow 
more pores to be formed [23]. We investigated this e�ect by conducting 
two experiments. Firstly, the puri�ed as-synthesized AuNP@PSPAA 
(Figure 4a) were etched in the water and monitored over 90 h. In the 
second experiment, the NPs were incubated in water for a long period of 
time (i.e more than 3 weeks), on a shaker, before etching. �e rationale 
of conducting these two experiments is to allow us to control the ability 
of water to swell the polymer; similar to that of using organic solvents. 
We predict that the longer the time the NPs are incubated, more water 
molecules are able to be trapped inside the PS chains, allowing the 
polymer to swell, which in turn increases it porosity.

Figure 4b shows that the concentric AuNP@PSPAA became 
eccentric a�er incubation in water over a long time. Most interestingly, 
dark spots were observed on the polymer shells. It reveals new pores 
or cavities were formed among the PS domains, so that negative 
stain was able to di�use in and enhanced the contrast between PS 
and background. We postulate that two reasons could result in this 
phenomenon: Firstly, when the NPs are incubated for a long period, 
the water molecules are able to di�use through the cavities residing in 
the outer layer of the PS chains [23] and subsequently di�use inwards 
to the inner polymer shell. It is expected that as water molecules di�use 
inward, the mobility of the PS chains will increase even when it is below 
its glass transition temperature [21]. When the water content in the 
cavities exceeds its maximum holding capacity, the polymer shell is 
forced to crystallize by forming aggregates with adjacent PS chains, 
resulting in the formation of new pores or cavities [24]. Secondly, when 
incubated in water, the polymer shell and the PS chains will reorganize 
and crystallize, which decreased the interfacial energy of the polymer 
shell, and forced the AuNP to become eccentric [18].

A very slow decrease in count rate was observed when the NPs 
were etched immediately (Figure 5c), suggesting that very low ionic 
di�usion of cyanide occurred across PS. �e result is consistent with 
what we expected because water, unlike organic solvents, cannot swell 
PS e�ectively. Instead, water can only penetrate across the polymer 
shell by �rst utilizing small voids or pores that are found in PS and 
slowly making its way through it. In the process, water may help to 
increase the mobility of adjacent PS chains to help increase the uptake 
of water. �is also helps to support the ionic di�usion of cyanide to etch 

Figure 3: TEM images showing purified AuNP@PSPAA (a) before incubation; 
(b) incubated in water for more than three weeks; (c) Core-shell NP turned 

eccentric.
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period of time (250 h), the SERS intensity still remained very strong. In 
contrast, a more observable decrease in count rate was seen when the 
AuNP@PSPAA were subjected to incubating in water for a long time 
(> 3 weeks) (Figure 5a). A�er etching, the colour of the solution turned 
from red to pale red. Figure 5b shows the TEM image of AuNP@
PSPAA a�er etching, most of the AuNPs remained unetched, with no 
observable decrease in sizes. Importantly, empty PSPAA polymer shell 
was observed in Figure 5b, indicating the AuNP was completely etched 
by cyanide ions. �is may be due to two possible reasons: �rst, a�er 
incubation in water for long time, concentric AuNP@PSPAA evolved 
into Janus nanoparticles, thus, the exposed AuNPs were easily etched 
by cyanide ions. Second, concentric NPs changed into eccentric ones, 

the AuNPs of which are still protected by polymer shells. We postulate 

that larger defect may form in thinner side of polymer shell, due to 

reorganization of the polymer shell a�er incubated in water for long 

time. As a result, it promotes the entry of the cyanide ions and etching 

of AuNPs. Although long period of incubation in water appeared 

to have increased the porosity of the polymer shell, water is still not 

able to swell the polymer shell su�ciently to increase the rate of ionic 

di�usion.

Our results suggest that water is able to penetrate through the 

cavities of the PS chains and allow ionic di�usion of cyanide across 

the PS domains. However, the reproducibility of the above experiment 

may be low as it is dependent on the two factors: A longer incubation 

period might allow more water to swell the polymer shell, while an 

increase in shaking rate allow water to penetrate deeper into the PS 

domains and reorganize the shell. �erefore, an increase in both factors 

may eventually result in more AuNPs being etched away when cyanide 

is added.

To better understand this e�ect, a control experiment was set up, 
where the core-shell NPs were incubated in a DMF/Water (V/V=4:1) 

the embedded AuNPs. On inspection of the resultant TEM image a�er 
90 h, we found that essentially all the AuNPs retained their size. At the 
same time, there was no observable change in colour in the solution. 
On the basis of the slow decrease in count rate, we postulate that only 
a very thin layer of AuNP, on its surface, was being etched away, which 
cannot be clearly observed via TEM characterization. Even over a longer 

Figure 4: (a) Decrease in SERS intensity of AuNP@PSPAA incubated in water for 3 weeks when etched by cyanide ions; (b) TEM image of the etched AuNPs; (c) 

Decrease in SERS intensity of AuNP@PSPAA without incubation and monitored for over 250 h; (d) Schematic showing the probable entry of cyanide ions.

Figure 5: TEM image of (a) AuNP@PSPAA@Aniline; (b) AuNP@PSPAA@

OANI formed using 30 μl of aniline; (c) UV-Vis absorption spectra of AuNP@
PSPAA and AuNP@PSPAA@OANI; (d) Etching of AuNP@PSPAA@OANI.
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solution for the same period of time. It was revealed that no visible 
changes were observed on the polymer shell a�er puri�cation. �is 
suggests that as DMF is well inserted between the polymer shell, and 
therefore localized crystallization will not be observed as the organic 
solvent is capable of keeping the PS chains mobile. TEM analysis of 
the NPs resembled that of a typical as-synthesized AuNP@PSPAA, 
suggesting that there could be no visible changes in the polymer shell.

AuNP@Aniline@PSPAA@ and AuNP@Oligoaniline@

PSPAA

AuNP encapsulated by oligoanline (OANI) was found to support 
the di�usion of AuCl

4
- across its polymer shell [7]. On the basis of this, 

we attempted to incorporate aniline into the polymer shell of AuNP@
PSPAA to increase both the polarity and porosity of PS. Owning to 
the polarity of the molecule, we postulate that they would be able to 
trap water molecules and thereby support ionic di�usion of cyanide 
through the polymer shell of AuNP@PSPAA.

AuNP@PSPAA@Aniline was prepared using the as-synthesized 
AuNP@PSPAA. 400 µL AuNP@PSPAA was puri�ed and dispersed 
into 1 mL of NaOH (0.1 mM) solution containing 10 µL of aniline. 
�e resultant solution was stirred at 500 rpm maintained at 75°C. 
As shown in Figure 6a, the resultant core-shell AuNP@PSPAA@
Aniline revealed a double-layered polymer shell. It is believed that the 
hydrophobic aniline di�used into PSPAA shells to reduce the aniline-
water interfacial tension [18]. Heating promotes the mobility of the 
PS chains and stirring increases the di�usion of small molecules, thus, 
the di�usion of aniline enhanced under these conditions. When the 
resultant solution is being cooled to room temperature, the mobility 
of the PS chain will be greatly reduced and this will allow aniline to 
be trapped inside PS domain [25]. �is new core-shell structure is 
believed to be composed of a hard and so�-shell. �e so�-shell being 
the aniline layer whilst the hard-shell being the PS. �e aniline layer is 
termed as a so�-shell because the molecules behave very liquid-like at 
room temperature. On the other hand, the PS chains are very rigid at 
room temperature and are termed as a hard-shell.

Our etching experiment involving AuNP@Aniline@PSPAA 
revealed that no observable changes in the SERS intensities; it indicates 
that cyanide might not di�use through the hard and so� polymer shell. 
�is result may be explained by various factors: Firstly, with presence of 
the hard and so� shell, it is very di�cult for cyanide to di�use through 
the PS (hard-shell) and hence it might not reach the so�-shell to etch 
the embedded AuNP. Secondly, even if cyanide might have reached 
the so�-shell, the low conductivity of aniline [26] coupled with its low 
dielectric constant [27] will also make di�usion of cyanide di�cult.

In order to promote the ionic di�usion of cyanide, we modi�ed 
our experiment by adding a small amount of oxidant to induce the 

formation of OANI, which allowed us to increase both the porosity and 
polarity of the polymer shell. Immediately a�er the synthesis of AuNP@
PSPAA@Aniline, 10 µL of H

2
O

2
(10 mM) and 5 µL of FeCl

3
 were added 

and stirred, with the temperature maintained at 85°C for 2 h. �e 
resultant NP will look very similar to that as shown in Figure 6b. On the 
other hand, Figure 6c shows the TEM image of AuNP@PSPAA@OANI 
made using thrice the amount of reagents, it is clear that a double-
layered shells will be formed. By increasing the concentration of the 
reagents (Aniline, H

2
O

2
 and FeCl

3
) by three times, we observed that 

the size of the polymer shell increased signi�cantly. �is suggests that 
as we increase the amount of aniline/OANI, more of these molecules 
are loaded inside the polymer shell, making the core-shell NPs larger. 
A�er polymerization, the size of polymer shells dramatically increased 
compared to that of AuNP@PSPAA@Aniline (Figure 6b).

IR characterization of the compound revealed a broad absorption 
at around 3300 cm-1 which is likely to be composed of overlapping N-H 
of the primary amines and O-H of water stretches;and also around 1630 
cm-1 which could be due to C=C and N-H bending stretches (Figure 
7). UV-vis of AuNP@PSPAA@OANI showed a red-shi� phenomenon 
with an absorbance at around 590 nm (Figure 6d). We think that the 
change in UV-vis absorbance could be due to the change in re�ective 
index of the resultant polymer shell and the size of polymer shell 
[28]. While complete characterization of the state of polymerization 
of aniline was not carried out, it is unclear if any oilgomers were 
formed. We postulate that they could be dimer or trimers, of very 
small amounts, owning to the absence of characteristics IR peaks 
between ~690 and 750 cm-1 of monosubstitured aromatic rings [29,30]. 
Additionally, the presence of the hydrogen peroxide as oxidant could 
also help to support the formation of nitrosobenzene [31]. �erefore, 
it is believed that a range of compounds derived from aniline could be 
present in the so�-shell. However, in our discussion the resultant NP is 
termed as AuNP@OANI@PSPAA for convenience.

When AuNP@PSPAA@OANI was etched by cyanide, no observable 
decrease in SERS intensities was recorded (Figure 6e). Strangely, even 
with the incorporation of both aniline and its oligomers, ionic di�usion 
of cyanide was not observed. �is leads us to think that the double-
layered shell has low porosity and is limited to penetration of water or 
ions. Also, as discussed earlier, it could also be due to the presence of 
the hard-shell PS blocks that limits the di�usion of ions

AuNP@PSPAA@Cholesterol

In the biological system, a cellular membrane acts as a barrier 
to help control the di�usion of small molecules or ions in and out 
of the cell. �e decrease in permeability of molecules and ions has 
been linked to the present of cholesterol in the cellular membrane 
as it allows the phosolipid bilayer to become su�ciently more 
hydrophobic, preventing the entry of water [32,33]. Traditionally, the 
study of the permeability of cholesterol in the membrane involves the 
measurement of glucose release from lecithin vesicles. In order to help 
them understand the permeability e�ect, both glucose dialysis and 
nuclear magnetic resonance methods were adopted in the study by 
the authors [34]. �is method, however, may be tedious owning to the 
scale of preparation and quanti�cation. For this reason, we decided to 
incorporate this molecule into our system - to test its ionic permeability 
on the PS domain - because AuNP@PSPAA resembles very much like a 
biological cell, which is a simpler approach. While many methods such 
as loading or during PSPAA assembly can be adopted to incorporate 
cholesterol into the PS [35], these approaches may not suitable as its 
relative position with respect to PSPAA cannot be well controlled or 
established. Hence, we used a cholesterol ligand which contains a thiol 

Figure 6: (a) TEM image of AuNP@Thiocholestrol@PSPAA; (b) Raman 

spectrum.
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group to functionalize the AuNP, enabling us to position the ligand 
properly with PSPAA.

Complete encapsulation of PSPAA using thiocholesterol (TC) 
can be observed, which clearly suggests that the ligand is capable of 
attaching onto the AuNP surface. In addition, this result also indicates 
that cholesterol and polystyrene form stable interface [36], forming the 
core-shell NP. While the resulting AuNP@Cholesterol@PSPAA allows 
us to probe the e�ects of cholesterol in relation to its ionic permeability 
with PS, the lack of strong SERS signal makes it di�cult for us to 
monitor the rate of cyanide di�usion. �erefore, we adopted a dual 
ligand approach, by using both 2NT and TC, where we are able to make 
use of the SERS signals of the former ligand [17] to probe the e�ects of 
ionic di�usion across PS. Additionally, we also chose a shorter PSPAA 
chain, consisting of 17 units of PS and 83 PAA, to better understand the 
cholesterol-PS interaction.

�e successful attachment of the dual ligands may be rationalized 
by observing the di�erence in SERS intensity. �e combination of 
2NT and TC produced a much lower SERS intensity as compared to as 
when only 2NT is used. Presently, we can rule out the fact that isotropic 
attachment of each of the ligands as no nanocavity was observed under 
TEM [9]. Hence, it is likely that the dual ligands are able to form 
mixed anisotropic monolayers on the surface of the AuNPs since 
both ligands are hydrophobic in nature. However, one drawback of 
using this technique is that owning to the instability of using a short 
PSPAA co-block polymer, partial aggregation might be observed. 
Our etching result suggests that little or no ionic di�usion of cyanide 
occurred during our observation period. Control experiment using 
2NT as ligand and PS17PAA83 produced similar result, implying that 
cholesterol did not play a signi�cant role in modulating the function 
of PS. While cholesterol is capable of reducing intrinsic defects in 

the cellular membrane and thereby reducing permeability of water,3 
we feel that larger defects [37] should be apparent in the cholesterol-
PS interface owning to steric repulsion of the methyl group on the 
cholesterol molecule, which should result in faster ionic di�usion of 
cyanide. However, it is not easy for us to probe the nature of the pores 
or the hydrophobic pockets that are formed in the cholesterol-PS 
interface. Another reason could be because the resulting cholesterol-
PS interface is too rigid [38] and it is not �uid enough to cause the 
movement of the PS chains to induce the entry of water into the 
hydrophobic membrane. �us, this resulted in no observable etching 
or ionic di�usion of cyanide.

Etching rates and di�usion coe�cients of cyanide

From our series of experiments, we found out that the ionic 
di�usion of cyanide through PS appeared to be fastest when swelled 
with an organic solvent and followed by incubation in water. Also, 
cyanide appeared to be impenetrable when we attempted to modulate 
PS using cholesterol, aniline and its oligomers. In the literature, the 
di�usion coe�cient of cyanide is 2.07 × 105 cm2 s-1 [39]. Ideally, 
from this value we may be able to appreciate how fast or slow the 
di�usion of cyanide is through PS domain by observing the change 
in SERS intensity over time. However, it remains di�cult to estimate 
or calculate the di�usion coe�cient of the cyanide ions as more than 
one factor needs to be accounted for. Firstly, when PS is swelled by 
the co-solvent or water, it is di�cult to characterize the nature of the 
free volume formed. Moreover, the PS chains may become slightly 
mobile in nature and allows the cyanide ions to jump from one void 
to the other making it even harder to understand its mode of di�usion. 
Secondly, for one to work out the di�usion coe�cient of the ions, 
the di�usion process has to be the rate-determining step [40]. In our 
system, in order for the AuNP to be etched, we have to consider the 

Figure 7: (a) Structures of the ligands: 2-napthalenethiol (2NT) and thiolcholesterol (TC), respectively; (b) SERS spectra of dual-ligands; (c) TEM image of AuNP@

PSPAA using dual-ligands as surface ligands; (d) SERS spectra showing the etching of AuNP@PSPAA, when cholesterol was used as surface ligand.
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inward di�usion of both the cyanide ions and the oxygen molecules 
[7]. �irdly, it remains very hard for us to quantify the SERS intensities 
as currently no tool or model is available to us for means of calculation 
[41]. �e SERS intensities will depend several factors such as particle 
sizes, Raman cross section [42] and concentration of the AuNPs [43], 
which will make it too complex for us to control [44,45].

Conclusion

In this study, we modulate the porosity of the polymer shell of 
AuNP@PSPAA by using several conditions such as organic solvent, 
incubation in water, using aniline to increase its porosity and 
cholesterol to induce defect formation. We found that as we increase 
the porosity of the polymer shell, ionic di�usion of cyanide across PS 
can increase signi�cantly and most notably when using the organic 
solvent (e.g., THF). �is e�ect was monitored in situ by using SERS 
and it has proved to be a very simple and e�ective tool to probe this 
e�ect. While SERS provides us with a means to probe ionic di�usion 
of cyanide, speci�c di�usion coe�cient of ions was not discussed in 
our study as we are not able to develop a single quanti�cation tool. 
Future work will be focused on using the same technique to increase 
our mechanistic understanding of ionic di�usion in polymer by using 
conductive polymers such as polyaniline.
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