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Abstract 

 

 Chapter 1 describes the general introduction of this thesis. Especially, a 

brief overview of surface-enhanced Raman scattering (SERS) is presented.  

 In chapter 2, a novel fabrication method of gold and silver nanoparticles 

films on planar and curved surfaces of glass is described. First, branched 

poly(ethylenimine) (PEI) was discovered to be an efficient agent for the 

preparation of stabilized Au nanoparticles at room temperature. The PEI-capped Au 

nanoparticles prepared in aqueous phase were assembled into 2D arrays, simply by 

the addition of benzenethiol (BT), not only at the aqueous-toluene interface but 

also onto the glasses including the inner walls of capillary tubes, the dielectric 

beads, and even the cotton fabrics. The Au-coated film thus created was highly 

SERS-active, showing intense peaks of BT. BT could be removed from Au while 

maintaining the initial SERS activity by treating with a borohydride solution. The 

BT desorbed Au-coated capillary was used in the study of the relative adsorption of 

various thiols on Au by SERS. Similary to Au, PEI-capped Ag nanoparticles were 

produced when a mixture of PEI and AgNO3 solutions was heated. A robust 2D Ag 

film was formed, by the use of BT and toluene, not only on the planar glass but 

also on the inner surface of the glass capillary. The silver-coated glass capillary was 

also highly SERS active, showing intense peaks of BT. BT was removable from the 

Ag surface by borohydride, maintaining the initial SERS activity. Since PEI was a 

cationic polyelectrolyte, PEI-capped Ag nanoparticle film was usable in 

quantification of charged dye molecules, such as sulforhodamine B (SRB), and 

rhodamine-123 (R123) by the help of SERS and metal-enhanced fluorescence 

(MEF).  

 In chapter 3, the SERS of organic isocyanide or cyanide and their 

application in chemical sensors are presented. First, 2,6-dimethylphenylisocyanide 

(2,6-DMPI) was adsorbed onto a PEI-capped Au film, and its Raman spectrum was 

taken in various conditions. When the solution pH was varied, the NC stretching 

peak of 2,6-DMPI was shifted sharply around pH 8.5, close to the pKa value of the 



 

ii 

 

primary amine of PEI. When a negatively charged poly(acrylic acid) (PAA) was 

deposited onto the PEI, the NC peak shift occured around pH 6.5, close to the 

average pKa value of PEI and PAA. When additional PEI was deposited onto the 

PAA, the peak shift of the NC stretching band occured once again around pH 8.5, 

indicative of the stronger interaction of upper two polyelectrolyte layers. These 

observation reflected the fact that the surface potential of Au nanoparticles was 

alternating by the deposition of PEI and PAA. Consulting the potential-dependent 

SERS data, the surface potential of Au nanoparticles attained a plateau value, that 

is, -0.41 V versus a saturated Ag/AgCl electrode, after the deposition of five 

bilayers of PAA and PEI. In ambient condition, the SERS peak of 2,6-DMPI was 

also affected by volatile organic compounds (VOCs). The NC stretching peak of 

2,6-DMPI on Au was either blue- or red-shifted upon the exposure of VOCs. This 

could be understood by presuming that VOCs were affecting the surface potential 

of metal nanoparticles. We demonstrated further that the cyanide anion is a far 

better adsorbate than are isocyanides for the detection of VOCs. This was because 

the CN stretching frequency varied by nearly twice that of isocyanide in response 

to an external electric field. Even hazardous metal ions could then be detected since 

transition metal ions were able to bind to the pendent nitrogen lone pair of 

electrons of CN on Au, resulting in the shift of the CN stretching band. 
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SERS sensory device for detection of volatile organic compounds. 

Scheme 3. Schematic representations of cyanide SERS as a platform for detection 

of volatile organic compounds and hazardous transition metal ions. 
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: General Introduction 
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1.1. Surface-Enhanced Raman Scattering (SERS) 

SERS is a process in which the apparent Raman cross sections of molecules, 

adsorbed on roughened metal surfaces and particles, are magnificently enhanced by 

local electromagnetic fields. 

 

1. Discovery of SERS 

In 1974, Surface-enhanced Raman scattering (SERS) was discovered by 

Fleischmann, Hendra, and McQulllan who observed intense Raman scattering from 

pyridine adsorbed onto a roughened silver electrode surface.1 Fleischmann’s 

approach was to roughen the electrode to increase its surface area and, hence, the 

number of adsorbed molecules available for study. They did not find the scattered 

intensity particularly remarkable, attributing it to the many adsorption sites 

available on a highly roughened surface and the possibility of multilayer adsorption. 

Jeanmaire and Van Duyne and Albrecht and Creighton demonstrated independently 

that the magnitude of the Raman scattering signal can be greatly enhanced when 

the scatter is placed on or near a roughened silver substrate.2,3 Jeanmaire and Van 

Duyne2 proposed an electric field enhancement mechanism whereas Albrecht and 

Creighton3 speculated that resonance Raman scattering from molecular electronic 

states, broadened by their interaction with the metal surface, might be responsible. 

This enhanced scattering process is known as surface-enhanced Raman scattering 

(SERS). In recent years, it has been reported that even single-molecule 

spectroscopy is possible by SERS, suggesting that the enhancement factor (EF) can 

reach as much as 1014-1015.4,5 Since the discovery of SERS, the technique has 

progressed from model system studies of pyridine on a roughened silver electrode 

to state-of-the-art surface science and real world sensor applications.  

 

2. Mechanism of SERS 

 There are two primary theories, one called an electromagnetic 

enhancement mechanism and the other called a chemical enhancement 

mechanism.6,7 The former focus on the enhanced electromagnetic fields which can 
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be supported on metal surfaces with appropriate morphologies and the latter on 

changes in the electronic structures of molecules which occur upon adsorption and 

which can lead to resonance Raman scattering.  

2.1. Electromagnetic (EM) enhancement  

 The surface plasmon is a collective excitation of the electron gas of a 

conductor; if the excitation is confined to the near surface region it is called surface 

plasmon. The surface plsmon resonance (SPR) is described this type of oscillation 

when at resonant conditions. There are two types of SPRs that can be generated, 

one called surface plasmon polaritons (SPRs)8-10 which originates from propagating 

waves along a metal surface and the other called localized surface plasmon 

resonance (LSPR)11-14 which is localized to a volume with dimensions smaller than 

the wavelength of incident light. SPRs are generated when light becomes trapped at 

a metal dielectric interface. The electromagnetic radiation can be coupled into the 

free conduction electrons at the surface of a metal.8 Typically, thin films of Ag, Au, 

or Cu are used as metal substrates.8 Light will also interact with metal particles 

smaller than the wavelength of incident light to generate a LSPR when the 

dimensions of the particle are too small to support a propagating wave. Small 

spherical particles have a single, sharp absorption band due to the excitation of 

what is called a dipole plasmon resonance, where the entire charge distribution of 

the particle oscillates at the frequency of the incident electric field as illustrated in 

Figure 1. The electromagnetic field of the light at the surface can be greatly 

enhanced under conditions of surface plasmon excitation; the amplification of both 

the incident laser field and the scattered Raman field through their interaction with 

the surface constitutes the electromagnetic enhancement. Electromagnetic 

enhancement relies on Raman active molecules being confined within these 

electromagnetic fields and contributes an average enhancement factor of 104. 
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Figure 1. Illustration of excitation of the localized surface plasmon resonance of a 

spherical nanoparticle by incident electromagnetic radiation. 

 

 Extensive theoretical modeling has been performed to provide insight into 

electromagnetic enhancement by noble metal nanoparticles. The simple example of 

an isolated sphere, with a quasi-static description of the incident electromagnetic 

field, has been used to derive the proportionality 

 

𝐸2  ∝  𝐸0
2 |

𝜀𝑚 − 𝜀0

𝜀𝑚 − 2𝜀0
|

2

 

 

in which E is the electric field magnitude at the surface on the sphere, E0 is the 

incident field magnitude, εm is the wave-dependent dielectric constant of the metal 

composing the sphere, and ε0 is the dielectric constant of the local environment 

around the sphere. This relation revels that when εm = 2ε0, which can be achieved 

for Ag and Au at certain wavelength in the visible and near IR, the magnitude of 

the electric field at the surface of the sphere becomes very large. This field 

enhancement is induced by satisfying the localized surface plasmon resonance 

condition. Similar relations can be derived for the extinction and scattering cross 

sections of the nanoparticle. Maximization of these cross sections at resonant 

wavelengths yields the spectroscopic signature of exciting the localized surface 

plasmon resonance.  
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 The electromagnetic enhancement is readily calculated for particles much 

smaller than the wavelength of light, for the problem reduces to an electrostatic one. 

The field induced in a small particle by a uniform external electric field is uniform 

inside the particle, parallel to the applied field and of strength 

 

𝐸𝑖𝑛 =  [1 + {(
𝜀1(ω)

𝜀2
− 1) 𝐴}

−1

] 𝐸𝑜𝑢𝑡 

 

Where ε1(ω) is the frequency dependent dielectric function of the metal, ε2 is the 

dielectric constant of the surroundings, Ein and Eout refer to the fields inside and 

outside the particle, respectively. A is a depolarization factor that depends upon the 

particle geometry. For the particular case of the sphere, A=1/3 so that 

 

𝐸𝑜𝑢𝑡 =
𝜀1(𝜔) − 𝜀2

𝜀1(ω) + 2𝜀2
𝐸𝑖𝑛 

 

which is resonant for frequency where 𝜀1(𝜔) = −2𝜀2. Thus, excitation of this 

dipolar resonance creates enormous fields at the particle surface that, in effect, 

increase the laser power at the molecule. In addition to its effect on the incident 

radiation, the particle amplifies the Raman-scattered radiation. The molecular 

oscillation drives the sphere resonance that radiates. The extreme sensitivity if 

SERS to small increases in the local field is easily seen since it scales roughly as 

|Eout|4. 

 The last statement is not quite correct, because the Raman radiation 

occurs at a frequency shifted from the incident radiation. Including this fact, and 

incorporating the distance dependence of the enhanced field that is given by the 

dipole decay law, the complete enhancement factor for a sphere in the electrostatic 

(Rayleigh) limit. 

 

𝐺 = [
𝜀1(ωL) − 𝜀2

𝜀1(ωL) + 2𝜀2
]

2

[
𝜀1(ωs) − 𝜀2

𝜀1(ωs) + 2𝜀2
]

2

(
𝑟

𝑟 + 𝑑
)

12
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where L and S refer to the laser and Stokes fields respectively, r is the sphere radius, 

and d is the molecule-surface separation. 

 This formula based on a very simple model describes important properties 

of electromagnetic SERS enhancement and provides qualitative understanding of 

many of the experimental results. Resonance occurs when 𝜀1 = −2𝜀2 at either the 

laser frequency or the scattered frequency. Both excitation and emission can be 

resonant simultaneously if the vibrational frequency shift is not too large. At 

resonance, the enhancement scales as the fourth power of the local field of the 

metallic nanostructure this relation shows why metals of high reflectivity are better 

enhancers. The distribution of molecular orientations and the variation of the 

electric field of the dipole over the surface of the sphere result in large 

depolarization ratios. Electromagnetic SERS enhancement does not require direct 

contact between molecule and metal but it strongly decreases with growing 

distance described by the decay of the field of a dipole over the distance (1/d)3 to 

the fourth power, resulting in (1/d)12. 

 As the particle size increases beyond the Rayleigh limit, the total 

enhancement decreases. The physical origins of this decrease are radiation damping 

and dynamic depolarization, the former term referring to loss of energy from the 

induced moment by emission of radiation, and the latter to the partially destructive 

interferences between radiations emitted at different location of the larger particles. 

The effect of incident electromagnetic radiation on the combined colloidal target 

analyte may simply be described as follow: In the first instance, electromagnetic 

radiation striking the colloidal surface results in Rayleigh scattering. Rayleigh 

scattering is a two-photon process which involves the creation of surface plasmon 

modes. Rayleigh scattering is an elastic process where a photon of identical 

frequency to that of the incident photon is expelled following the creation of a 

surface plasmon on the metal surface. In considering the effect of the incident 

radiation on the target analyte only, an inelastic Raman scattering process is 

observed. In the case of conventional Raman scattering no metal particles are 

present and the target analyte interacts directly with the incident electromagnetic 
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field. In this case the process is inelastic i.e. the frequency of the incident and 

resultant photon are not identical due to variations within the vibrational energy 

levels of the target analyte. Incident radiation interact with both the metal to create 

a surface plasmon and the target analyte where the vibrations in the vibrational 

levels of the molecule result in photon of unidentical frequency being returned to 

the metal and scattered (inelastic scattering). The combination of incident radiation 

and the vibrational energy of the molecule result in significantly increased 

scattering power observed as SERS. 

 

2.2. Chemical (CHEM) enhancement 

 Several lines of evidence suggest that the electromagnetic mechanism is 

not the only one that contributes to the enhancement. Evidence for an additional 

mechanism beyond electromagnetic includes the first layer effect, quenching of 

SERS by the presence of submonolayer amounts of foreign atoms and the potential 

dependence of SERS excitation profiles. This implies that there is also a chemical 

enhancement mechanism which contributes considerably to the observed SERS 

signal. In terms of ‘chemical enhancement mechanism’ (the definition is still under 

debate, however), it has been assumed that the target molecule must in some way, 

adsorb onto the SERS substrate surface for the enhancement mechanisms to be 

applied.  

The chemical enhancement is attributed to the specific interactions, i.e. 

electronic coupling between molecule and metal and the formation of an adsorbate-

surface complex. This complex increases, on the one hand, the Raman cross section 

of the adsorbed molecule compared to that of a free molecule. On the other hand, 

the chemical mechanism involves charge transfer between the chemisorbed species 

and the metal surface, which is shown in Figure 2. 
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Figure 2. Typical energy level diagram for a molecule adsorbed on a metal surface.  

 

 

3. Selection Rules 

 Fundamentally, the selection rules for SERS are the same as those for 

conventional Raman spectroscopy. To put it shortly, a vibration is Raman-active 

only if it modifies the polarizability α of the molecule (∂α/∂Q) ≠ 0.15 Q is the 

normal coordinate of the vibration. Selection rules are relaxed resulting in the 

appearance of normally forbidden Raman modes in the surface spectra. In addition, 

because the local field at the surface is highest in the direction normal to the 

surface, vibrational modes involving changes in the adsorbate polarizability 

perpendicular to the surface are preferentially enhanced.14 This plus the fact that 

the electromagnetic field amplitude falls off rapidly with distance from the surface 

allows one to determine the adsorbate orientation with respect to the average 

surface normal as well as the proximity of adsorbate functional groups to the 

surface. 
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1.2. Fabrication of SERS Substrates 

Noble metallic nanostructures have been widely used in SERS because of 

their LSPR properties.16 As a result, there have been many studies on preparing 

noble metallic nanostructures as SERS substrates.17 As an example, Ag and Au 

nanostructures of various shapes have been reported,18 such as nanocubes,19,20 

nanorods,21,22 nanocaps,23 nanochains,24 nanoplates,25 and honeycomb and 

hexagonally structured patterns.26 In order to achieve high SERS signal, fabrication 

of effective noble metallic nanostructures is crucial. In this section, several 

common methods, which have been used to generate noble metal nanostructures 

for SERS applications, will be discussed.  

 

1. Solution-Phase Synthesis 

Solution-phase synthesis is a versatile approach to forming NPs that 

allows control over their size, shape, composition, and structure.27-33 This approach 

generally involves the reduction of metal salts in a solution containing an 

appropriate stabilizer to control the growth and suppress the aggregation of the 

nanostructures.34,35  

Polyol process is a simple and versatile method for preparing noble 

metallic nanostructures with various shapes and sizes.36,37 In a typical polyol 

synthesis, the salt precursor and polymeric capping agent are injected into a 

preheated polyol, especially ethylene glycol, which serves as both a solvent and a 

reducing agent.36-39 The nucleation and growth could be controlled through varying 

the reaction conditions, such as temperature, reagent concentration, and types of 

additive ions, thus controlling the final products.  

Seed-mediated growth technique is preformed using nanocrystals as seeds 

for further growth.40-42 The major advantage over conventional methods is that the 

introduction of preformed seeds into a synthesis process allows nucleation and 

growth separately, thus making it easier to obtain a desired morphology by only 

manipulating the growth process.40 In seed-mediated syntheses, a stable growth 

solution is prepared containing a metal salt, a mild reducing agent, a surfactant 
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molecule, and possibly other additives. The seed, the nucleating agent, is added to 

the solution and the metal salt is reduced directly on the surface of the seed with 

minimal nucleation occurring in solution.43-46 The surfactant acts as an organic 

micellar template for anisotropic growth. The morphology, aspect ratios, and 

synthetic yields of the seeding approach are controlled by the composition and 

concentration of the surfactant, additives, seeds, metal salts, and reducing agent.47,48 

Self-assembly is a typical process, in which metal nanoparticles 

spontaneously organize into special arrays or patterns with controllable size, and 

structure. To date, different assembly approaches have been employed to assemble 

different dimensional metal nanoarchitectures based on corresponding metal 

nanoparticles.49,50 These typical assembly approaches include layer-by-layer (LBL) 

assembly,51,52 solvent-induced evaporation,53 Langmuir-Blodget assembly,54 

external field driven assembly,55 ion or small molecule or polymer induced 

assembly,56 and liquid-liquid interface assembly.57 In addition, metal nanoparticles 

can be immobilized on solid substrates resulting in 2D structures through chemical 

attachment, electrostatic interaction, and capillary force.58-61 

 

2. Top-Down Lithography 

The size, shape, and interparticle spacing of surface-bound metallic 

nanostructures can be exquisitely controlled using scanning beam lithographies, 

such as electron beam lithography (EBL) and focused ion beam (FIB) 

lithography.62-64 This type of control is highly important for making reproducible 

substrates with tunable optical properties that are relevant for conducting 

systematic studies of SERS.65-67 Recent research has been focused on 

unconventional lithographic techniques, such as nanosphere lithography (NSL), 

that are capable of patterning large areas in parallel at low cost.68  
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1.3. Application of SERS  

Applied work has focused on using SERS to solve problems in chemical 

or biological analysis. This is because SERS is a powerful technique allowing for 

the sensitive and selective detection of low-concentration analytes and there is no 

interference from water molecules. Total SERS enhancement factors can reach 14 

orders of magnitudes, which brings nonresonant surface-enhanced Raman signals 

to a level comparably, to or even better than fluorescence. Unlike fluorescence, 

which produces relatively broad bands, Raman scattering yields a unique spectrum 

composed of several narrow spectral lines, resulting in well-distinguishable spectra 

even for similar molecules along with the advantage of multiplex capability, and 

photostability.69  

 

1. Trace Chemical Detection 

 The detection of trace-level explosives and hazardous chemicals is in 

highly demand with increasing threat from harmful environment.70 It is challenging 

to detect trace-level trinitrotoluene (TNT), one of the most widely used explosives 

due to its low vapor pressure (5 ppb). Kneipp et al. were the first to demonstrate the 

SERS detection of TNT with a detection limit as low as 100 nM (1 pg) level by 

using colloidal gold and silver.71 Tsukruk et al. introduced nanocanal arrays 

decorated with metal nanoparticles as efficient SERS substrates for trace-level 

detection of dinitrotoluene (DNT).72  

 In addition, pesticide residues have also been detected through SERS 

using noble metallic nanostructures. For example, gold nanorods and silver 

nanocubes were used to detect three different herbicides: the organochlorine 

compound, the organophosphorus compound trichlorfon, and the triazinic 

compound ametryn, which were fabricated in solution phase.73 Moreover, Li et al. 

detected in situ the parathion residues on fresh oranges using an Au-SiO2 core-shell 

nanostructure.74 

 

2. Biosensing 
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SERS has been widely used for bioanalysis, including not only the 

detection of biomolecules but also the detection of pathogen, and the diagnosis of 

cancers, which play an important role in the life science for health care or 

therapeutic treatment.75-78 There have been reports focused on detecting the 

sequence of DNA molecule by SERS technique, which was based on the mixed 

DNA-functionalized silver nanoparticles or gold nanoparticle aggregates.76 

Bacteria, one of the pathogens, have been identified using SERS through internally 

or externally depositing Ag and Au colloids onto bacteria.77 The antibody-boned 

metal colloid can be used to detect special antigens, which serve as biomarkers of  

cancers.78 Van Duyne and co-workers were the first to demonstrate in vivo SERS 

measurements, in which they subcutaneously implanted functionalized AgFON 

surfaces into the live rats to quantitatively monitor the concentration of glucose 

levels in the interstitial fluid. Much effort to meet reliable, fast, and high specific 

detection requirements remains to be proceeded.81 

 

3. Real World SERS Application 

 Although SERS was first observed in 1977, its application to other 

scientific field and practical problems is quiet recent. For example, SERS nanotags 

such as Au spheres functionalized with reporter molecules and encapsulated in a 

silica shell, can be used for the labeling and authentication of different objects.82 

These nanotags are usable for effectice brand protection, for example to encode 

jewelry or luxury goods. Nanotags can also be embedded in currency or bank notes 

during the printing process.83 The development of novel uses for SERS goes hand-

in-hand with developments in instrumentation. Portable Raman spectrometers are 

now available from several manufacturers, making it possible to measure SERS in 

the field for real-time chemical detection of environmental pollutants.84  

SERS has begun to be an exciting field with application not only to 

laboratory research problems but also to real-life situations. Many researchers have 

only begun to realize the true potential of SERS.85 Therefore, to use SERS for a 
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certain analytical purpose, the SERS substrates should be stable, reproducibly 

prepared, in expensive, and easy to make.   
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Chapter 2 

: Novel Fabrication of Metal Nanoparticle 

Films  

 

 

 

 

 

1. Novel Fabrication of Au Nanoparticle Films on Planar and  

Curved Surfaces of Glass and Fiber Materials 

2. Novel Fabrication of Ag Nanoparticle Films for SERS and 

MEF Based Detection of Bio- and Charged Chemicals 
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2.1. Novel Fabrication of PEI-capped Au Nanoparticle Films on Planar and 

Curved Surfaces of Glass and Fiber Materials 

 

1. Introduction 

 Ultrathin films of metal nanoparticles constitute a novel class of materials 

with a unique combination of nominally zero and two dimensionalities.1-6 Metal 

nanoparticles anchored to surfaces in the form of a film are particularly important 

because of their potential use in nanodevices.7-11 Over decades, there has, therefore, 

been much interest not only in the synthesis of monodisperse nanoparticles but also 

in their self-organization into two-dimensional arrays.12,13 Au and Ag nanoparticles 

capped with alkanethiols are known to form extended two-dimensional(2D) arrays 

by a self-assembly process.14,15 Fatty-acid-capped Ag and Co nanoparticles are also 

known to form hexagonally ordered arrays.16-19 Well-ordered arrays of Au and Pd 

nanoparticles can be obtained after replacing the polymer coating by alkanethiols 

through a phase-transfer process.20,21 Ordered 2D lattices containing Au, Ag, and 

their alloy nanoparticles of two different sizes are also known.22-24 In general, 

however, it is difficult to assemble well-ordered 2D films of metal nanoparticles, 

without voids, on solid substrates. Large-scale ordered arrays of nanoparticles may 

be obtained alternatively at the air-water interface using the Langmuir-Blodgett 

method.25-27  

 In recent years, processes for the creation of 2D arrangements of 

nanoparticles at the liquid-liquid interfaces have continuously been developed. For 

instance, Kumar et al. observed that aromatic molecules in the organic phase bind 

strongly with aqueous gold nanoparticles.28 This process leads to the 

immobilization of gold nanoparticles in the form of a highly localized film at the 

interface. Reincke et al.29 reported that the introduction of ethanol can pull 

hydrophilic citrate-stabilized Au nanoparticles into a water-heptane interface, 

leading to a closely packed monolayer. On the other hand, Han et al. showed that 

C60 can induce the self-assembly of gold nanoparticles at water-oil interfaces.30 
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Most recently, it was demonstrated that poly(ethylenimine) (PEI)-capped Au 

nanoparticles can be fabricated into a two-dimensional film by adding toluene into 

the colloidal solution.31 The Au nanoparticle film layer crept further up the glass 

wall of the vial after adding benzenethiol (BT) into the toluene phase, indicating 

that the force driving the formation of an interfacial monolayer is very strong.  

In section 2.1, it is demonstrated that robust Au nanoparticle films can be 

fabricated not only onto the planar and curved surfaces of glasses but also onto the 

inside surfaces of capillaries by the aforementioned method. First, by deposition 

onto planar glasses, the optical property of the Au film can be controlled simply by 

the amount of BT added into the toluene phase. The Au films obtained in that way 

are highly SERS-active. Second, it is demonstrated that BT molecules present on 

Au nanoparticles can be easily desorbed by flowing ethanolic borohydride solution 

through the capillary, maintaining the initial SERS activity. The Au-coated 

capillary would then be used, for instance, to investigate the relative adsorption 

strength of diverse organics in situ by SERS. Third, it is also demonstrated that Au 

nanoparticle films can be formed even on silica beads and flexible fabrics. The Au-

coated silica beads might then be used as a core material for SERS-based 

biological sensors, while the Au-coated fabrics would be used as conductive mats 

for ready dissipation of electrical energy buildup. 
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2. Experimental 

  Chemicals. Hydrogen tetrachloroaurate (HAuCl4, 99.99%), branched PEI 

(MW ~25 kDa), poly(allylamine) hydrochloride (PAH, MW ∼70 kDa), BT 

(99+%), tetraethyl orthosilicate (TEOS, 99%), 4-aminobenzenethiol (4-ABT, 97%), 

4-nitrobenzenethiol (4-NBT, 80%), 4-nitrophenol (4-NP, 99+%), adenine (99%) 

and sodium borohydride (NaBH4, 99%) were purchased from Aldrich, and used as 

received. Other chemicals, unless specified, were reagent-grade, and highly 

purified water, with a resistivity greater than 18.0 M cm (Millipore Milli-Q 

System), was used in preparing aqueous solutions. Silica particles with a mean 

diameter of 1 m were prepared using the Stöber-Fink-Bohn method.32 Bleached 

and sterilized fabrics made of 100% cotton, purchased from Dong-A Healthcare 

Company (Seoul, Korea), were used. 

 Preparation of PEI-capped Au Nanoparticles. To prepare PEI-capped 

Au nanoparticles, 25 mL of 1.4 mM aqueous HAuCl4 solution was mixed with 

0.4−1.0 mL of 1% (w/w) PEI and then stirred vigorously at room temperature for 

16 hours. The size of the Au nanoparticles was controlled by the amount of PEI 

added into the reaction mixture. The reacted mixture was ultracentrifuged and 

filtered, and then the precipitate was washed with copious amounts of deionized 

water. The PEI-capped Au nanoparticles thus obtained were redispersed in water. 

 Preparation of PEI-capped Au Films on Planar and Curved Surfaces 

of Glass and Fiber Materials. To assemble a 2D film, toluene was first poured 

over the aqueous Au sol. A fairly homogeneous film was formed at the toluene-

water interface by adding BT (0.6 ~ 1.0 mL) into the toluene phase (2 mL). The 

large area of 2D film was able to form on a separate glass (or a mica) substrate 

immersed in the mixture. To deposit Au onto the cotton fabrics (or silica beads), the 

samples were similarly immersed in the mixture. When Au deposited onto the 

inside walls of a capillary, the mixture was injected using a syringe through the 

capillary tube. The glass capillary was of dimensions 1.1 mm in inner diameter by 

0.2 mm in thickness and 75 mm in length.  

 Instrumentation. The flow of solutions through a capillary tube was 
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controlled using a Sage Instruments model 341 syringe pump. UV-vis spectra were 

obtained with a SINCO S-4100 UV-vis absorption spectrometer. Transmission 

electron microscope (TEM) images were taken on a JEM-200CX transmission 

electron microscope at 200 kV. Field emission scanning electron microscope (FE-

SEM) images and energy-dispersive X-ray (EDX) analysis were taken with a JSM-

6700F. XPS measurements were carried out with a VG Scientific ESCALAB MK 

II spectrometer using Mg KR X-rays as the light source. FE-SEM operated at 5.0 

and 15 kV, respectively. X-ray diffraction (XRD) patterns were obtained on a 

Rigaku Model D/Max-3C powder diffractometer using Cu K radiation. Raman 

spectra were obtained using a Renishaw Raman system Model 2000 spectrometer. 

The 632.8 nm line from a 17 mW He/Ne laser (Spectra Physics Model 127) was 

used as the excitation source. Raman scattering was detected over 180° with a 

Peltier cooled (−70°C) charge-coupled device (CCD) camera (400  600 pixels). 

The data acquisition time was usually 30 s, and the measured intensity was 

normalized with respect to that of a silicon wafer at 520 cm−1. 
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3. Results and Discussion 

 

 

 

Scheme 1. Schematic representation of the novel fabrication of Au nanoparticle 

films on planar and curved surfaces of glass and fiber. 

 

Characterization of PEI-capped Au Nanoparticles. Figure 1 shows the 

evolution of UV-vis spectra of a gold colloid from the mixture of aqueous HAuCl4 

and PEI solution at 25C: in this specific case, the reaction mixture consisted of 25 

mL of 1.4 mM HAuCl4 and 0.7 mL of 1% (w/w) PEI. Initially, the aqueous AuCl4
 

solution shows one distinct band at 292 nm caused by the ligand (π)-metal (σ*) 

charge-transfer transition.33 When PEI is added into the aqueous HAuCl4 solutions, 

the 292 nm band disappears immediately. Much the same behavior was observed 

when PAH was added into the HAuCl4 solution. This indicates that the π-to-σ* 

LMCT is effectively quenched by cationic polyelectrolytes.34 In the presence of 

PEI, however, a new band developed at 529 nm for up to 16 hours (see the inset of 

Figure 1) that could be attributed to the surface plasmon resonance (SPR) band of 

Au nanoparticles.35 A similar SPR band is not identified at all in the presence of 

PAH, suggesting that the reductive capability of PEI is much higher than that of 

PAH; the weaker reductivity of PAH is supposed to be associated with the 
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characteristics of primary amines contained. 

 Having confirmed the formation of Au nanoparticles by PEI, UV-vis 

spectra were taken using mixtures of AuCl4
 and PEI in different proportions. As 

can be seen in Figure 2a, an absorption band appeared at ~520 nm for all mixtures, 

due to the SPR of Au nanoparticles. A close examination reveals that the peak 

maximum shifts gradually, from 511 nm to 537 nm, as the amount of PEI is 

decreased. The SPR peak shift observed must be attributed to the size effect of Au 

nanoparticles. In general, smaller size metal nanoparticles are obtained when a 

larger amount of reductant is used.36 In agreement with this expectation, the size of 

Au nanoparticles was found to be determined by the amount of PEI used initially 

with respect to that of AuCl4
. Figure 2 shows the TEM images of Au nanoparticles 

corresponding to the UV-vis spectra labeled a, b, and c in the upper panel of Figure 

2, respectively; their average sizes are 10 ± 4, 27 ± 7, and 70 ± 19 nm, respectively.  

 

Figure 1. UV-vis spectra obtained as a function of time (time interval = 1 hour) after 

the addition of PEI to an aqueous HAuCl4 solution at 25C; the inset shows the 

absorbance at 517 nm vs the incubation time. 
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Figure 2. UV-vis spectra and corresponding TEM images taken after mixtures 

containing 25 mL of 1.4 mM aqueous HAuCl4 solution and (a) 0.9 mL, (b) 0.7 mL, 

and (c) 0.5 mL of 1%(w/w) aqueous PEI solution were stirred for 16 hours at room 

temperature.  

 

Clearly, when the concentration of PEI is low, larger particles are formed. This is in 

sharp contrast to the result of Sun et al.37 They found that increasing the molar ratio 

of PEI to gold precursor leads to increasing the particle size. Their opposite result 

might be due to the use of concentrated HAuCl4 and PEI solutions. Supposedly 

when the concentration of HAuCl4 is high, Au particles forming by the reductive 

action of PEI may be positioned to be too close to form larger aggregates before 

they are stabilized by capping with PEI; relatively larger Au particles will then 

form as the molar ratio of PEI to gold precursor is increased.  
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Figure 3. (a) XRD and (b) XPS spectra of PEI-capped Au nanoparticles prepared 

from a reaction mixture consisting of 25 mL of 1.4 mM HAuCl4 and 0.7 mL of 

1%(w/w) PEI. 

 

The formation of Au nanoparticles by the action of PEI can also be 

confirmed by the XRD pattern (Figure 3a) and the XPS spectra (Figure 3b). The 

several distinct XRD peaks in Figure 3a can be assigned to the reflections from the 

111, 200, 220, and 311 planes of the face centered cubic gold particles.36 Apart 

from the XRD data, the XPS peaks at 83.7 and 87.4 eV in Figure 3b can be 

assigned, respectively, to the 4f7/2 and 4f5/2 peaks of zero-valent Au. The binding 

energy of the Au 4f core level is in agreement with the XPS spectra of alkylamine-

capped gold nanoparticles as reported by Leff, Brandt, and Heath.38 Any AuCl4
 is 

expected to give rise to XPS peaks for Au(III) in the form of a doublet at 87 eV 

(4f7/2) and 92 eV (4f5/2), but the absence of any peak around 92 eV indicates that no 

Au (III) species exist in the PEI-capped Au nanoparticles. This does not necessarily 

mean that all AuCl4
 ions are reduced completely by PEI. As can be seen in Figure 

1, a shoulder band at 380 nm was present even after the 520 nm band attained a 
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plateau level. The shoulder band completely disappears when the reaction mixture 

is heated to 50C, however. The absorbance at 520 nm is then intensified by up to 

20%. This indicates that although a fair amount of un-reacted AuCl4
- is present in 

the reaction mixture at room temperature, their PEI complexes remain in dissolved 

states during the centrifugation to obtain PEI-capped Au nanoparticles.   

Tetraethylenepentamine (TEP) has the same monomeric unit as PEI. It 

was examined whether TEP can also be used as a reductant. Although less effective 

than PEI, TEP was able to reduce HAuCl4 to produce zero valent gold atoms. 

However, the gold particles that were formed were severely aggregated, since TEP 

could not function as a stabilizer. To obtain stabilized Au nanoparticles, a 

polymeric stabilizer such as poly(vinylpyrrolidone) (PVP) has to be added into the 

reaction medium.39,40 This clearly supports again the dual roles of PEI, i.e. as both 

reductant and stabilizer. In fact, the PEI-capped Au nanoparticles prepared in this 

work remained stable for at least two months without any obvious colloidal 

aggregation.  

Fabrication of PEI-capped Au Films. The assembly of nanoparticles 

into homogeneous 2D arrays is usually difficult to achieve due to their uncontrolled 

coagulation. Our group has succeeded in fabricating 2D films after adding a 

toluene phase into the PEI-capped Au solution. A fairly homogeneous film is 

formed at the toluene-water interface simply by adding BT into the toluene phase, 

as shown in Scheme 1. A reddish Au solution turns into a blue-colored film at the 

toluene-water interface, as well as on the bottle wall, upon adding BT into the 

toluene phase. Energetically, it must be favorable for thiol-bound Au nanoparticles 

to move toward the toluene phase, but the particles cannot penetrate into the phase 

because of the presence of the polyelectrolytes accompanying them. The fact that 

the filmed layer creeps up the glass walls of the vial indicates that the force driving 

the formation of an interfacial monolayer is very strong. The film can then be 

transferred onto a separate glass (or a mica) substrate immersed in the mixture. The 

Au film formed on a mica substrate by adding BT shows a UV-vis absorption band 

at ~700 nm. More specifically, its thickness is subtly dependent upon the amount of 
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BT added into the toluene phase. The absorbance clearly increases upon increasing 

the amount of BT from 0.6 to 1.0 mL in bands a-d of Figures 4, while the position 

of the SPR band gradually red shift from 665 to 715 nm as can be seen in Figure 

4f.41 For reference, the UV-vis spectrum of the PEI-capped Au solution is also 

reproduced in Figure 4(e). Supposedly because of the close-packing of Au 

nanoparticles, the SPR band has red-shifted by as much as ~200 nm from that in 

aqueous solution. The latter observation suggests that optically tuned Au films are 

readily fabricated by varying the amount of BT added into the toluene phase. The 

inset of Figure 4 shows a typical photograph of the BT-adsorbed, PEI-capped Au 

film transferred onto a mica substrate. 

 

 

 

Figure 4. UV-vis spectra of BT-adsorbed, PEI-capped Au films formed at the 

toluene-water interface by adding increasing amounts of BT to the toluene phase. 

Specifically, PEI-capped Au nanoparticles were prepared from a reaction mixture 

consisting of 25 mL of 1.4 mM HAuCl4 and 0.7 mL of 1% (w/w) PEI. After 

centrifugation, the reaction product was redispersed in 25 mL of water and then 2 

mL of toluene was poured over the aqueous solution. Subsequently, (a) 0.6, (b) 0.7, 

(c) 0.8, and (d) 1.0 mL of BT were added to the toluene phase. For comparison, the 

UV-vis spectrum of the Au sol before forming a 2D film is reproduced in e. The 

inset shows the photograph of the PEI-capped Au film on a mica substrate 

corresponding to d. (f) SPR peak position of the Au film measured as a function of 

the amount of BT added into the toluene phase. 
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The PEI-capped Au films are highly SERS-active. Very intense SERS 

spectra of BT are observed by using the 632.8 nm radiation as the excitation source, 

as shown in Figure 5a. Both the spot-to-spot and the batch-to-batch variation of the 

peak intensities were within 6% and 9%, respectively, suggesting that the as-

prepared Au film is microscopically smooth. When the BT-adsorbed Au film is 

soaked in other thiol solutions, such as ethanolic 4-ABT, a place-exchange reaction 

takes place between BT and 4-ABT. Figure 5b shows a Raman spectrum taken 

after a place-exchange reaction was allowed to occur for 5 h in a 1 mM ethanol 

solution of 4-ABT. The distinct peak at 1076 cm−1 could be assigned to the ring 7a 

band of 4-ABT, belonging to the a1-type vibration. Other distinct peaks at 1138, 

1387, and 1430 cm−1 could be attributed to the ring 9b, 3, and 19b bands of 4-ABT, 

respectively, all belonging to the b2-type vibration. Vibrational modes because of 

the remaining BT are labeled as asterisks (*) in Figure 5. The appearance of the b2-

type bands of 4-ABT would be due to the participation of the chemical 

enhancement mechanism.42  

 

Figure 5. (a) SERS spectrum of BT adsorbed on a PEI-capped Au film (b) SERS 

spectrum taken after a place-exchange reaction was allowed to occur between BT 

and 4-ABT for 5 h in a 1 mM ethanol solution of 4-ABT. Vibrational modes 

exclusively due to BT are labeled with a single asterisk (*); those overlapping with 

the 4-ABT peaks are marked with a double asterisk (**). 
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 Desorption of BT from PEI-capped Au Films. BT can be desorbed from 

the PEI-capped Au nanoparticles without disturbing the SERS activity of the Au 

films. This means that PEI-capped Au films can be used repeatedly to probe the 

adsorption of various adsorbates without the loss of SERS activity. This is possible 

due to the potential dependent adsorption strength of thiol molecules onto Au. In 

fact, when a cathodic scan is applied to a thiol-adsorbed Au electrode, thiol 

molecules are gradually desorbed from the electrode.43 In this work, the thiol-

adsorbed Au substrates were treated with an ethanolic solution of borohydride. 

Similarly, Yan et al. reported recently that self-assembled monolayers (SAMs) of 

thiols on gold could be removed by immersing the SAMs in NaBH4 solution.44 This 

method works fairly well, as demonstrated below, using a Au nanoparticle-coated 

glass capillary. 

To deposit Au onto the inside surface of a glass capillary, a mixture 

comprised of BT, toluene, and PEI-stabilized Au colloid was injected using a 

syringe through the capillary tube. A gold-coated film was immediately formed 

upon the injection of the mixture. An intense SERS spectrum of BT was measured 

by focusing a laser light axially through the capillary wall. A series of SERS 

spectra was taken by flowing 0.1 M ethanolic borohydride through the capillary 

tube, as collectively shown in Figure 6a. As expected, the SERS peaks of BT 

gradually diminished with the borohydride treatment. This is seen more clearly 

from the band area of the BT peak at 1573 cm−1 drawn versus the contact time with 

borohydride, as shown in Figure 6b. More than 80% of BT is desorbed from the Au 

within 5 min. It is remarkable that the SERS activity of the PEI-capped Au is 

maintained even after the treatment with borohydride. When BT is re-adsorbed 

onto the Au substrate, the SERS spectrum is restored, as shown in Figure 6c.  

Competitive Adsorption of 4-ABT and 4-NBT on PEI-capped Au 

Films. The capillary system could then be used to monitor in situ relative 

adsorption strength of multiple adsorbates. To confirm its practicability, a series of 

Raman spectra was measured by causing an ethanolic solution of 4-ABT, 4-NBT, 

or their mixture to flow through a BT-desorbed Au-coated capillary tube. Figure 7a  
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Figure 6. (a) SERS spectra taken during the flow of a 0.1 M ethanolic solution of 

borohydride through a capillary coated earlier with BT-adsorbed Au nanoparticles: 

The flow rate of borohydride was 0.19 mL/min. (b) Band area of the BT peak at 

1573 cm−1 versus the contact time with borohydride in a. (c) SERS spectra of BT 

on Au measured before (dotted line) and after (solid line) treating with 0.1 M 

borohydride for 30 min, followed by re-adsorption of BT. 
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shows a series of SERS spectra taken by flowing a 0.1 mM ethanolic solution of 4-

ABT through an Au-coated capillary tube, while Figure 7b shows the case of 1 M 

4-NBT. A hundred times milder solution was used for 4-NBT than for 4-ABT 

because 4-NBT peaks developed too rapidly in similar concentrations. This 

suggests that 4-NBT should adsorb onto Au more favorably than 4-ABT. The time 

evolution of the 4-ABT peaks at 1590 cm−1 (a1 band, solid squares) and at 1425 

cm−1 (b2 band, solid circles) is separately drawn as a function of time in Figure 7c. 

A similar plot for 4-NBT peaks at 1330 cm−1 (solid triangles) due to the symmetric 

stretching vibration of the nitro group of 4-NBT is drawn in Figure 7d.45 When 

drawing the latter two figures, the peak intensities were normalized with respect to 

those of fully covered 4-ABT or 4-NBT on Au. For the case of 4-ABT, the growth 

pattern of the a1 band looks different from that of the b2 band. At the early stage, 

the a1 bands are dominant, but shortly after the b2 bands become as important as the 

a1 bands. The different growth rates of a1 and b2 bands are not fully understood yet, 

but this may be due to the fact that the orientation of 4-ABT on Au is dependent 

upon the surface coverage. For the case of 4-NBT, all of the peaks are observed to 

grow simultaneously, without showing any difference in growth rate. This may 

indicate that the orientation of 4-NBT is affected little by surface coverage.  

The relative adsorption behavior was examined this time using a mixture 

of 4-ABT and 4-NBT. Figure 8a shows a series of SERS spectra taken as a function 

of time while flowing an ethanolic mixture of 0.1 mM 4-ABT and 1 M 4-NBT 

through an Au-coated capillary. The time evolution of the 4-ABT peak at 1590 

cm−1 (solid squares) and 4-NBT peak at 1330 cm−1 (solid triangles) is separately 

drawn in Figure 8b. The ABT peaks grow rapidly initially, reaching a maximum 

after 10 min and then decrease, approaching a plateau after 40 - 50 min. In contrast, 

the NBT peaks grow continuously, exhibiting two plateaus, one after ~20 min and 

the other after 40 - 50 min.  

The initial growth rate of 4-NBT is far less than a half of that of 4-ABT. 

This may not be unexpected from the pattern seen in Figure 7d. It is conjectured 

that 4-ABT must be kinetically a more favorable adsorbate than 4-NBT, although 
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4-NBT is thermodynamically a stronger adsorbate to adsorb onto Au. Nearly a half 

of the 4-ABT adsorbed initially onto Au within 10 min is subject to a ligand 

exchange reaction with 4-NBT. As this example suggests, the Au-coated capillary 

could find application in various SERS-based chemical detection systems. After 

use, the system can be recycled by treating with borohydride.  

 

 

 

Figure 7. SERS spectra taken by allowing (a) 0.1 mM 4-ABT and (b) 1.0 M 4-

NBT in ethanol to flow through a Au capillary tube: The flow rate was 0.19 

mL/min. (c) Time evolution of 4-ABT peak at 1590 cm−1 (a1 band, solid squares) 

and 1425 cm−1 (b2 band, solid circles) in (a) and (d) that of 4-NBT peak at 1330 

cm−1 (solid triangles) in (b). 
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Figure 8. (a) SERS spectra taken by allowing an ethanolic mixture of 0.1 mM 4-

ABT and 1.0 M 4-NBT to flow through a Au capillary tube. The flow rate was 

0.19 mL/min. (b) Time evolution of 4-ABT peak at 1590 cm−1 (solid squares) and 

4-NBT peak at 1330 cm−1 (solid triangles) in a. 

 

Chemical Analysis on PEI-capped Au Films. A more challenging task is 

to ensure that the Au-coated capillary is also worth in the analysis of weakly 

chemisorbing species by Raman spectroscopy. For that purpose, 4-nitrophenol (4-

NP) and adenine were chosen as model compounds. 4-NP possesses characteristic 

vibrational functional groups, –NO2 allowing easy identification, while adenine is a 

prototype biomolecule of interest. Figure 9a shows a series of Raman spectra taken 
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by flowing a 10 mM ethanolic solution of 4-NP through an Au-coated capillary 

tube. Several peaks were identified at early time and remained nearly constant 

afterward. The peaks in Figure 9a are quite broad, but they can be attributed to 4-

NP. The characteristic NO2 stretching peak of 4-NP appears at 1323 cm−1 in its 

normal Raman (NR) spectrum in Figure 9b.46 The band at 1326 cm−1 in Figure 9a 

can be correlated to the 1323 cm−1 band in the NR spectrum. Other peaks at 857, 

1150, 1258, and 1585 cm−1 in Figure 9a can be assigned to ring C-N-C stretch, C-H 

in-plane bending + O-H deformation, C-O stretch, and C-C stretch of 4-NP, 

respectively.46,47 Those peaks also grow simultaneously with the 1326 cm−1 peak 

and can also be correlated to the peaks in Figure 9b. The rather broad feature of the 

peaks in Figure 9a would reflect that 4-NP molecules were flowing over Au 

surfaces encountering a heterogeneous environment. 

 

 

Figure 9. (a) SERS spectra taken by allowing 10.0 mM 4-NP in ethanol to flow 

through a Au capillary tube: The flow rate was 0.19 mL/min. (b) NR spectrum of 4-

NP in neat solid state.  
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Figure 10. (a) SERS spectra taken by allowing 1.0 mM adenine in ethanol to flow 

through a Au capillary tube: The flow rate was 0.19 mL/min. (b) SERS intensity of 

the ring breathing band of adenine at 734 cm−1 versus the concentration of adenine 

flowed through Au coated capillaries to take SERS spectra. The inset shows a SERS 

spectrum taken at 2.0 × 10−6 M.  

 

Figure 10a shows a series of Raman spectra taken by flowing a 1.0 mM 

ethanolic solution of adenine through an Au-coated capillary tube. One distinct 

band is observed at 734 cm-1, along with a series of weak bands in the region 1200

–1500 cm-1; all these bands were assigned previously to the skeletal vibration 

modes.48 It is worth examining the detection limit of the present methodology for 

biological compounds. In this light, SERS spectra were obtained immediately after 

flowing adenine at various concentrations ranging from 10-2 to 10-6 M into the Au-
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coated capillary. Figure 10b shows the intensity of the adenine peak at 734 cm-1 

drawn versus the concentration of adenine solution. It is seen that the SERS signal 

attains a plateau value when the adenine concentration is above 2 × 10−3 M, 

probably due to the full coverage of adenine molecules onto gold. When the 

adenine concentration is below 10-4 M, the number of adsorbed adenine molecules 

decreases, resulting in weaker SERS signals. Nonetheless, adenine could be 

detected as low as 2.0 × 10−6 M with an S/N ratio of 5.5  1.0 (see the inset of 

Figure 10b); the detection limit would then be 1.0 × 10−6 M based on an S/N ratio 

of 3. This clearly suggests that our Au-coated capillaries can be used to detect by 

SERS bio-analytes down to a sub-micromolar regime. 

Fabrication of PEI-capped Au Films on a Cotton Fabric and Silica 

Beads. The dielectric beads and even flexible fabrics can also be coated with Au. 

As an example, Au was deposited onto a cotton fabric. Dried cotton fabric, 

consisting of cellulose walls, exhibits a very broad OH stretching band in the 3500 

− 3000 cm−1 region of the attenuated total reflection infrared (ATR-IR) spectrum.49 

This indicates that the surfaces of cotton fabrics are terminated with OH groups. 

Thus, like on a slide glass, Au can be deposited onto a cotton fabric by soaking in a 

mixture of PEI-capped Au colloid and BT-dissolved toluene. As shown in the FE-

SEM images in panels b-d of Figures 11, different levels of gold nanoparticles are 

deposited on a cotton fabric at various concentrations of BT: In this specific 

example, the coating was conducted after adding 0.1, 0.5, and 1.0 mL of BT, 

respectively, into a mixture of PEI-capped Au sol (5 mL) and toluene (2 mL). The 

deposition of Au nanoparticles on a cotton fabric can also be confirmed by EDX 

analysis shown in Figure 11e. These Au-coated fabrics could be used as conductive 

mats for the ready dissipation of electrical energy build up. In fact, the sheet 

resistance of a typical Au film was measured to be about 103 k/sq.  
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Figure 11. FE-SEM images (scale bars = 1 m) of cotton fabrics taken before (a) 

and after coating with Au at low (b), medium (c), and high (d) levels: Specifically, 

the coatings in (b), (c), and (d) were conducted after adding 0.1, 0.5, and 1.0 mL of 

BT, respectively, into a mixture of PEI-capped Au sol (5 mL) and toluene (2 mL). 

The Au weight percentages in b-d were determined to be 0.2%, 1.0%, and 11%, 

respectively, from the thermogravimetric analysis. (e) EDX data of a cotton fabric 

after coating with Au in d.   
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Figure 12. (a) SERS spectrum of BT adsorbed on Au-coated silica beads and (b) that 

taken after allowing a place-exchange reaction to occur for 5 h in a 1 mM ethanol 

solution of 4-ABT. Vibrational modes exclusively due to BT are labeled with a single 

asterisk (*); those overlapping with the 4-ABT peaks are marked with a double 

asterisk (**). The inset shows the FE-SEM image of Au-coated silica beads (scale 

bar = 500 nm).  

 

On the other hand, silica beads are terminated with OH groups so that Au 

can also be deposited simply by pouring a mixture of PEI-capped Au colloid and 

BT-dissolved toluene over the beads. Figure 12a shows the Raman spectrum of the 

Au-coated silica beads. The peaks observable can be attributed to BT on Au. When 

these BT-adsorbed silica beads are soaked in an ethanolic solution of 4-ABT, a 

ligand exchange reaction takes place, exhibiting the SERS peaks of 4-ABT, as in 

Figure 12b. The inset of Figure 12 shows the FE-SEM image of Au-coated silica 

beads. The BT molecules adsorbed on Au can also be removed by soaking in a 

borohydride solution, once again maintaining the SERS activity. These Au-coated 

beads will find application as a core material for SERS-based molecular sensors.  
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4. Summary and Conclusion 

 One-pot and size-controlled preparation of amine-functionalized gold 

nanoparticles is possible using PEI simultaneously as a reducing and stabilizing 

agent. The PEI-capped Au nanoparticles thus prepared in aqueous phase can be 

assembled into 2D arrays not only at the aqueous/toluene interface but also at the 

inner surface of the sampling bottle simply by the addition of BT. A Au 

nanoparticle film can separately be formed, through brief contact with the mixture, 

on glass slides, the inner walls of capillary tubes, and even on dielectric beads and 

cotton fabrics. The Au-coated film thus created is confirmed to be highly SERS-

active, showing intense peaks of BT. BT can be replaced, on the one hand, with 

other adsorbates by a place-exchange reaction. More usefully, BT can be removed 

from Au while maintaining the initial SERS activity by treating with a borohydride 

solution. The Au-coated capillary was a very efficient SERS active substrate to be 

usable in the microanalysis of effluent chemicals. The present electroless 

deposition method of Au is cost-effective and suitable for the mass production of 

diverse Au films, irrespective of the shapes of the underlying substrates. The 

method is thus expected to play a significant role in a variety of applications. 
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2.2. Novel Fabrication of PEI-capped Ag Nanoparticle Films for SERS and 

MEF Based Detection of Bio- and Charged Chemicals 

 

1. Introduction 

 Interaction of drug molecules with the cell membrane surface is of an 

electrostatic character because many drugs are charged molecules and are weak 

bases or acids having counterions.50-55 As such, attraction between unlike charges is 

a well-established phenomenon in biological systems.50,51 However, it is generally 

difficult to spectroscopically assess how well drug molecules are bound to 

membrane surfaces because of the low signal levels transmitted.56,57 In the case of 

fluorescent drug molecules, membrane binding may be monitored and quantified 

by fluorescence spectroscopy, but the usual optical and vibrational spectroscopies 

cannot be used to analyze the amount of drugs bound to membranes.58-61 One of  

interests in our group is in the development of vibrational spectroscopic methods to 

highlight the interaction of charged drugs with membranes. It is worth exploring 

the potential of SERS in quantifying the electrostatic adsorption processes by using 

charged dyes as model drugs.  

As described in Chapter 1, SERS is an abnormal surface optical 

phenomenon that produces strong, increased Raman signals for molecules adsorbed 

on nanostructured coinage metals.62-65 The SERS technique offers many advantages, 

for examples, it is nondestructive, requires little or no sample preparation to obtain 

structural information, and further allows flexibility in performing measurements in 

air, vacuum, or solution media.66-69 One drawback of SERS is that the enhancement 

properties of a SERS-active surface are highly dependent on its method of 

preparation and thus on its detailed nanostructure.70-74 On the other hand, a dramatic 

increase in the fluorescence emission can occur with nanostructured Ag or Au 

surface. The phenomenon, called the surface-enhanced fluorescence (SEF) or 

metal-enhanced fluorescence (MEF), derives from the interaction of the dipole 

moment of the fluorophore and the surface plasmon field of the metal, resulting in 



 

42 

 

an increase in the radiative decay rate and stronger fluorescence emission.75,76 In 

effect, within an optimal range of distances separating molecules from metal, 

weakly emitting materials (dyes, proteins, or DNA) with low quantum yields can 

be transformed into more efficient fluorophores with a shortening of fluorescence 

lifetimes as well. The reduction in fluorescence lifetimes due to MEF means that 

molecules spend less time in the excited state, thus reducing photobleaching 

effects.77 These characteristics of the MEF effect therefore can be utilized in the 

development of efficient fluorescence-based sensors and microarrays.77-79 

As described in the previous section, the PEI-capped Au and Ag 

nanoparticles prepared in an aqueous phase can be assembled into 2D arrays not 

only at the aqueous/toluene interface but also at the inner surface of the sampling 

bottle simply by the addition of BT.31, 80-83 PEI is a cationic polyelectrolyte; hence, 

the properties of Au or Ag films are similar to a positively charged membrane. 

Nonetheless, the actual surface charge density can vary depending upon the pH of 

the solution in contact with the film. Another merit of the PEI-capped Au or Ag 

nanoparticle film is that the surface charges can be further modified with anionic 

and cationic polyelectrolytes by the layer-by-layer (LbL) deposition technique.84,85 

During LbL deposition, a suitable substrate is dipped back and forth between dilute 

solutions of positively and negatively charged polyelectrolytes which can also be 

modified to introduce a wide variety of functional groups. The LbL approach can 

therefore provide a route to tailor the surface characteristics of nanoparticles and 

can be used to produce SERS substrates with potential applications such as sensors 

for biological molecules.86-88 

In section 2.2, it is demonstrated that PEI-capped Ag nanoparticle films 

can be used for the quantification of an electrostatic adsorption process of charged 

drug molecules. First, PEI-capped Ag nanoparticle film is confirmed to be highly 

homogeneous and SERS-active, showing intense peaks of BT. Second, it is 

demonstrated that PEI-capped Ag nanoparticle films can be used as a platform for 

the quantification of an electrostatic adsorption process of charged drug molecules, 

by using charged dye molecules such as sulforhodamine B (SRB) and rhodamine-



 

43 

 

123 (R123) as model drugs.  
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2. Experimental 

 Chemicals. Silver nitrate (AgNO3, 99.8%), sodium borohydride (NaBH4, 

99%), BT (>99%), adenine (99%), (−)-riboflavin (98%), dipicolinic acid (99%), 

sulforhodamine B (SRB, 75%), rhodamine-123 (R123, 85%), branched PEI (MW 

~25 kDa), PSS (MW ~70 kDa), PAA (MW ~450 kDa), and silver foil (0.025-mm 

thickness, 99.9%) were purchased from Aldrich and used as received. Other 

chemicals unless specified were of reagent grade, and highly purified water with a 

resistivity >18.0 MΩ·cm (Millipore Milli-Q System) was used for preparing 

aqueous solutions.  

 Preparation of PEI-capped Ag Nanoparticles. The PEI-stabilized Ag 

nanoparticles were prepared by boiling a mixture of 100 mL of 10 mM AgNO3 and 

0.5 ~ 3 mL of 2% (w/w) PEI for 15 min. The reacted mixture was centrifuged, 

decanted, and the precipitate was washed with copious amounts of deionized water. 

As determined by transmission electron microscopy (TEM) analysis, the average 

size of the Ag nanoparticles was 14 ± 6 nm. 

 Preparation of PEI-capped Ag Films. The PEI-stabilized Ag nanoparticles 

were re-dispersed in water (5 mL), and toluene (2 mL) was poured over the 

aqueous Ag sol. A fairly homogeneous film was formed at the toluene-water 

interface by adding 1 mL of BT into the toluene phase. A large 2D film was also 

formed on a separate glass substrate immersed in the mixture, showing an intense 

UV-vis absorption band at ~650 nm. For depositing Ag on the inner walls of a 

capillary (1.1-mm inner diameter × 0.2-mm thickness × 75-mm length), the 

mixture was injected using a syringe through the capillary tube. BT was desorbed 

from the PEI-capped Ag nanoparticles without disturbing the SERS activity of the 

Ag film, by adding a 0.1 M borohydride solution. After the complete disappearance 

of the SERS peaks of BT, the PEI-capped Ag film was washed with copious 

amounts of ethanol and then dried with nitrogen.  

 Instrumentation. The rate of flow through capillary tubes was controlled 

using a Sage Instruments Model 341 syringe pump. UV-vis spectra were obtained 

with a SINCO S-4100 UV-vis absorption spectrometer. TEM images were taken on 
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a JEM-200CX transmission electron microscope at 200 kV. The zeta potential (ζ) 

was measured in water by using an electrophoretic light scattering 

spectrophotometer (ELSZ-1000, OTSUKA Electronics Co. Ltd., Japan): 

Polystyrene (PS, 0.4-μm-sized) beads were modified consecutively with PEI-

capped Ag nanoparticles and PSS or PAA for this measurement. A quartz crystal 

microbalance (QCM) experiment was conducted using an Au-coated, AT-cut quartz 

crystal (fundamental resonance frequency, fo = 10 MHz): the apparent area of the 

electrode was 0.20 cm2. Raman spectra were obtained using a Renishaw Raman 

system Model 2000 spectrometer. The 514-nm line from a 20-mW Ar+ laser 

(Melles–Griot Model 351MA520) or the 632.8-nm line from a 17-mW He/Ne laser 

(Spectra Physics Model 127) was used as the excitation source. Raman scattering 

was detected over 180 with a Peltier cooled (-70°C) charge-coupled device (CCD) 

camera (400 × 600 pixels). The data acquisition time was usually 30 s, and the 

measured intensity was normalized with respect to that of a silicon wafer at 520 

cm-1. 
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3. Results and Discussion 

 

 

 

Scheme 2. Schematic representation of the novel fabrication of Ag nanoparticle 

films for SERS and MEF based detection of charged molecules 

 

Characterization of PEI-capped Ag Nanoparticles. The PEI-stabilized 

Ag nanoparticles were produced when a mixture of PEI and AgNO3 solutions was 

heated. The size of the Ag nanoparticles was dependent on the molar ratio of the 

PEI and AgNO3. By increasing the molar ratio of PEI, smaller metal particles were 

produced, and vice versa. In this study, approximately 5−30 nm-sized Ag 

nanoparticles were prepared, as demonstrated in the TEM images in the upper 

panels of Figure 13. The particles are spherical; the average sizes are 5 ± 4 nm, 14 

± 6 nm, or 30 ± 10 nm. Clearly, when the concentration of PEI is low, larger 

particles are formed. In the UV-vis absorption spectra shown in the lower panel of 

Figure 13, the surface plasmon resonance (SPR) bands of Ag nanoparticles are 

observed at 390-408 nm, depending on the ratio of PEI added into the reaction 

mixture. Specifically, the maximum of the SPR bands appears at 390, 398, and 408 

nm, respectively, for the Ag sols corresponding to the TEM images. The distinct 
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appearance of the SPR bands indicates that the PEI-stabilized Ag nanoparticles are 

present in a well-dispersed state. The gradual red-shift reflects the production of 

larger-sized nanoparticles at lower PEI concentrations. 

  

 

 

Figure 13. (Upper panel) TEM images and (lower panel) UV-vis spectra of Ag 

nanoparticles prepared by heating 100 mL of 10 mM aqueous AgNO3 with (a) 3, (b) 

1, and (c) 0.5 mL of a 2%(w/w) aqueous PEI solution for 15 min.  
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Fabrication of PEI-capped Ag Films. A fairly homogeneous Ag film is 

formed when BT is added into the toluene phase. A yellowish Ag solution turns 

into a purple-colored film at the toluene-water interface, as well as on the bottle 

wall. The fact that the filmed layer crept up the glass walls of the vial indicates that 

the force driving the formation of an interfacial monolayer is very strong. As for 

Au films, a 2-D Ag film formed at the water-toluene interface can be transferred 

onto a separate glass substrate immersed in the mixture or onto the inner wall of a 

glass capillary as shown in the inset of Figure 14. The Ag film formed on a mica 

substrate by adding BT showed an UV/vis absorption band at ~650 nm as shown in 

Figure 14a. Its absorbance also increased upon increasing the amount of BT up to 

1.0 mL. The red-shift of the SPR band as much as ~250 nm from that in aqueous 

solution and the increase in its absorbance are indicative of the close-packing of Ag 

nanoparticles in the film state.89 Much the same Ag film can be fabricated 

immediately onto the inside surface of a glass capillary by injecting a mixture 

comprised of BT, toluene, and PEI-stabilized Ag colloid through the capillary tube.  

 

 

Figure 14. (a) UV-vis spectrum of the PEI-capped Ag film on a mica substrate 

formed by adding BT to the toluene phase. For comparison, the UV-vis spectrum of 

Ag nanoparticles is shown in (b). The inset shows the photograph of the Ag films 

transferred onto a separate glass or onto the inner wall of glass capillary. 
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As one expects from the intense SPR band at ~650 nm in the UV/vis 

spectra, strong Raman peaks of BT are observed, using a He/Ne laser at 632.8 nm, 

from the Ag film assembled on glasses. It must be a SERS spectrum of BT. A fairly 

intense SERS spectrum of BT is also measured by focusing the laser light axially 

through the capillary wall, as shown in Figure 15a. The most intense SERS peaks 

of BT are observed from an Ag-coated capillary fabricated using a mixture of 1.0 

mL of BT, 2 mL of toluene, and 5 mL of Ag sol comprised of 30 nm sized Ag 

nanoparticles. Subsequent experiments have thus been conducted using those 

capillaries.  

In order to use those capillaries in probing the adsorption characteristics 

of other adsorbates, BT should not interfere with these molecules. BT can be 

desorbed from the PEI-stabilized Ag nanoparticles without disturbing the SERS 

activity of the Ag film. Figure 15b shows SERS spectrum taken after treatment of 

0.1 M ethanolic borohydride through a capillary tube. It is remarkable that the 

SERS activity of the PEI-stabilized Ag is maintained even after the treatment with 

borohydride. When BT is readsorbed onto the Ag substrate, the SERS spectrum is 

restored, as shown in 15c. 

 

 

Figure 15. SERS spectra of BT adsorbed on PEI-stabilized Ag film on a glass 

substrate measured (a) as prepared and (b) after treating with 0.1 M borohydride 

for 30 min, and then (c) after readsorption of BT (treating with 1 mM BT for 1 hr). 
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Biochemical Identification. SERS spectra of a few compounds of 

biological significance, i.e., aqueous solutions of adenine (DNA base) and 

riboflavin (biosynthetic cofactor)  are shown in Figure 16. The observed SERS 

spectral patterns of adenine and riboflavin are very similar to the reported data.48,90 

The ready acquisition of Raman spectra for small amounts of substances of 

biological importance is very promising. Therefore, it is worth examining the 

detection limit of the present methodology for biological compounds. In this light, 

a series of Raman spectra was measured by flowing an adenine solution at various 

concentrations ranging from 10-4 to 10-8 M through the Ag-coated capillary. In all 

cases, the Raman peak intensities reached a maximum value within 10 min. Figure 

17a shows the SERS spectra obtained after 10 min of flow of adenine at various 

concentrations. In agreement with the previous reports, one distinct band is 

observed at 734 cm−1, along with a series of weak bands in the region 1200−1500 

cm−1; all these bands were assigned previously to the skeletal vibration modes.48 

Figure 17b shows the intensity of the adenine peak at 734 cm−1 drawn versus the 

concentration of adenine solution. It is seen that the SERS signal attains a plateau 

value when the adenine concentration is above 5 × 10−6 M, probably due to the full 

coverage of adenine molecules onto silver. When the adenine concentration is 

lower than 10−6 M, the number of adsorbed adenine molecules decreases, resulting 

in weaker SERS signals. Nonetheless, it can be detected as low as 2.0 × 10−8 M of 

adenine with an S/N ratio of 4.5  1.0; the detection limit would then be 1.0 × 10−8 

M based on an S/N ratio of 3. Based on these promising results, it is attempted to 

detect dipicolinic acid, a signature molecule for bacterial spores. 

Dipicolinic acid is an excellent marker molecule for bacterial spores, 

including those of Bacillus anthracis (anthrax).91 The sensitivity of SERS, 

combined with its molecular specificity, suggests that SERS would be well suited 

for the detection of spores through identification of dipicolinic acid.92 However, the 

affinity of dipicolinic acid for Ag or Au surfaces is known to be lower than that of 

even pyridine.93 The silver-coated glass capillary can nonetheless be used to detect 
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Figure 16. SERS spectra of (a) adenine and (b) riboflavin on Ag nanoparticles 

coated on the inner wall of glass capillaries.  

 

 

Figure 17. (a) A series of SERS spectra of adenine at various concentrations 

ranging from 10−4 to 10−8 M flowed into the Ag-coated capillary. (b) SERS 

intensity of the ring breathing band of adenine at 734 cm−1 normalized with respect 

to that of a silicon wafer at 520 cm−1 versus the concentration of adenine. 
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dipicolic acid down to a sub-micro molar regime. As similarly to adenine, a series 

of Raman spectra were taken by flowing a dipicolic acid solution at 10-3 - 10-7 M 

through an Ag-coated capillary in Figure 18a. The most distinct band was identified, 

immediately after the flow of the solution, at 1010 cm-1 that could be assigned to 

the ring breathing vibration of the pyridine ring, and about 10 min was required to 

reach a steady state. Figure 18b shows the intensity of the ring breathing band at 

1010 cm−1 drawn versus the concentration of dipicolinic acid solution. Based on an 

S/N ratio of 3, the detection limit is estimated to be 1.0 × 10−7 M. This clearly 

suggests that our Ag-coated capillary is an invaluable device for the analysis of 

effluent chemicals by SERS. 

 

 

Figure 18. (a) A series of SERS spectra of dipicolinic acid at various concentrations 

ranging from 10−3 to 10−7 M flowed into the Ag-coated capillary. (b) SERS intensity 

of dipicolinic acid at 1010 cm−1 normalized with respect to that of a silicon wafer at 

520 cm−1 versus the concentration of dipicolinic acid.  
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Identification of Anionic Dye Molecule: Sulforhodamine B (SRB). 

SRB (Figure 19a) is a typical negatively charged dye.94 Figure 19b shows the UV-

vis absorption spectrum of its aqueous 10-5 M solution; the absorbance occurred 

mainly between 460 and 610 nm, and the absorption maximum was observed at 

563 nm. Figures 19c and d show the normal Raman (NR) spectra of aqueous 10-5 

and 0.1 M solutions of SRB obtained using 514.5- and 632.8-nm as the excitation 

sources, respectively. As expected from the UV-vis absorption spectrum, only a 

strong fluorescence background was seen in the NR spectrum obtained using a 

514.5-nm radiation (10-5 M of SRB): no peak was identifiable even in an expanded 

spectrum. In the NR spectrum recordedat 632.8-nm, however, a few bands were 

identifiable at least on using a concentrated solution (0.1 M of SRB). The bands at 

1646, 1528, 1508, 1358, and 1282 cm-1 shown in Figure 19d (inset) are the 

characteristic features of xanthene dyes.  

SERS activity of the PEI-capped Ag nanoparticle film was evaluated by 

comparing with a HNO3-etched Ag foil, as shown in Scheme 2. The Ag foil that 

was etched with concentrated HNO3 for 15 s exhibited a strong SERS activity. The 

SERS signal of BT on a PEI-capped Ag film was 5-fold more intense than that on a 

HNO3-etched Ag foil (data not shown), indicating the usefulness of the PEI-capped 

Ag film as a SERS substrate. As shown in Figure 20a, on recording the SERS 

spectrum of HNO3-etched Ag foil under the flow of 10-5 M solution of SRB at a 

514.5-nm excitation source, it was difficult to observe the characteristic peaks of 

SRB. A similar spectrum of PEI-capped Ag nanoparticles (Figure 20b) coated on a 

glass capillary, through which a stream of 10-5 M SRB was passed, showed the 

characteristic peaks of SRB. This was as expected considering that SRB would be 

present mostly as an anionic species and PEI would be in a protonated state, thus 

forming an ion pair at pH 7, the pH of a 10-5 M solution of SRB. A zeta potential 

measurement indicates that the PEI-capped Ag nanoparticles are positively charged 

up to +10.2 mV. On the other hand, it was noted from the open-circuit potential 

measurement that the surface of the HNO3-etched Ag foil was negatively charged; 

hence, it repelled SRB, resulting in a failure to generate a Raman signal.95 
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Figure 19. (a) Structure of SRB. (b) UV-vis absorption spectrum of 10-5 M aqueous 

solution of SRB. NR spectra of (c) 10-5 M and (d) 0.1 M aqueous solution of SRB 

measured using 514.5- and 632.8-nm excitation sources, respectively. The inset in 

(d) shows the magnified spectrum in the 1800 ~ 1200 cm-1 region. 
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Figure 20. SERS spectrum of 10-5 M aqueous solution SRB measured using (a) a 

HNO3-etched Ag foil and (b) a PEI-capped Ag nanoparticle film as the SERS 

substrate: a 514.5-nm excitation source was used. 

 

The net cationic charge of PEI, as well as the net anionic charge of SRB 

depends on the pH of the solution.84,96 On lowering the solution pH, the net cationic 

charge of PEI increases, whereas the net anionic charge of SRB decreases. The 

electrostatic attraction between PEI and SRB is thus dependent on the pH of the 

solution. Figure 21a shows a series of Raman spectra recorded in a stream of 10-7 

M aqueous solution of SRB at varying pH from 1 to 10 through a glass capillary 

coated with PEI-capped Ag nanoparticles. All the spectra were obtained using 

514.5-nm as the excitation source. In this measurement, the pH was adjusted using 

either HCl or NaOH. As observed from Figure 21b, the band intensity of the 

xanthene rings mode at ~1650 cm-1 is plotted against the solution pH, and the most 

intense Raman spectrum was seen at approximately pH 4. This finding implies that 

at an even lower pH, SRB would be present in a neutral form due to protonation, 

but at a higher pH, PEI would gradually get neutralized. The infeasible attraction at 

pH values lower and higher than 4 is also evident from the fluorescence 

backgrounds in Figure 21a. SRB is not in contact with Ag but forms an ion pair 

with PEI; hence, the fluorescence signal of SRB can be enhanced by increasing 
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interaction with the PEI-capped Ag nanoparticles. As shown in Figure 21c, a graph 

of the background fluorescence intensity (recorded at 2500 cm-1) versus the pH of 

the solution shows the strongest fluorescence at pH 4; this finding is consistent 

with the Raman signal data.  

 

Figure 21. (a) A series of SERS spectra obtained under the flow of 10-7 M aqueous 

solution of SRB at varying pH from 1 to 10 through a PEI-capped Ag capillary 

tube. The flow rate was 0.19 mL/min. (b) The peak intensity of the xanthenes ring 

mode at 1650 cm-1 plotted against the pH of the solution in (a). (c) Intensity of the 

background fluorescence at 2500 cm-1 in (a) plotted against the pH of the solution. 

For (b) and (c), the error bars indicate the average and standard deviation of 10 

different measurements. 
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Subsequently, the efficacy of detection of the Raman signal of SRB was 

measured. Figure 22a displays a series of Raman spectra measured under the flow 

of 10-10 ~ 10-5 M aqueous solutions of SRB through a glass capillary coated with 

PEI-capped Ag nanoparticles at pH 4. Again, all the spectra were obtained using a 

514.5-nm radiation as the excitation source. The band intensity of the xanthenes 

ring mode at ~1650 cm-1 versus the concentration of SRB is illustrated in Figure 

22b. On the other hand, Figure 22c shows the intensity of the background 

fluorescence from Figure 22a versus the concentration of SRB. The normalized 

Raman intensity, as well as the fluorescence intensity, shows a sigmoidal change 

with the logarithm of the SRB concentration, corresponding to Frumkin adsorption 

isotherm.97,98 The Raman signal of SRB at 10-10 M is more than 3-fold greater than 

the noise level (see the expanded inset of Figure 22a), indicating a high probability 

of detecting sub-nanomolar concentrations of SRB by Raman spectroscopy using 

the PEI-capped Ag nanoparticle film as the SERS substrate.  

For their normal lifespan, most cells need moderately narrow limits of pH 

around 7. The interaction of drugs with model membranes at neutral pH will then 

be worth studying. As noted above, the ion-pair formation of PEI with SRB is less 

likely at pH 7 than that at pH 4. This is evident from a series of Raman spectra 

(Figure 23a) measured under the flow of 10-10 ~ 10-5 M aqueous solutions of SRB 

at pH 7 through a glass capillary coated with PEI-capped Ag nanoparticles by using 

514.5-nm as the excitation source. Although the peak intensities were reduced in 

comparison to those obtained at pH 4, as shown in Figure 22a, the Raman peaks of 

SRB as well as their background fluorescence were distinguishable at sub-

nanomolar concentrations. The Raman intensity and the background fluorescence 

plotted against the logarithm of SRB concentration are shown in Figures 23b and c, 

respectively. Although the absolute values in the ordinates are smaller than those in 

Figures 22b and c, sigmoidal variations were again observed, and the detection 

limit of SRB at pH 7 appears comparable to that at pH 4, illustrating the usefulness 

of the PEI-capped Ag nanoparticle film in the detection of anionic drugs by SERS. 
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Figure 22. (a) A series of Raman spectra obtained under the flow of 10-5 ~ 10-10 M 

aqueous solutions of SRB at pH 4 through a glass capillary coated with PEI-capped 

Ag nanoparticles. All spectra were obtained using a 514.5-nm radiation as the 

excitation source. The inset shows the expanded spectrum obtained at 10-10 M of 

SRB. (b) The peak intensity of the xanthenes ring mode at 1650 cm-1 in (a) plotted 

against the SRB concentration. (c) The intensity of the background fluorescence at 

2500 cm-1 in (a) plotted against the SRB concentration. For (b) and (c), the error 

bars indicate the average and standard deviation of 10 different measurements. 
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Figure 23. (a) A series of Raman spectra obtained under the flow of 10-5 ~ 10-10 M 

aqueous solutions of SRB at pH 7 through a glass capillary coated with PEI-capped 

Ag nanoparticles; all spectra obtained using a 514.5-nm radiation as the excitation 

source. (b) The peak intensity of the xanthenes ring mode at 1650 cm-1 and (c) the 

intensity of the background fluorescence at 2500 cm-1 in (a) plotted against the 

SRB concentration. For (b) and (c), the error bars indicate the average and standard 

deviation of 10 different measurements. 

 

Identification of Cationic Dye Molecule: Rhodamin-123 (R123). It is 

difficult to detect the presence of cationic drugs like R123 by using PEI-capped Ag 

nanoparticles. The structure and UV-vis absorption spectrum of 10-5 M aqueous 

solution of R123 are shown in Figures 24a and b, respectively. The absorption 

occurred mainly between 420 and 550 nm, with the absorption maximum observed 

at 500 nm. The NR spectra of 10-5 and 0.1 M aqueous solutions of R123 obtained 

using 514.5- and 632.8-nm radiations as the excitation sources, respectively, are 
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shown in Figures 25a and b. As anticipated from the UV-vis absorption spectrum, 

only strong background fluorescence was observed in the NR spectrum by using a 

514.5-nm excitation source (10-5 M of R123); however, several peaks were seen in 

the NR spectrum obtained at 632.8-nm, especially for a concentrated solution (0.1 

M of R123). The peaks at 1643, 1568, 1505, 1369, and 1187 cm-1 in the inset of 

Figure 25b are characteristic of xanthene dyes,99,100 and the HNO3-etched Ag foil 

attracted R123 because of its negative charge. This finding was confirmed from the 

Raman spectrum (Figure 24c) obtained using a 514.5-nm source after soaking Ag 

foil in 10-5 M aqueous solution of R123. No distinguishable peak was detected, as 

expected, when R123 solution was passed through a glass capillary coated with 

PEI-capped Ag nanoparticles (data not shown).  

 

 

Figure 24. (a) Structure of R123. (b) UV-vis absorption spectrum of 10-5 M 

aqueous solution of R123. (c) SERS spectrum of aqueous 10-5 M solution of R123 

measured during the flow over a HNO3-etched Ag foil.  
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Figure 25. The normal Raman spectra of (a) 10-5 M and (b) 0.1 M aqueous solution 

of R123 obtained using 514.5- and 632.8-nm excitation sources, respectively. The 

inset shows the expanded spectrum measured at 0.1 M of R123. 

 

To identify R123 by using a PEI-capped Ag nanoparticle film, it is 

necessary to deposit an anionic polyelectrolyte onto PEI. In case of Ag 

nanoparticles that are highly SERS active, the adsorption of R123 even onto the 

anionic polyelectrolyte would be detectible because of electromagnetic 

enhancement. Furthermore, the fluorescence signal of R123 was expected to 

increase markedly with an increase in the gap between Ag and R123 up to some 

distance. Two different anionic polyelectrolytes were used in this work: PAA, a 

weak polyelectrolyte, and PSS, a strong polyelectrolyte.101 A 10-3 M aqueous 

solution of PAA or PSS was injected into a glass capillary previously coated with 

PEI-capped Ag nanoparticles, and it was allowed to stand for 30 min before 

blowing out the remaining solution. The glass capillary thus contained either 

PAA/PEI- or PSS/PEI-capped Ag nanoparticles. However, the net cationic charge 

of R123 as well as the net anionic charge of PAA/PEI or PSS/PEI was dependent 

on the pH of the solution. Considering the importance of neutral pH in living 

systems, the Raman spectra mainly at pH 7 were measured under a flowing 

solution of R123 through a glass capillary coated with PAA/PEI- or PSS/PEI-

capped Ag nanoparticles: The zeta potentials of PSS/PEI- and PAA/PEI-capped Ag 
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nanoparticles at neutral pH were measured to be -35.4 and -17.6 mV, respectively. 

In order to estimate the amount of R123 dyes being adsorbed onto the anionic 

polyelectrolyte-coated Ag nanoparticles, a QCM experiment was conducted. A 

polyelectrolyte (PSS or PAA)-coated Au electrode was fixed onto a crystal holder 

using a conductive adhesive and the holder was fastened onto the QCM cell 

through the Kalez O-rings. Pure water was first added into the QCM cell and left to 

stabilize, after which 10-7 M aqueous solution of R123 was injected into the cell, 

monitoring the frequency change as a function of time (data not shown). The QCM 

frequency decreased abruptly by as much as 2 ~ 15 Hz. According to the Sauerbrey 

equation (Δm = -0.884 Δf ng/Hz),55 the measured frequency change (Δf) 

corresponded to the adsorption of 1.32 × 10-8 and 1.77 × 10-9 g (Δm) of R123 onto 

the surfaces of PSS and PAA, respectively. Considering the apparent area of the 

QCM electrode, the number of R123 molecules bound per 1 m2 of PSS and PAA 

will then be 1.05 × 106 and 1.40 × 105, respectively. Consulting the data in Figure 

26d, those numbers of R123 molecules can readily be identified by SERS.  

 The Raman spectra measured as a function of R123 concentration (10-10 ~ 

10-5 M) by using a capillary coated with PAA/PEI-capped Ag nanoparticles is 

shown in Figure 26a. A 514.5-nm radiation was used as the excitation source; 

hence, the Raman spectra must be SERRS spectra because of which the Raman 

peaks could be identified even at sub-nanomolar concentrations, even though most 

R123 molecules may be far from the Ag nanoparticles. The normalized Raman 

intensity of the xanthenes mode at ~1650 cm-1 plotted against the R123 

concentration is displayed in Figure 26b. Here as well, sigmoidal variation was 

obtained, indicating a Frumkin-type adsorption isotherm. A similar result could be 

obtained using a capillary coated with PSS/PEI-capped Ag nanoparticles (Figure 

26c) for Raman spectra measured using a PSS/PEI-capped Ag nanoparticle film. 

The Raman signal in Figure 26c is of the order of a magnitude stronger than that in 

Figure 26a, which could be explained by presuming that the net anionic charge of 

the PSS/PEI-capped Ag film would be larger than that of the PAA/PEI-capped Ag  
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Figure 26. A series of Raman spectra obtained under the flow of 10-5 ~ 10-10 M 

aqueous solutions of R123 at pH 7 through a glass capillary coated with (a) 

PAA/PEI- and (c) PSS/PEI-capped Ag nanoparticles. All spectra were obtained 

using a 514.5-nm radiation as the excitation source. (b) The peak intensity of the 

xanthenes ring mode at 1650 cm-1 in (a) and (d) that in (c), drawn against the R123 

concentration. For (b) and (d), the error bars indicate the average and standard 

deviation of 10 different measurements. 
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Figure 27. (a) The intensity of the background fluorescence at 600 cm-1 in Figure 

26a drawn against the R123 concentration. (b) A similar plot drawn for the 

background fluorescence in Figure 26c. For (a) and (b), the error bars indicate the 

average and standard deviation of 10 different measurements.  

 

film. This may be attributed to the strong polyelectrolyte nature of PSS. A more 

intense Raman signal is more evident from Figure 26d in which the xanthenes band 

intensity at ~1650 cm-1 is plotted against the R123 concentration. The interaction of 

R123 with the anionic polyelectrolytes was also confirmed from the background 

fluorescence as observed in Figures 27a and b in which the background 

fluorescence intensities from Figures 26a and c, respectively, are plotted against the 

concentration of R123. Thus, undoubtedly, cationic drug molecules can also be 

detected by Raman spectroscopy using a PEI-capped Ag nanoparticle film as the 

SERS substrate.  
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4. Summary and Conclusion 

 PEI can function simultaneously as a reducing and stabilizing agent to 

form amine-functionalized Ag nanoparticles, which can further be fabricated into a 

2D film not only onto a glass slide but also onto the inner surface of a glass 

capillary. It is known that PEI is a cationic polyelectrolyte; therefore, it was 

attempted to demonstrate the usefulness of the PEI-capped Ag nanoparticle film, 

especially in detecting charged dye molecules by SERS and MEF phenomena. In 

this light, 14 nm sized, PEI-capped Ag nanoparticles were first produced in an 

aqueous solution and further fabricated into a PEI-capped, aggregated 2D film. The 

SERS activity of the PEI-capped Ag nanoparticle film, tested using a prototype 

organic thiol such as BT, was 5-fold greater than that of a HNO3-etched Ag foil. In 

fact, anionic dye molecule, SRB, can be detected not only by SERS but also by 

MEF at subnanomolar concentrations. On the other hand, it was difficult to detect 

cationic dyes such as R123 because of the positive charges of PEI; nonetheless, it is 

found that even R123 could be detected at subnanomolar concentrations not only 

by SERS but also by MEF, by deposition of an anionic polyelectrolyte such as PSS 

and PAA onto the PEI-capped Ag nanoparticles. Therefore, the PEI-capped Ag 

nanoparticle film serves as a useful indicator to detect charged drug molecules by 

SERS and MEF. 
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Chapter 3 

: Cyanide and Isocyanide SERS: A Tool to 

Detect Volatile Organic Compounds and 

Variation of Surface Potential of Metal 

Nanostructures 

 

 

1. pH and Polyelectrolytes Effect on the SERS of 2,6-

Dimethylphenylisocyanide (2,6-DMPI) on PEI-Capped Au 

Substrate 

2. 2,6-DMPI-Adsorbed Gold Nanostructure: A SERS Sensory 

Device to Detect Volatile Organic Compounds (VOCs) 

3. Cyanide SERS: A Useful Platform to Detect Both VOCs and 

Hazardous Metal Ions 
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3.1. pH and Polyelectrolytes Effect on the SERS of 2,6-

Dimethylphenylisocyanide (2,6-DMPI) on PEI-Capped Au Substrate 

 

1. Introduction 

 Noble metal nanoparticles have been intensely investigated in the last 

decade in conjunction with their potential use in microelectronics, chemical sensors, 

and a host of other applications.1-4 This is particularly because noble metal 

nanoparticles have unique optical and electronic properties that are not found in 

either isolated atoms or bulk solids.5 Thin films of organic molecules and 

polyelectrolytes can be placed on these nanoparticles and nanostructures. Self-

assembled monolayers on nanoparticles, on the one hand, stabilize the reactive 

surface of the particle and, on the other hand, present organic functional groups at 

the particle-solvent interface.6,7 These organic functional groups are useful for 

applications, such as immunoassays, that are dependent on chemical composition 

of the surface.8,9 However, due to the high surface-to-volume ratio, metal 

nanoparticles must be more affected by environment compared to bulk metals so 

that although the coating of organics or polyelectrolytes can be an advantage in 

some case, it can also be a disadvantage where surface potential, for instance, is 

one of the key factors in the application of metal nanoparticles.  

 The layer-by-layer (LbL) deposition technique can be used to modify the 

surface of nanoparticles.10-12 Over decades, polyelectrolytes have been utilized in 

the formation of new types of materials known as polyelectrolyte multilayers.13 

These thin films can easily be constructed using the LbL deposition technique first 

demonstrated by Decher et al.14-19 During LbL deposition, a suitable substrate is 

dipped back and forth between dilute solutions of positively and negatively charged 

polyelectrolytes.20 A small amount of polyelectrolyte is adsorbed during each dip, 

thereby reversing the surface charge for the gradual and controlled build-up of 

consecutive polycation-polyanion layers. The LbL approach can therefore provide 

a route to tailor the surface characteristics of nanoparticles. Since nanoparticles are 
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then endowed with a well-defined surface charge, either positive or negative, their 

stable dispersions in aqueous solutions are secured. There is one difficulty that the 

high surface curvature may restrict polymer adsorption.21,22 Poor polymer coverage 

can thereby decrease the stability of colloidal suspensions, especially with the 

smallest sized particles.  

It is certainly expected that the physicochemical properties of 

nanoparticles will change, although to a small degree, upon the deposition of 

polyelectrolytes.23 UV/vis spectrometry can provide a partial assurance of the 

changes in surface characteristics of nanoparticles. For instance, the peak plasmon 

absorption wavelength of the gold nanoparticles has been observed to red-shift 

after each adsorption step of polyelectrolytes. Such red-shift is usually attributed to 

a change in the local dielectric constant around the gold nanoparticles.24-26 It is 

unclear how much the surface potential of gold nanoparticles itself is subject to 

change by the deposition of polyelectrolytes, however. Unfortunately, no device is 

yet available to measure the surface potential of nanoparticles directly.  

Very recently, it has been reported that a large Raman peak shift is 

observed for the NC stretching band of 1,4-phenylenediisocyanide (1,4-PDI) 

situated at the hot spot which is the gap between gold nanoparticles and the gold 

wire electrode when gold nanoparticles are exposed to polar organic vapor, such as 

acetone and ammonia.27 The peak shift amounted to as much as 22 cm-1, 

corresponding to the variation of surface potential of Au nanoparticles from +0.7 V 

to -0.6 V vs a saturated Ag/AgCl electrode. These observations clearly suggested 

that the peak position of the NC stretching band can be used as an indicator of the 

surface potential of Au nanoparticles. 

In section 2, it is demonstrated that PEI-capped Au nanoparticles can be 

fabricated into a two-dimensional film not only on planar glasses but also on the 

inside surfaces of capillaries. The Au films were found to be highly SERS-active. 

In this section, first, PEI-capped Au nanoparticles film is fabricated on the inside 

surface of a glass capillary, and 2,6-dimethylphenylisocyanide (2,6-DMPI) as a 

model molecule of organic isocyanide, is adsorbed onto the Au nanoparticles. Then, 
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it is examined how the surface charge (surface potential) of Au nanoparticles that 

had been capped with PEI is varied by the pH of the external solution. In fact, 

branched PEI is a basic polyelectrolyte comprised of primary, secondary, and 

tertiary amines in a 1:0.75:1 molar ratio, so that PEI molecules exhibit considerable 

buffer capacity over almost the entire pH range.28-30 This is because the pH at 

which protonation takes place is believed to be a function of the pKa values of three 

different amines.30,31 Since the local environment for the three amino groups is 

different from each other, their pKa values are different such that the pH is around 9 

for primary, 8 for secondary, and 6 ~ 7 for tertiary amino groups.32 As a result, the 

protonation profile of PEI increases rapidly, especially in the acidic region, making 

the molecule a virtual “proton sponge.”33 The electron donation capability of PEI 

alone to Au nanoparticles would then depend subtly on the pH of the medium. On 

the other hand, the interaction between oppositely charged (acidic and basic) 

polyelectrolytes is affected by the pH of the medium, as well as the concentration 

of the background electrolytes, since the effective charge of polyelectrolytes 

depends on the ionization of its polar groups, and this in turn rests on both the pH 

and the ionic strength of the medium.34-37 Bearing this in mind, first, the SERS of 

2,6-DMPI is measured by varying the solution pH after capping consecutively with 

PEI and PAA. Second, it is demonstrated that the surface potential of Au 

nanoparticles is varied by the LbL deposition of polyelectrolytes onto them.  
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2. Experimental 

 Chemicals. Hydrogen tetrachloroaurate (HAuCl4, 99.99%), branched PEI 

(MW ~25 kDa), poly(acrylic acid) (PAA, MW ~450 kDa), benzenethiol (BT, 

99+%), 2,6-dimethylphenylisocyanide (2,6-DMPI, 96%), sodium borohydride 

(NaBH4, 99%), and 0.4-m-sized carboxyl-terminated polystyrene (PS) beads were 

purchased from Aldrich and used as received. Nitric acid (HNO3, 60%) and sodium 

hydroxide (NaOH, 97%) were purchased from Samchun and Daejung Chemical Co, 

respectively. Other chemicals unless specified were reagent grade, and aqueous 

solutions were prepared using highly purified water whose resistivity was greater 

than 18.0 Mcm.  

 Preparation of PEI-Capped Au Nanoparticle Film. Details were 

described in the Experimental section of Chapter 2. Btriefly, 25 mL of 1.4 mM 

aqueous HAuCl4 solution was first mixed with 0.7 mL of 1% (w/w) PEI, and then 

stirred vigorously at 80 °C for 2 h. The reacted mixture was ultracentrifuged and 

filtered, and then the precipitate was washed with copious amounts of deionized 

water. The PEI-capped Au nanoparticles obtained were re-dispersed in water (5 

mL). Toluene (2 mL) was poured over the aqueous Au solution, and then BT (1.0 

mL) was added into the toluene phase. A fairly homogeneous Au film formed at the 

toluene-water interface, and it was possible to transfer the film onto a silicon wafer 

immersed in the mixture. To deposit Au onto the inside of the capillary wall, the 

mixture was injected using a syringe through the capillary tube. The glass capillary 

had a 1.1 mm in inner diameter and was 0.2 mm thick and 75 mm long. BT was 

subsequently removed from Au for the adsorption of 2,6-DMPI.  

Adsorption of 2,6-DMPI on PEI-Capped Au Nanoparticle Film. As 

described in Chapter 2, BT was desorbed from the PEI-capped Au nanoparticles, 

without disturbing the SERS activity of the Au film, by treatment with a 0.1 M 

borohydride solution.38 Specifically, 0.1 M ethanolic borohydride solution was 

flowed through a BT-adsorbed capillary tube at a flow rate of 0.19 mL/min; more 

than 80% of BT was desorbed from the Au within 5 min. After the complete 

disappearance of the SERS peaks of BT, a 1.0 mM ethanolic solution of 2,6-DMPI 
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was flowed through the capillary, and the SERS peaks were saturated within 1 min.  

LbL Deposition of Polyelectrolytes. For the LbL deposition of 

polyelectrolytes onto the PEI-capped Au film on a silicon wafer, the substrate was 

immersed in an aqueous solution of PAA (0.1 mg/mL) for 10 min at room 

temperature, and then washed with water. After drying using a nitrogen blow, the 

substrate was immersed in an aqueous solution of PEI (0.1 mg/mL) for 10 min, 

washed with water, and dried with nitrogen; the pH of the PEI solution was 7.5, 

while that of the PAA solution was 5. These processes were repeated to obtain a 

multilayered film on the gold-nanoparticles. Polyelectrolyte layers were also 

deposited onto Au-deposited PS beads. The beads were dipped sequentially into 

PAA and PEI solutions (0.1 mg/mL) for 10 min, and in the interim to change the 

polyelectrolyte solution, PS beads were intensively rinsed with water. 

Instrumentation. The thickness of the PAA/PEI multilayers on a silicon 

wafer was estimated using a Rudolph Auto EL II optical ellipsometer. The 

measurement was performed with a 632.8 nm beam of He/Ne laser incident upon 

the sample at 70o. The ellipsometric parameters,  and , were determined for both 

the bare clean substrates and the multilayered films. As usual, the refractive index 

of the polyelectrolyte film was assumed to be 1.45,39 and at least three different 

sampling points were considered to get the averaged thickness value. The zeta (ζ) 

potential of polyelectrolyte-deposited PS beads was measured in water by using 

electrophoretic light scattering spectrophotometer (ELS-8000, OTSUKA 

Electronics Co. Ltd., Japan). The flow of solutions through a glass capillary tube 

was controlled using a Sage Instruments Model 341 syringe pump. UV/vis spectra 

were obtained with a SINCO S-4100 UV/vis absorption spectrometer. 

Transmission electron microscope (TEM) images were taken using a JEM-200CX 

transmission electron microscope at 200 kV. Raman spectra were obtained using a 

Renishaw Raman system Model 2000 spectrometer equipped with an integral 

microscope (Olympus BH2-UMA). The 632.8 nm radiation from a 17 mW He/Ne 

laser (Spectra Physics Model 127) was used as the excitation source and the power 

at the sampling position was ~0.17 mW. The Raman band of a silicon wafer at 520 
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cm-1 was used to calibrate the spectrometer. The spectral peak intensity was also 

normalized with respect to that of the silicon wafer at 520 cm-1. For potential-

dependent SERS measurements, Au wire was made SERS-active by repeated 

oxidation-reduction cycles (ORCs) in a 0.1 M KCl solution by cycling between -

0.8 V and +1.0 V and then being immersed in a 1 mM ethanolic solution of 2,6-

DMPI for 1 h. The modified Au wire and a pure Pt wire were used as working and 

counter electrodes, respectively, in a 0.1 M NaClO4 solution.40 The potential of the 

electrochemical cell used for Raman spectral measurements was controlled using a 

CH Instruments model 660A potentiostat, which employed CHI 660A 

electrochemical analyzer software (version 2.03) running on an IBM-compatible 

PC. All potentials are reported with respect to the saturated Ag/AgCl electrode. 

Theoretical Calculations. In order to better interpret the interaction of 

PEI to Au theoretically, simple density functional theory (DFT) calculation have 

been separately performed. The binding energy of the primary, or secondary, or 

tertiary amine group of PEI with a single Au atom and the associated change in the 

net charge of Au atom were computed using a Gaussian 03W suite at the B3LYP 

level theory. The LanL2DZ basis sets were used for the Au atom while the STO-3G 

basis sets were used for the fragment of PEI.  
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3. Results & Discussion 

 

 

 

Scheme 1. The pH effect on the surface potential of polyelectrolytes-capped gold 

nanoparticles probed by SERS. 

 

 

 Normal Raman and SERS Spectra of 2,6-DMPI. Figure 1a shows the 

normal Raman (NR) spectrum of 2,6-DMPI in a neat solid state. Figure 1b shows 

the SERS spectrum of 2,6-DMPI adsorbed on an ORC-roughened Au wire. The 

general characteristics of the NR and SERS spectra of 2,6-DMPI were reported in 

the literature in the literature. In the NR spectrum, two intense peaks appear at 

2123 and 640 cm-1, which can be assigned to the NC stretching and the C−NC 

stretching vibration, respectively. Ring associated bands are comparatively less 

intense than the NC associated bands, as can be seen from the peaks at 3046, 1593, 

and 995 cm-1 in Figure 1a, which can be assigned to the CH stretching, the ring CC 

stretching (8a), and the in-plane ring breathing (12) modes of 2,6-DMPI, 

respectively. Substantial spectral differences exist between the NR and SERS 

spectra in Figures 1a and b. The most noticeable differences are associated with the 

NC stretching bond. The C−NC stretching band is weakened considerably and 

shifted by as much as 18 cm-1 upon adsorbing on Au. In addition, the NC stretching 
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peak is shifted from 2123 to 2174 cm-1. The NC stretching peak has thus blue-

shifted by as much as 51 cm-1 upon adsorbing on Au. The NC stretching band also 

broadened considerably, from 9 to 23 cm-1, by the surface adsorption, whereas the 

ring-associated bands including 8a broadened only by 2 cm-1. The substantial blue-

shift of the NC stretching mode can be understood by invoking the fact that the 

carbon lone-pair electrons in the isocyanide group have antibonding character. The 

donation of these electrons to gold should increase the strength of the NC bond. 

The substantial band broadening is associated with the vibrational energy 

relaxation channel provided by the direct contact of the NC group with the metal 

substrate.41-43  

 

 

 

Figure 1. (a) Normal Raman spectrum of neat 2,6-DMPI. (b) SERS spectrum of 

2,6-DMPI adsorbed on an ORC roughened Au wire electrode. (c) SERS spectrum 

of 2,6-DMPI adsorbed on PEI-capped Au nanoparticle film. 

 

Figure 1c shows the SERS spectrum of 2,6-DMPI adsorbed on PEI-

capped Au nanoparticles on glass. Its spectral pattern is barely different from that 
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in Figure 1b except that the NC stretching band appears at 2157 cm-1 in Figure 1c 

instead of at 2174 cm-1, as observed in Figure 1b. The difference in the NC 

stretching frequency must be due to the presence of PEI. To see the effect of PEI 

theoretically, a quantum mechanical calculation has been carried out based on 

DFT.44 One gold atom was bound to a small fragment of branched PEI, consisting 

of three primary, three secondary, and one tertiary amine groups, as shown in 

Figure 2a. When a gold atom was located near the primary amine groups (see 

Figure 2b), the binding energy (after the geometry optimization) was computed to 

be 215 kJ/mol. Furthermore, when a gold atom was located near the secondary and 

tertiary amine groups (see Figure 2c and 2d, respectively), the binding energies 

were calculated to be as large as 321 kJ/mol and 294 kJ/mol, respectively. For 

reference, when a gold atom was allowed to interact with an ammonia molecule, a 

similar calculation resulted in the binding energy of 205 kJ/mol. Although the 

present calculations are somewhat primitive, it clearly indicates that the interaction 

between PEI and gold is quite strong. The theoretical calculation suggested that the 

gold atom became negatively charged upon interacting with PEI. The net charge of 

the gold atom was computed to be -0.48e, -0.81e, and -0.72e when interacting with 

the primary, secondary, and tertiary amine groups of PEI, respectively, while it was 

-0.42e when interacting with an ammonia molecule. The lower NC stretching 

frequency of 2,6-DMPI by 17 cm-1 in Figure 1c versus Figure 1b would then be 

associated with the electron donation of PEI to gold. An increase in the net 

electronic charge of gold atoms can be thought to correspond to the lowering of the 

potential of gold in clusters. The NC stretching band of 2,6-DMPI on Au must shift 

in either direction in accordance with the surface potential of gold, which is subject 

to change by an external source or by the donation or withdrawal of PEI electrons 

to or from gold substrates. 
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Figure 2. (a) A model fragment of PEI consisting of three primary, three secondary, 

and one tertiary amine groups. Schematics representing one gold atom interacting 

with (b) primary, (c) secondary, and (d) tertiary amine groups of PEI. 

 

To see the effect of external potential on Au, a series of potential-

dependent SERS spectra of 2,6-DMPI were taken using the same ORC-roughened 

Au wire electrode in Figure 1b.45 As shown in Figure 3a, SERS spectra were 

reproducibly obtained in the potential region between +0.0 V and -0.6 V as 

compared to a saturated Ag/AgCl reference electrode in a 0.1 M NaClO4 aqueous 

solution. The peak positions, as well as the bandwidths of the ring modes, were not 

subjected to change following the potential variation. In contrast with the ring 

modes, a noticeable peak shift is observed for the NC stretching band. The NC 

stretching peak is gradually blue-shifted following the increase in the surface 

potential. This can be understood by referring to the bonding scheme of 2,6-DMPI 

to Au. As the potential is made more positive, there is increased  donation from 

the C atom to the metal, resulting in a greater shift of electron density from the N 

atom into the NC bond, and as a consequence, both the bond order and the 

vibrational frequency are increased. The opposite effect takes place when the 

potential is made more negative. In addition, the backdonation from metal to NC 
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* orbitals can occur at negative potentials, decreasing the bond order and 

vibrational frequency. As a result of these effects, the NC stretching peaks are 

observed at 2176, 2168, 2162, and 2154 cm-1 at 0.0, -0.2, -0.4, and -0.6 V, 

respectively. As can be seen in Figure 4b, these values vary linearly with a slope of 

~36 cm-1/V. The NC stretching frequencies observed herein are all much higher 

than that of free isocyanide, as shown in Figure 1a. This suggests that even at 

negative potentials, back-bonding makes only a minor contribution to the spectral 

feature of 2,6-DMPI adsorbed on a Au electrode. According to the potential-

dependent SERS in Figure 3a, the NC stretching frequencies of 2174 cm-1 and 

2157 cm-1 in Figures 1b and 1c correspond, respectively, to the surface potential of 

Au at -0.04 V and -0.52 V versus a saturated Ag/AgCl reference electrode: the PEI 

has donated enough electrons to Au such that even in ambient conditions the Au 

nanoparticles should assume -0.52 V. The PEI has thus markedly decreased the 

surface potential of Au nanoparticles by as much as > 0.4 V upon contact.  

 

 

Figure 3. (a) Potential-dependent SERS spectrum of 2,6-DMPI on an ORC 

roughened Au wire electrode recorded at -0.6, -0.4, -0.2, 0.0 V versus an Ag/AgCl 

reference electrode in a 0.1 M NaClO4 aqueous solution. (b) NC stretching 

frequency versus the electrode potential in (a). 
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Figure 4. (a) Zeta (ζ)-potential of polystyrene (PS) beads measured after the 

deposition of PEI-capped Au nanoparticles first (Au) and then after consecutive 

deposition of PAA (squares) and PEI (circles) thereon. (b) Ellipsometric thickness 

measured as a function of (PAA/PEI) bilayer deposited on PEI-capped Au-

nanoparticles film. 

 

Zeta Potential and Ellipsometry Measurements. Prior to examining  

the effect of polyelectrolytes onto the surface potential of Au nanoparticles, two 

control experiments (zeta potential and ellipsometry measurements) were 

perforemed to make sure that PAA and PEI can be deposited consecutively onto the 

PEI-capped Au nanoparticles film. At first, the zeta potential of unmodified PS 
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beads was measured to be negatively charged, i.e. -53.1  0.9 mV, probably due to 

the deprotonation of the surface carboxyl groups. When the beads are coated with 

PEI-capped Au nanoparticles, the zeta potential becomes positive up to about +7.06 

 2.6 mV. The zeta potential then alternates between negative (up to -13 mV) and 

positive (up to +13 mV) values, corresponding to the alternate adsorption of PAA 

(squares in Figure 4a) and PEI (circles in Figure 4a), respectively. As can be seen 

in Figure 4a, the alternation is more pronounced as the number of (PAA/PEI) 

bilayers increases. On the other hand, Figure 4b shows the ellipsometric thickness 

measured as a function of the (PAA/PEI) bilayer assembled on a PEI-capped Au-

nanoparticles film on a silicon wafer; a bilayer refers to the deposition of a pair of 

negative and positive polyelectrolyte layers. The amount of (PAA/PEI) deposited 

initially onto the Au-nanoparticles film is not significant, but after two deposition 

cycles the ellipsometric thickness increases linearly with a growth rate of ~46 nm 

per bilayer. Accordingly, when five bilayers of (PAA/PEI) are deposited onto the 

film, the outermost PEI is located approximately 113 nm from the inner Au 

nanoparticles. Both the zeta potential and ellipsometry thickness measurements 

clearly demonstrate that PAA and PEI are successfully deposited onto the PEI-

capped Au-nanoparticles film.   

Effect of pH on SERS of 2,6-DMPI on PEI-Capped Au. SERS spectra 

of 2,6-DMPI adsorbed on PEI-capped Au nanoparticles were measured under the 

flow of acidic or basic solutions. Scheme 1 shows the schematic of the in-situ 

capillary Raman spectral measurement system. Specifically, Figures 5a and b show 

the SERS spectra measured under the flow of 0.1 M HNO3 and 0.1 M NaOH 

solutions, respectively. The two SERS spectra are barely different from each other 

except that the NC stretching band appears at 2168 cm-1 in Figure 5a and at 2158 

cm-1 in Figure 5b. The difference in the NC stretching frequency must be 

associated with the different pH values in the two solutions, i.e., pH 1 for 0.1 M 

HNO3 and pH 13 for 0.1 M NaOH. The pH effect is not direct, but is mediated 

through PEI. This is evident because the SERS spectral pattern of 2,6-DMPI, 

including its NC stretching band, is not influenced by pH variation when pure gold 
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is used as the SERS substrate (data not shown). Consulting the potential-dependent 

SERS spectral data in Figure 4, the PEI-capped Au nanoparticles in Figures 5a and 

b can be regarded to assume -0.21 V and -0.49 V, respectively, versus a saturated 

Ag/AgCl reference electrode. It is presumed that the extent of 

protonation/deprotonation of PEI was determined by the pH, which in turn affected 

the surface potential of the Au nanoparticles that were in contact with PEI, leading 

to the different NC stretching frequencies observed in Figures 5a and b. 

 

 

 

Figure 5. SERS spectra (upper panel) and NC stretching region (lower panel) of 

2,6-DMPI on PEI-capped Au nanoparticles measured under the flow of (a) 0.1 M 

HNO3 and (b) 0.1 M NaOH.  
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The protonation/deprotonation characteristics of PEI is determined by its 

pKa value. Accordingly, it was attempted, on one hand, to record the titration curve 

and, on the other hand, to measure the NC stretching frequency of 2,6-DMPI on 

PEI-capped Au nanoparticles as a function of solution pH. Figure 6a shows a 

typical acid/base titration curve of PEI, measured, after dissolving 1.2 mg of PEI in 

30 mL of H2O to give a final concentration of 0.4 mg/mL, by titrating with 0.1 N 

HNO3 at 1M NaCl solution. It is well known that the titration of aqueous PEI with 

an aqueous acid solution, such as nitric acid, gives titration curves with no break 

suitable for determination of the end point.46,47 This is due to the buffer capacity of 

PEI associated with the different pKa values of primary (around 9), secondary 

(around 8), and tertiary amines (around 6-7) on the PEI backbone. In any case, 

Figure 6b shows the NC stretching frequencies of 2,6-DMPI on PEI-capped Au 

measured as a function of pH. The NC stretching frequency increases slightly from 

2158 cm-1 to 2162 cm-1 as the solution pH decreases from 12 to 9, and then 

increases very abruptly from 2162 cm-1 to 2168 cm-1 as the solution pH decreases 

from 9 to 8. Thereafter, the NC stretching frequency increases very slightly from 

2168 cm-1 to 2169 cm-1 as the solution pH decreases from 8 to 4. The pH region in 

which a dramatic frequency change takes place is around 8.5, which is close to the 

pKa of the primary amine of PEI. This indicates that protonation and deprotonation 

occurs very dramatically around the pH value near the pKa of the primary amine: 

among all forms of amine groups in PEI, approximately 50% of amine groups are 

presumably protonated at pH 8.5. The dramatic variation of the NC stretching 

frequency at pHs around the pKa of the primary amine would then be associated 

with the strong buffer capacity of PEI.28-30 
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Figure 6. (a) Acid/base titration curve of PEI (0.4 mg/mL) measured by adding 0.1 

N HNO3 at 1M NaCl solution. (b) NC stretching frequency of 2,6-DMPI on PEI-

capped Au nanoparticle film measured as a function of solution pH in contact with 

the film.  

 

Subsequently, it was examined how the NC stretching band of 2,6-DMPI 

changes by varying the pH when an anionic polyelectrolyte such as PAA is 

deposited onto the PEI on Au. When PAA was deposited over the PEI-capped Au 

nanoparticles on a silicon wafer, the NC stretching band of 2,6-DMPI blue-shifted 

from 2157 to 2164 cm-1 in ambient conditions.26 Consulting the potential-dependent 

SERS data in Figure 4b, this corresponds to a potential change from -0.52 V to -

0.32 V versus a saturated Ag/AgCl reference electrode. Using the in-situ capillary 

Raman measurement system (Scheme 1), a series of SERS spectra of 2,6-DMPI 
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were then taken as a function of pH after the deposition of PAA onto PEI as shown 

in Figure 7a. Spectral variation is relatively small compared to that observed before 

the deposition of PAA. This is more evident from Figure 7b in which the NC 

stretching frequency versus the solution pH observed in Figure 7a is plotted. On 

one hand, the abrupt frequency change takes place around pH 6.5 instead of pH 8.5 

and, on the other hand, the amount of frequency change is about three fourth of that 

observed in Figure 6b, i.e., 7.5 cm-1 in Figure 7b as compared to 10 cm-1, as shown 

in Figure 6b. The pKa value of PAA is known to be approximately 4.3.48 The pH 

6.5 at which the abrupt change of the NC stretching frequency occurs is close to the 

average pKa value of the primary amine PEI (~9) and the PAA (~4.3). This can be 

explained by invoking the electrostatic neutralization of PEI by PAA, thus 

decreasing the electron donation capability of PEI to Au nanoparticles. Hence, the 

surface potential of Au nanoparticles is affected by PAA, indirectly via the 

mediation of PEI.  

In order to gain further insight into the influence of the upper 

polyelectrolyte, SERS spectra of 2,6-DMPI were taken after the deposition of new 

PEI onto the PAA layer. As a new PEI is deposited onto PAA, the electron donating 

capability of the bottom PEI to Au increases such that the NC stretching peak of 

2,6-DMPI red-shifts from 2164 to 2159 cm-1 in ambient conditions.26 A series of 

SERS spectra of 2,6-DMPI were also taken at various pHs, even after the 

deposition of PEI onto PAA layer, as shown in Figure 8a. Spectral variation in 

Figure 8a is comparatively smaller than that in Figure 7a. This is more evident 

from Figure 8b in which the NC stretching frequency versus the solution pH 

observed in Figure 8a is plotted. The abrupt frequency change takes place around 

pH 8.5 in Figure 8b instead of pH 6.5, as shown in Figure 7b. The amount of 

frequency change in Figure 8b is about one half of that in Figure 7b, i.e., 4 cm-1 in 

Figure 8b vs. 7.5 cm-1 in Figure 7b. It appears that the surface potential of Au 

nanoparticles is affected more by the bottom PEI (in contact with Au) than the 

upper PAA and PEI. This is probably due to stronger interaction of the upper two 

polyelectrolyte layers.  
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Figure 7. (a) NC stretching region of 2,6-DMPI on PAA/PEI-derivatized Au 

nanoparticles measured at various pHs (pH 4, 5, 7.5, and 8, respectively, from left 

to right) and (b) the NC stretching frequency drawn versus the solution pH. 
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Figure 8. (a) NC stretching region of 2,6-DMPI on PEI/PAA/PEI-derivatized Au 

nanoparticles measured at various pHs (pH 2, 8, 9, and 10, respectively, from left 

to right) and (b) the NC stretching frequency drawn versus the solution pH. 

 

Effect of in situ LbL Deposition of Polyelectrolytes on SERS of 2,6-

DMPI on PEI-capped Au. Subsequently, it was attempted to take SERS spectra 

under the flow of PAA solution through a glass capillary coated previously with a 

2,6-DMPI-adsorbed, PEI-capped Au nanoparticles film. It turns out that any 

spectral change occurred immediately and became stabilized shortly after the 

contact with PAA solution. This implies that the electrostatic interaction of PAA 

with PEI is very strong. The ring modes of 2,6-DMPI were invariant, but the NC 
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stretching band was subjected to change in response to the flow of PAA solution. 

That is, the NC stretching band of 2,6-DMPI has shifted from 2157 to 2164 cm-1 by 

the interaction of PEI with PAA. Subsequently an aqueous PEI solution was 

allowed to flow through the glass capillary, and found that the NC stretching band 

shifts immediately from 2164 to 2158 cm-1 without altering the ring modes. For 

reference, the NC stretching region is shown in Figure 9a for the two spectra taken 

under the flow of PAA and then PEI. Figure 9b shows the variation of the NC 

stretching frequency of 2,6-DMPI drawn as a function of deposition of PAA 

(squares) and PEI (circles) layers onto the capillary film. The NC stretching 

frequency alternates with the deposition of anionic and cationic polyelectrolytes, 

but the amount of peak shift gradually diminishes along with the increase in the 

deposition cycles. More specifically, the effect of the outermost polyelectrolytes 

onto the core Au nanoparticles is weakened gradually as the deposition cycle is 

increased. Obviously, this is in contrast with the zeta potentials shown in Figure 4a. 

The zeta potential is governed directly by the outermost polyelectrolytes 

irrespective of the number of bilayers deposited, but the outermost layer is revealed 

to hardly affect the core Au nanoparticles when the layer is distant about >160 nm 

from the core.  

As described above, when PAA was passed over the PEI-capped Au 

nanoparticles film, the NC stretching band of 2,6-DMPI was blue-shifted from 

2157 to 2164 cm-1. Consulting the potential-dependent SERS data in Figure 3b, this 

corresponds to a potential change from -0.52 V to -0.32 V vs a saturated Ag/AgCl 

reference electrode. One may argue that the NC stretching band should have red-

shifted, instead of showing a blue-shift, when negatively charged PAA were in 

contact with the film. This can be reconciled with the notion that the bottom PEI 

has donated enough electrons to Au such that even in ambient conditions the Au 

nanoparticles should assume -0.52 V vs a saturated Ag/AgCl reference electrode. 

As PAA is deposited onto PEI, the electron donating capability of PEI to Au must 

decrease, resulting in the increase in the surface potential of Au nanoparticles. As a 

new PEI is deposited onto PAA, the electron donating capability of the bottom PEI  
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Figure 9. (a) NC stretching region measured under the flow of PAA and then PEI 

through a glass capillary coated previously with a 2,6-DMPI-adsorbed, PEI-capped 

Au nanoparticle film. (b) NC stretching frequency of 2,6-DMPI drawn as a 

function of the deposition of PAA (squares) and PEI (circles) layers onto the 2,6-

DMPI-adsorbed, PEI-capped Au nanoparticle film. 

 

to Au will now increase, resulting in the decrease in the surface potential of Au 

nanoparticles, as observed by means of NC stretching peaks. The bottom PEI is 

gradually less affected by the LbL deposition of polyelectrolytes, and in this 

specific example, the surface potential of Au nanoparticles is finally stabilized 

around -0.41 V since the NC stretching frequency has attained a plateau value 

around 2161 cm-1, as can be seen in Figure 9b. Although not shown here, the 

relative peak intensities of the ring modes were invariant. This would suggest that 

the orientation of 2,6-DMPI on PEI-capped Au nanoparticles film is also not 

subjected to change by the LbL deposition of PAA and PEI.  



 

94 

 

4. Summary and Conclusions 

 Nanoparticles are commonly stabilized through the adsorption of 

acidic/basic polyelectrolytes around the surface of the particle. One example of 

these nanoparticles is PEI-capped Au nanoparticles. In this work, it was examined 

how much the surface potential of Au nanoparticles is affected by the solution pH 

through the mediation of the protonation and deprotonation of PEI in contact with 

Au nanoparticles using SERS of 2,6-DMPI. In fact, the surface-potential-dependent 

NC stretching peak of 2,6-DMPI has shifted sharply around pH 8.5, close to the 

pKa value of the primary amine of PEI. When a negatively charged PAA was 

deposited onto the PEI, the peak shift of the NC stretching band took place around 

pH 6.5, close to the average pKa value of PEI and PAA. When additional PEI was 

deposited on PAA, the peak shift of the NC stretching band occurred once again 

around pH 8.5, indicative of the stronger interaction of upper two polyelectrolyte 

layers. The surface potential of Au nanoparticles alternated upon the further LbL 

deposition of PEI and PAA, but the extent of variation gradually diminished. The 

surface potential of Au nanoparticles finally attained a plateau value, that is, -0.41 

V, after the deposition of five bilayers as thick as 113 nm. In contrast to the surface 

potential of Au nanoparticles, the zeta potential was confirmed to vary alternately 

irrespective of the number of LbL depositions, indicating that it must be 

determined solely by the outermost polyelectrolyte layer. This work is unique in 

that SERS is proven to be useful in assessing even a minute surface potential 

change of noble metal nanoparticles brought about by polyelectrolytes. 
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3.2. 2,6-DMPI-Adsorbed Gold Nanostructure: A SERS Sensory Device 

to Detect Volatile Organic Compounds (VOCs) 

 

1. Introduction 

Volatile organic compounds (VOCs) are numerous, varied, and ubiquitous. 

A major source of manmade VOCs is solvents, especially paints and protective 

coatings.49,50 Allergic, respiratory, or immune effects in infants or children are 

largely associated with these man-made VOCs. The ability of VOCs to affect 

health varies greatly from those that are highly toxic, to those with no known 

health effect.51,52 At present, not much is known about what health effects occur 

from the levels of organics usually found in homes, although many VOCs are 

known to cause cancer in animals.53 As with other pollutants, the extent and nature 

of the health effect will depend on many factors including level of exposure and 

length of time exposed. In nature, most VOCs arise from plants, as exemplified by 

the strong odor emitted by many plants.54,55 The biogenic VOCs include the 

isoprenoids (or terpenoids) such as isoprene and monoterpenes, as well as alkanes, 

alkenes, carbonyls, alcohols, esters, and acids.56 Recently, isoprene (C5H8), 

monoterpenes (C10H16), and sesquiterpenes (C15H24) have received a great attention 

since these VOCs can produce tropospheric ozone (O3) in the presence of nitrogen 

oxide.57-60 

The early detection of VOCs is a challenging task. In principle, VOCs in 

the environment or certain atmospheres can be detected based on the specific 

interactions between the organic compounds and the sensor components.61 There 

are a lot of VOC sensing materials, including metal oxide, conducting polymers, 

carbon nanotubes, carbon-polymer composites and functionalized gold 

nanoparticles to detect a wide range of VOCs.62-67 In fact, metal oxide materials 

such as SnO2 and ZnO and conducting polymers have been used in commercial 

sensors to detect even ppm concentrations despite the nonselectivity. However, so 
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far, the VOC sensing devices using vibrational spectroscopy such as Raman 

scattering have been rarely developed. Very recently, Fan and coworkers reported a 

direct detection of 2,4-dinitrotoluene vapor using photo-chemically synthesized Au 

nanoparticles as the SERS substrate.73 It was possible due to the high affinity of 

2,4-dinitrotoluene vapor towards Au nanoparticles. However, to detect other VOCs 

similarly via SERS, but whose adsorption strength to Au or Ag might be very weak, 

it would be mandatory to cool down the SERS substrate.74  

As described in section 3.1, the peak position of the NC stretching band of 

2,6-DMPI on Au is very sensitive to the electrode potential. We demonstrate in this 

section that the NC stretching band is susceptible even to the exposure of VOCs. 

Specifically, The SERS of 2,6-DMPI on PEI-capped Au nanoparticles are affected 

greatly not only by usual VOCs such as CCl4, methanol, ammonia, and butylamine 

but also by biogenic VOCs such as isoprene, farnesol, and (+)-α-pinene. To our 

knowledge, this is the first report, informing the applicability of SERS, though 

indirect, in the detection of biogenic VOCs. 
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2. Experimental 

 Chemicals. Hydrogen tetrachloroaurate (HAuCl4, 99.99%), branched 

poly(ethylenimine) (PEI, MW∼25 kDa), benzenethiol (BT, 99+%), 2,6-DMPI 

(96%), sodium borohydride (NaBH4, 99%), butylamine (BA, 99.5%), isoprene 

(99.5+%), farnesol (95%), and (+)-α-pinene (98.5+%) were purchased from 

Aldrich and used as received. Ammonia solution (NH3, 28.0~30%) and methyl 

alcohol (MeOH, 99.5%) were purchased from Samchun Chemical Co. Carbon 

tetrachloride (CCl4, 99%) was purchased from Janssen Chimica Co. Other 

chemicals, unless specified, were reagent grade, and aqueous solutions were 

prepared using highly purified water whose resistivity was greater than 18.0 M· cm. 

 VOCs. For a concentration dependency study, 1 L volumetric flask was 

first flushed with N2, maintaining an atmospheric pressure, and then capped with a 

rubber septum. Using a syringe, a measured quantity of VOCs was introduced 

through the rubber septum into the volumetric flask and allowed them to fully 

evaporate. About 50 mL of the mixed organic gas was suck out using a syringe, 

which was subsequently set to flow through a glass capillary coated with Au.  

Instrumentation. The flow of VOCs through a glass capillary tube was 

controlled using a Sage Instruments Model 341 syringe pump. The 632.8 nm 

radiation from a 17 mW He/Ne laser (Spectra Physics Model 127) was used as the 

excitation source for Raman spectrial measurement. For potential-dependent SERS 

measurements, an Au wire was made SERS-active by repeated oxidation-reduction 

cycles (ORCs) in a 0.1 M KCl solution by cycling between -0.8 and +1.0 V, and 

then it was immersed in a 1 mM ethanolic solution of 2,6-DMPI for 3 h.40 The Au 

wire modified in this way and a pure Pt wire were used as working and counter 

electrodes, respectively, in a 0.1 M NaClO4 solution. The potential of the 

electrochemical cell was controlled using a CH Instruments model 660A 

potentiostat, which employed CHI 660A electrochemical analyzer software 

(version 2.03). All potentials are reported with respect to the saturated Ag/AgCl 

electrode. A quartz crystal microbalance (QCM) experiment was conducted using 

an Au-coated, AT-cut quartz crystal (fundamental resonance frequency, fo = 10 
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MHz): VOCs of a known concentration were passed through the cell, monitoring 

the frequency change as a function of time.75 
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3. Results & Discussion 

 

 

 

Scheme 2. Schematic representation of 2,6-DMPI-adsorbed gold nanostructure: a 

SERS sensory device for detection of volatile organic compounds. 

 

  

Effect of VOCs on SERS of 2,6-DMPI on PEI-capped Au. As 

mentioned in the Experimental Section, VOCs of different concentration were 

prepared by allowing a measured liquid aliquot to evaporate in a 1 L vessel filled 

with atmospheric N2, and their flow rate through a glass capillary containing PEI-

capped Au nanoparticles was controlled using a syringe pump: hereafter, the 

concentration of VOCs will be denoted simply by their partial pressure since the 

carrier gas is mostly atmospheric nitrogen. Scheme 2 shows the schematic of 2,6-

DMPI-adsorbed gold nanostructure to detect VOCs.  

 First, it was confirmed that the SERS spectral pattern of 2,6-DMPI was 

affected by the concentration of VOCs, but not by the flow rate of VOCs at least in 

the range of 0.3 – 13 mL/min. The flow rate of VOCs was thus set to be 8 mL/min 

in all subsequent experiments. Figure 10a shows a series of time dependent SERS 

spectra of 2,6-DMPI measured under a flow of CCl4 vapor at a partial pressure of 

12.8 kPa. The ring associated bands were neither shifted nor broadened by 
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exposure to CCl4. In contrast, the NC stretching band was noticeably blue-shifted 

upon contact with CCl4. This is evident from Figure 10b which shows the variation 

of the NC stretching peak position, drawn versus time, in Figure 10a. The NC 

stretching band blue-shifted from 2157 to 2177 cm-1 within 30 s, and it remained 

there without further variation. Consulting the potential-dependent SERS data in 

Figure 3b in section 3.1, this corresponds to a potential change from -0.52 to 0.037 

V.  

  

 

 

Figure 10. (a) A series of time-dependent SERS spectra of 2,6-DMPI measured 

under a flow of CCl4 at a partial pressure of 12.8 kPa: from bottom to top measured 

after 0, 2, 6, 10, and 14 min of flow, respectively. (b) Time variation of the NC 

stretching peak position under flows of CCl4, methanol, ammonia, and butylamine, 

at a partial pressure of 12.8 kPa. 



 

101 

 

The ring associated bands of 2,6-DMPI were invariant also when other 

VOCs like ammonia, methanol, and butylamine were passed over the 2,6-DMPI-

adsorbed PEI-capped Au nanoparticle film. The NC stretching band had, however, 

red-shifted under the flow of ammonia and butylamine, while it blue-shifted under 

the flow of methanol. The time-variation of the peak position measured under the 

flow of these VOCs at 12.8 kPa is also shown in Figure 10b. The NC stretching 

band was up- or downshifted, and then reached a plateau level within 30 s. The 

amounts of red-shift under the flow of ammonia and butylamine were 7 and 12 cm-

1, respectively, while the amount of blue-shift under the flow of methanol was 10 

cm-1. As for CCl4, the blue-shift by methanol is indicative of the charge transfer 

from gold to methanol. On the other hand, the red-shift by ammonia and 

butylamine indicates the donation of lone-pair electrons of the nitrogen atoms in 

ammonia and butylamine to Au. A subtle difference in the interaction of VOCs 

with Au must be responsible for the measured difference in the peak shift of the NC 

stretching band. 

Concentration Dependency of Usual VOCs. When VOCs at lower 

partial pressures were passed over the 2,6-DMPI adsorbed PEI-capped Au 

nanoparticle film, it took as much as 4 min for the peak position of the NC 

stretching band to reach a plateau level. The amount of peak shift at the plateau 

level was also dependent on the concentration of VOCs. Among different VOCs, 

the concentration dependencies were different, but their behaviors were 

qualitatively similar to one another. We therefore made a focus specifically on the 

concentration dependencies of carbon tetrachloride and butylamine. Figure 11a 

shows the time-variation of the NC stretching peak position measured under the 

flow of CCl4 vapors at partial pressures of 12.8, 2.56, 1.28, and 0.64 kPa. It is 

evident that at least 3 - 5 min is required for a steady state to be established at 

partial pressures lower than 12.8 kPa. The amount of NC peak shift at 0.64 - 2.56 

kPa is, however, at best 2 - 3 cm-1 lower than that at 12.8 kPa. This may indicate 

that the PEI-capped Au nanoparticles were covered with CCl4 to near saturation at 

a partial pressure above 0.64 kPa (vide infra). The amounts of blue-shift (at 
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plateaus) relative to that measured at 12.8 kPa are plotted in Figure 11b as a 

function of the concentration of CCl4. The smaller peak shift at lower partial 

pressures must be associated with the lower surface coverage of CCl4 in that 

condition. It is remarkable that even a blue-shift of 1 cm-1 was reproducibly 

measured at a partial pressure of 125 mPa. The partial pressure of 125 mPa 

corresponds to 6.5 ppm.  

 A QCM study was conducted to see how much CCl4 could adsorb on an 

Au surface. CCl4 vapor was allowed to flow over a 10 MHz Au electrode; 

according to the Sauerbrey equation,76 the measured frequency change (Δf) can be 

associated with the mass of CCl4 adsorbed on Au (Δm) as follows: Δm = -0.884Δf 

ng/Hz. Surprisingly, no meaningful frequency change was measurable at a partial 

pressure of CCl4 as low as 12.8 kPa. This suggests that the observation of the NC 

stretching peak shift is far more sensitive to the gravimetric method, QCM. In any 

case, at 23 kPa the frequency decrease was measured to be 8.6 Hz, which 

corresponds to the adsorption of 7.59 ng of CCl4 on Au. Since the active area of Au 

in the QCM apparatus was 0.20 cm2, each CCl4 molecule would then be presumed 

to occupy an area of 0.68 nm2. The present QCM experiment dictates that smaller 

amounts of CCl4 should adsorb on Au at 0.64 kPa than at 12.8 kPa and of course 

than at 23 kPa. How then can we rationalize the observation that the amount of 

blue-shift of the NC stretching band at 0.64 kPa is as much as 85% of that 

measured at 12.8 kPa? It is tentatively assumed that the amount of electronic 

charge transferable from Au to CCl4 was quite limited so that were not substantially 

more electrons able to transfer, even though more CCl4 might have been adsorbed 

on Au at 12.8 kPa than at 0.64 kPa (vide supra). However, when the partial 

pressure of CCl4 was lower than 0.64 kPa, a smaller number of electrons were 

actually transferred from Au to CCl4, thereby the amount of blue-shift was 

decreased.  

 In order to gain further insight into the interaction of CCl4 with Au, it was 

attempted to fit the data in Figure 11b to the Langmuir adsorption isotherm.77 

Letting ∆ν̃  be the NC stretching peak shift measured at the plateau level, 
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∆ν̃maxbe its maximum value measured at 12.8 kPa, Kads be the adsorption constant 

of CCl4 onto Au, and [CCl4] be the concentration of CCl4 in kPa, the following 

equation may hold:  

∆ν̃

∆ν̃max
=  

Kads[CCl4]

1 + Kads[CCl4]
 

[CCl4]

∆ν̃
=  

[CCl4]

∆ν̃max
+  

1

Kads∆ν̃max
 

Figure 11c shows a plot drawn for [CCl4]/∆ν̃ versus [CCl4]. The plot exhibits a 

linear relationship between the two values, implying that the Langmuir adsorption 

isotherm is applicable to the present system. From the slope and intercept, Kads is 

calculated to be 13.6 kPa-1. By using this Kads, a theoretical Langmuir isotherm is 

drawn in Figure 11b. As expected, the theoretical Langmuir isotherm fits very well 

with the experimental results. It should be pointed out that the present Kads is 

determined on the basis of the peak shift associated with the charge transfer 

between CCl4 and Au. The value may not necessarily be the same as that 

determined based on the gravimetric method. As described above, QCM is not so 

sensitive to detect the sub-monolayer coverage of VOCs on Au. 

 As described earlier, the effect of butylamine was opposite to that of 

carbon tetrachloride. The NC stretching peak of 2,6-DMPI was red-shifted by as 

much as 12 cm-1. A concentration dependency study was conducted in a similar 

way to CCl4, and the amounts of red-shift (at plateaus) were determined at partial 

pressures ranging from 5 Pa to 26 kPa. Although not shown here, the plot of the 

amounts of red-shift, determined relative to that measured at 26 kPa, drawn versus 

the concentration of BA exhibited a linear relationship, implying that the Langmuir 

adsorption isotherm is applicable to the adsorption of BA onto Au. From the slope 

and intercept, the value of Kads was calculated to be 1.73 kPa-1. By using this Kads, a 

theoretical Langmuir isotherm could be predicted which fitted well with the 

experimental results. The Kads value for butylamine was about one fourth of that 

determined for carbon tetrachloride, however. This might indicate that the electron 

acceptor ability of carbon tetrachloride is more effective than the electron donor 

ability of butylamine when interacting with Au. 
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Figure 11. (a) Time variation of the NC stretching peak position of 2,6-DMPI 

measured under a flow of CCl4 at a partial pressure of 0.64, 1.28, 2.56 or 12.8 kPa. 

(b) Amount of blue-shift of the NC stretching band (at plateaus) relative to that at 

12.8 kPa drawn versus the concentration of CCl4 passed over 2,6-DMPI-adsorbed 

PEI-capped Au nanoparticle film: the solid line is a calculated Langmuir adsorption 

isotherm. (c) A plot of [CCl4]/∆ν̃ drawn versus [CCl4] in which ∆ν̃ is the NC 

stretching peak shift measured at the plateau level in (b) and [CCl4] is the partial 

pressure of CCl4 in units of kPa. 
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Effect of Biogenic VOCs on SERS of 2,6-DMPI on PEI-capped Au. 

SERS spectra of 2,6-DMPI were also taken under the flow of biogenic VOCs, i.e. 

isoprene, (+)-α-pinene (monoterpenes), and farnesol (sesquiterpenes). Figure 12a 

shows a series of time-dependent SERS spectra of 2,6-DMPI measured under the 

flow of (+)-α-pinene at a partial pressure of 15.6 kPa. The spectral pattern of 2,6-

DMPI is invariant except for the NC stretching band. The NC stretching band was 

noticeably red-shifted by exposure to (+)-α-pinene. As collectively shown in Figure 

12b, the NC stretching band has red-shifted from 2157 to 2150 cm-1 within 5 min. 

Consulting the potential-dependent SERS data in Figure 3b of section 3.1., this 

corresponds to a potential change from -0.52 to -0.72 V.  

When the 2,6-DMPI-adsorbed Au film was exposed to isoprene, the NC 

stretching band was red-shifted, similarly to the case of (+)-α-pinene, but the band 

was blue-shifted upon contact with farnesol. Although the measured spectra are not 

shown, the ring associated bands of 2,6-DMPI are barely affected by these biogenic 

VOCs either. The time-variation of the NC peak position is also shown in Figure 

12b: these data were also obtained at 15.6 kPa as the case of (+)-α-pinene. Once 

again, the NC stretching band was shifted rapidly within 5 min for both cases of 

farnesol and isoprene. The amount of blue-shift by farnesol was as much as 10 cm-1, 

while the amount of red-shift by isoprene was 4 cm-1. Consulting the potential-

dependent SERS data in Figure 3b of section 3.1., these correspond to a potential 

change from -0.52 to -0.24 V by farnesol and from -0.52 to -0.62 V by isoprene. 

These data clearly indicate that the electronic charge transfer takes place from Au 

to farnesol, which thus acts as an electron acceptor, while isoprene and (+)-α-

pinene act as electron donors to Au.  
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Figure 12. (a) A series of time-dependent SERS spectra of 2,6-DMPI measured 

under a flow of (+)-α-pinene at a partial pressure of 15.6 kPa: from bottom to top 

measured after 0, 2, 6, 10, and 14 min of flow, respectively. (b) Time variation of 

the NC stretching peak position under flows of (+)-α-pinene, isoprene, and farnesol, 

at a partial pressure of 15.6 kPa. 

 

Concentration Dependency of Biogenic VOCs. Figure 13a shows the 

time-variation of the NC stretching peak position of 2,6-DMPI measured under the 

flow of (+)-α-pinene at 0.78~15.6 kPa. At lower concentrations, more time was 

required for the NC band to reach a plateau level. The amount of red-shift at the 

plateau level was dependent on the concentration of VOCs. For instance, the NC 

stretching band was red-shifted by up to 5 cm-1 at 0.78 kPa, while it was red-shifted 
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by up to 7 cm-1 at 15.6 kPa. The lower peak shift is associated with the lower 

surface coverage of VOCs. In this sense, it is noteworthy that even at a partial 

pressure of 1.56 Pa, the peak shift of 1 cm-1 could be reproducibly measured. Since 

1.56 Pa corresponds to 68 ppm, the observation of NC peak shift by SERS is an 

effective tool even for the identification of biogenic VOCs.  

In order to gain information on the adsorption behavior of biogenic VOCs 

on Au, the data have been further analyzed in Figure 13a. No further NC peak shift 

occured when the partial pressure of VOCs was greater than 15.6 kPa. On this 

ground, Figure 13b shows the relative peak shift (measured against the NC peak 

position at 15.6 kPa) drawn against the partial pressure of (+)-α-pinene. As 

assumed above, the lower peak shift can be attributed to the lower surface coverage 

of (+)-α-pinene. It was thus attempted to fit the data in Figure 13b to the Langmuir 

adsorption isotherm.77 The isotherm equation is given by 

 

Δν̃

Δν̃max

 = 
 K ads [(+)-α-pinene ]

1+K ads [(+)-α-pinene ]
 

[(+)-α-pinene ]

Δν̃
 = 

[(+)-α-pinene] 

Δν̃max

 + 
 1

K adsΔν̃max

 

 

where ν̃ is the NC stretching peak shift at the plateau level, ν̃max is its maximum 

value measured at 15.6 kPa, Kads is the adsorption constant of (+)-α-pinene onto 

PEI-capped Au nanoparticles, and [(+)-α-pinene] is the concentration of (+)-α-

pinene in kPa. The plot, i.e. [(+)-α-pinene]/ν̃ against [(+)-α-pinene] in Figure 13c 

is almost linear, suggesting the appropriateness of the Langmuir adsorption model. 

From the ratio of the intercept and slope, Kads is calculated to be 3.27 kPa-1. By 

using this value, a theoretical Langmuir adsorption model is drawn as a solid line 

in Figure 13b. The theoretical values match very well with the experimental results. 

Although not shown here, the interaction of isoprene and farnesol with Au can also 

be described in terms of the Langmuir adsorption isotherm.   
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Figure 13. (a) Time variation of the NC stretching peak position of 2,6-DMPI 

measured under a flow of (+)-α-pinene at a partial pressure of 0.78, 1.56, 7.8, and 

15.6 kPa (from top to bottom). (b) Amount of blue-shift of the NC stretching band 

(at plateaus) relative to that at 15.6 kPa drawn versus the concentration of (+)-α-

pinene passed over 2,6-DMPI-adsorbed PEI-capped Au nanoparticle film: the solid 

line is a calculated Langmuir adsorption isotherm. (c) A plot of [(+)-α-pinene]/ν̃ 

drawn versus [(+)-α-pinene] in which ν̃ is the NC stretching peak shift measured 

at the plateau level in (b) and [(+)-α-pinene] is the partial pressure of (+)-α-pinene 

in units of kPa. 
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4. Summary and Conclusions 

 Organic isocyanide (such as 2,6-DMPI) adsorbed on a noble metal 

nanostructure can be used as a platform for VOC sensor operating via SERS. This 

is possible since the NC stretching band is very susceptible to the surface potential 

of Au onto which 2,6-DMPI is assembled. The surface potential of Au 

nanoparticles is even subject to change by VOCs, which can be easily monitored 

by the SERS of 2,6-DMPI. The variation of the NC stretching band of 2,6-DMPI 

on Au not only by usual VOCs such as CCl4, methanol, ammonia, and butylamine 

but also by biogenic VOCs such as isoprene, farnesol, and (+)-α-pinene was clearly 

demonstrated. The amount of peak shift was dependent on the concentration of 

VOCs. The NC stretching peak shift versus the partial pressure of VOCs could be 

fitted to the Langmuir adsorption isotherm. The detection limit in this work is far 

superior to the results obtained via other techniques, especially those operating 

based on gold nanoparticles and aggregates. 
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3.3. Cyanide SERS : A Useful Platform to Detect Both VOCs and 

Hazardous Metal Ions 

 

1. Introduction 

The detection of VOCs by monitoring the SERS of 2,6-DMPI was 

possible since firstly, organoisocyanides were readily adsorbed on SERS-active 

metals such as Ag and Au by the formation of an M–C bond, secondly, the intrinsic 

stretching frequency of isocyanide group observable at 2100 ~ 2300 cm-1 was very 

different from the usual group frequencies of organic compounds, with the added 

benefit that the associated scattering intensity was very high, and thirdly, once 

bound to metals, the NC stretching frequency varied by as much as 36 cm-1 per 1 V 

variation of the metal electrode.45,78-79 Isocyanides, R–NC, are geometric isomers 

of nitriles R–CN. Both consist of a carbon atom triple-bonded to a nitrogen atom, 

bound to an organic moiety “R” via either the nitrogen or carbon lone pair of 

electrons.80 Considering the two separate lone pair electrons on the C and N atoms, 

the cyanide anion CN– itself should then undoubtedly be a potent ligand especially 

for transition metals.81-83 The very high affinity of the cyanide anion to metals can 

be attributed to its negative charge, compactness, and ability to engage in π-

bonding.84-87 Normally, metal atoms bind to the carbon atom rather than to the 

nitrogen, definitively owing to the formation of stronger bonds with C than with 

N.88-92 Well-known transition metal complexes include hexacyanides, tetracyanides, 

and even dicyanides.81,93 

In this section, the cyanide anion is demonstrated to be a far better 

adsorbate than are isocyanides for the detection of VOCs by means of SERS. 

Adsorption of the cyanide anion on a metal electrode is accompanied by the 

variation in the CN stretching frequency by nearly twice that of isocyanide in 

response to an external electric field. A greater peak shift can therefore be expected 

when CN (instead of 2,6-DMPI) on Au is exposed to VOCs. Another advantage 
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associated with the nitrogen lone-pair electrons of the cyanide anion is that, 

whereas metal ions present in solution cannot be identified directly by vibrational 

spectroscopy, metal ions (especially transition metal ions) are able to bind to the 

pendant nitrogen lone pair of electrons of CN on Au, resulting in the shift of the 

CN stretching band. The presence of those metal ions can then be detected by 

monitoring the shift of the CN stretching band using SERS. As such, this section 

clearly demonstrates the usefulness of the cyanide SERS not only for the detection 

of VOCs but also for the detection of hazardous metal ions as well. 

  



 

112 

 

2. Experimental 

 Chemicals. Potassium cyanide (KCN, 98+%), potassium chloride (KCl, 

99%), sodium chloride (NaCl, 99%), sodium perchlorate (NaClO4, 99%), ferrous 

nitrate (Fe(NO3)2, 98%), and ferric nitrate (Fe(NO3)3, 98%) were purchased from 

Samchun Chemical Co. Sodium nitrate (NaNO3, 99%), sodium sulfate (Na2SO4, 

99%), sodium hydrogen sulfate (NaHSO4, 95%), and sodium carbonate (Na2CO3, 

99%) were purchased from Duksan Chemical Co. Sodium hydrogen carbonate 

(NaHCO3, 99.9%), sodium phosphate (Na3PO4, 96%), sodium hydrogen phosphate 

(Na2HPO4, 99%), sodium dihydrogen phosphate (NaH2PO4, 91%), chromium 

nitrate (Cr(NO3)3, 99%), manganese nitrate (Mn(NO3)2, 97%), cobalt nitrate 

(Co(NO3)2, 98%), nickel nitrate (Ni(NO3)2, 98.5%), farnesol (95%), (+)--pinene 

(98.5%), and Au foil (0.05 mm thick) were purchased from Sigma-Aldrich Co. 

Carbon tetrachloride (CCl4, 99%) was purchased from Janssen Chimica Co. Triply 

distilled water of resistivity greater than 18.0MΩcm was used throughout, and 

unless specified, all the other chemicals used were of reagent grade. 

 Preparation of CN-adsorbed Au substrate. A SERS-active Au substrate 

was prepared via oxidation-reduction cycling (ORC) of an Au foil in 0.1 M KCl 

solution by sweeping consecutively at 1 V/s between -0.8 and +1.0 V versus a 

saturated Ag/AgCl electrode.40 Cyanide was assembled onto the Au surface by 

soaking the Au substrate in 0.1 mM aqueous solution of KCN for 3 h. As described 

in section 3.2, the VOC sample was prepared by first flushing a volumetric flask (1 

L) with N2 after which it was capped with a rubber septum at atmospheric pressure. 

Using a syringe, a measured quantity of organics, i.e. CCl4 or NH3 or farnesol or 

(+)--pinene, was introduced into the volumetric flask through the rubber septum 

and allowed to vaporize completely. About 50 mL of the mixed gas was extracted 

using a syringe, and was subsequently set to flow through a glass capillary 

containing a CN-adsorbed Au electrode. 

Instrumentation. The flow of VOCs through the glass capillary tube was 

controlled using a syringe pump (Model 341, SAGE Instruments, Inc.). The 632.8 

nm radiation from a 17 mW He/Ne laser (Spectra Physics Model 127) was used as 
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the excitation source for Raman spectral measurement, and the power at the 

sampling position was ~0.17 mW. The spectral peak intensity was normalized with 

respect to that of the silicon wafer at 520 cm-1. The potential of the electrochemical 

cell was controlled using a potentiostat (Model 660A, CH Instruments), employing 

CHI 660A electrochemical analyzer software (version 2.03) running on an IBM-

compatible PC. All potentials are reported with respect to the saturated Ag/AgCl 

electrode.  
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3. Results & Discussion 

 

 

Scheme 3. Schematic representations of cyanide SERS as a platform for detection 

of volatile organic compounds and hazardous transition metal ions. 

 

 

 Normal Raman and SERS Spectrum of Cyanide on Au. Figures 14a 

and b show the normal Raman (NR) spectra of KCN and AgCN, respectively, in 

the solid state. The CN stretching band is observed at 2074 cm-1 in Figures 14a, but 

at 2164 cm-1 in Figures 14b. This remarkable difference (as much as 90 cm-1) in the 

CN stretching frequency is most probably associated with the bonding mode of the 

cyanide ion with potassium and silver ions. The interaction of cyanide with K+ is 

ionic, whereas the interaction with the silver ion is primarily covalent.94,95 It is 

recognized that both the carbon and nitrogen lone-pair electrons of the cyanide 

anion have anti-bonding character.81 The donation of the lone pair electrons to 

silver during the formation of the covalent bond necessarily results in a significant 

blue-shift of the CN stretching band. Owing to the ionic nature of the bond, the 

cyanide ion in KCN can be regarded as a free anion given that the lone pair 

electrons are not shared with potassium. This is evident from the NR spectrum of 

KCN dissolved in water (not shown) where the CN stretching band in the solution 
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spectrum is largely similar to that in the solid state spectrum. Figures 14c shows the 

SERS spectrum of cyanide adsorbed on an ORC-roughened Au substrate. The CN 

stretching band is observed at 2126 cm-1 in the SERS spectrum, indicative of a 

blue-shift of ca. 52 cm-1 upon adsorption on the Au surface.90 The extent of the 

blue-shift is about one-half of that observed in the NR spectrum of AgCN. This 

may be reflective of the lower covalency of the Au–CN bond relative to the Ag–CN 

bond. However, it should be recognized that both the carbon and nitrogen lone pair 

electrons were donated from the anion (to the cation) in AgCN, whereas only the 

carbon lone pair electrons were donated in the surface adsorption of cyanide on Au. 

It is also noteworthy that the CN stretching band in Figures 14c is four times 

broader than that in Figures 14a or b, specifically, the CN stretching band was 

broadened from 8 to 30 cm-1 upon adsorption on Au. This broadening is postulated 

to be associated with the efficient vibrational energy relaxation channel provided 

by the metallic substrate, Au.   

 

 

 

Figure 14. Normal Raman (NR) spectra of (a) KCN and (b) AgCN in solid state. (c) 

SERS spectrum of cyanide adsorbed on an ORC-roughened Au substrate. 
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Potential-Dependent SERS Spectra of Cyanide on Au. Figures 15a 

shows a series of SERS spectra of cyanide on Au, measured as a function of the 

electrode potential in 0.1 M NaClO4 aqueous solution; the working electrode was 

the same Au electrode used to measure the SERS spectrum shown in Figures 14c. 

It should be mentioned that spectra similar to those in Figures 15a were obtained in 

0.01 M and 0.5 M NaClO4 solutions, indicating that the position of the CN 

stretching peak was determined solely by the applied electrode potential. Figures 

15b shows the variation of the CN stretching frequency as a function of the applied 

potential. The plot is linear with a slope of 56 cm-1/V. The positive slope can be 

understood by referring to the mode of bonding of cyanide to Au.87 As the potential 

becomes more positive, there is an increased  donation from the C atom to Au, 

resulting in an increase in the bond order of the CN bond. The converse is true 

when the potential is lowered. Notably, the CN stretching frequency observed at 

negative potentials, for instance, 2100 cm-1 at -0.6 V, is higher than that 

corresponding to free cyanide in Figures 14a. This indicates that the back-donation 

from Au to the CN * orbitals makes only a minor contribution to the spectral 

profile of cyanide adsorbed on Au. As mentioned in the Introduction, the NC 

stretching band of 2,6-DMPI varies by ~36 cm-1 per 1 V variation of the electrode 

potential, which is about two-thirds of the variation observed for cyanide adsorbed 

on Au. This greater potential dependence for the cyanide on Au is plausibly 

associated with the presence of the lone-pair of electrons not only in the carbon 

atom but also in the nitrogen atom in cyanide. VOCs may then be more easily 

detected using cyanide on Au than 2,6-DMPI on Au. 

 

 

 

 

 

 

 



 

117 

 

 

 

Figure 15. (a) A series of SERS spectra of cyanide on Au measured as a function of 

the electrode potential in 0.1 M NaClO4 aqueous solution. (b) Plot of variation of the 

CN stretching frequency in (a) versus the applied potential. 

 

Effect of VOCs on SERS of Cyanide on Au. The SERS spectra of 

cyanide on Au (placed inside a glass capillary) were acquired under a flow of 

various VOCs. The SERS spectral pattern of cyanide was independent of the flow 

rate of the VOCs in the range of 0.3 ~ 13 mL/min; the flow rate of the VOCs was 

thus set to 8 mL/min. The position of the CN stretching band maximum was 

sensitive to the type of VOCs. Figures 16a shows the CN stretching peak of 

cyanide recorded under a flow of CCl4 at a partial pressure of 12 kPa. No peak due 

to CCl4 was detectable, but the CN stretching band of cyanide was blue-shifted 

from 2126 to 2146 cm-1 within 30 s. Based on the potential-dependent SERS data 

presented in Figures 15b, this shift corresponds to a potential change from -0.1 to 

+0.26 V. As also shown in Figures 16a, passing 12 kPa of NH3 over cyanide on Au 

effected a red-shift of the CN stretching band by as much as 21 cm-1; again, no 
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peak due to NH3 was detectable. This shift corresponds to a potential change from -

0.1 to -0.47 V. The red-shift of the CN stretching band induced by NH3 indicates 

the donation of lone-pair electrons from ammonia to Au, whereas the blue-shift 

induced by CCl4 is indicative of charge transfer from gold to CCl4. As expected 

from the potential-dependent data in Figures 15b, the extent of the red- or blue-

shift measured using CN on Au in this work is 1.5 times greater than that measured 

using 2,6-DMPI on Au. This implies that the effect of VOCs on Au is the same 

regardless of the kind of adsorbate (CN– or 2,6-DMPI). However, owing to the 

greater potential dependence, the system comprising CN on Au is more sensitive 

for the detection of VOCs than 2,6-DMPI on Au.  

 

 

Figure 16. CN stretching peak of cyanide measured under a flow of (a) CCl4 or 

NH3 at a partial pressure of 12 kPa and (b) farnesol or (+)--pinene at a partial 

pressure of 15 kPa. 
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The early detection of biogenic VOCs remains a challenging task 

especially because of the ubiquitous and reactive nature of VOCs.97,98 As referred 

in section 3.2, no device has yet been developed for their detection via vibrational 

spectroscopy owing to their low detectability. In this light, it was examined the 

extent of the effect of biogenic VOCs on the stretching band of CN on Au. Figures 

16b shows the SERS spectra of cyanide measured under a flow of either farnesol or 

(+)--pinene at a partial pressure of 15 kPa. Under the flow of farnesol, the CN 

stretching band was blue-shifted by 20 cm-1 within 30 s, whereas under the flow of 

(+)--pinene, the band was red-shifted by 10 cm-1. As similarly in section 3.2, 

these data clearly indicate that electronic charge transfer takes place from Au to 

farnesol, whereby farnesol acts as an electron acceptor, whereas (+)--pinene acts 

as an electron donor to Au. The present observation suggests that the cyanide on Au 

system can be used as a platform for a biogenic VOC sensor operating via SERS. It 

was thus performed more in-depth examination of the temporal variation of the CN 

stretching peak position of cyanide under the flow of farnesol at 0.5 ~ 10 kPa. 

Figures 17a demonstrates that at lower concentrations, more time was required for 

the CN band to reach a plateau level, we saw in section 3.2. The extent of the blue-

shift at the plateau level was also dependent on the concentration of the VOCs. For 

instance, the CN stretching band was blue-shifted by 16 cm-1 at 0.5 kPa, whereas 

this band was blue-shifted by up to 20 cm-1 at 10 kPa. It is nonetheless noteworthy 

that even at a partial pressure of 1 Pa, a peak shift of 2 cm-1 can be reproducibly 

measured. Given that 1 Pa corresponds to 76 ppm, the observation of the shift of 

the CN peak due to SERS is an effective tool for the identification of biogenic 

VOCs (more than 2,6-DMPI on Au). A plot of [farnesol]/∆ν̃ against [farnesol] is 

given in Figure 17b in which ∆ν̃ is the CN stretching peak shift measured at the 

plateau level in Figure 17a and [farnesol] is the partial pressure of farnesol in units 

of kPa. As in section 3.2, the plot is linear, suggesting that the interaction of 

farnesol with Au can be described by the Langmuir adsorption isotherm.77 
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Figure 17. (a) Temporal variation of the CN stretching peak position of cyanide under 

a flow of farnesol at 0.5 ~ 10 kPa. (b) Plot of [farnesol]/∆ν̃ versus [farnesol]. 

 

Effect of Metal Ions in Solution on SERS of Cyanide on Au. As a 

control experiment, it was first examined whether and how anions affect the CN 

stretching peak of cyanide adsorbed on Au. For this purpose, a 5 L aliquot of 1 

mM aqueous solution of a sodium salt such as NaCl, NaNO3, Na2SO4, NaHSO4, 

Na2CO3, NaHCO3, Na3PO4, Na2HPO4, NaH2PO4, and NaClO4 was dropped onto a 

film of cyanide on an ORC-roughened Au electrode, after which the Au electrode 

was subjected to Raman spectral measurement. The CN stretching peak was 

invariant with respect to the type of anion, consistently appearing at 2126 cm-1. 

Notably, this frequency is the same as that in Figure 14c, which suggests that the 

anions exert a negligible effect on the surface potential of Au nanostructures. The 
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sodium cation is also apparently ineffective for producing a change in the CN 

stretching frequency, implying that its interaction with the nitrogen lone pair 

electrons is negligibly weak. The CN stretching band of cyanide on Au was, 

however, markedly affected by contact with transition metal cations. For instance, 

the CN stretching band underwent an immediate blue-shift by as much as 37 cm-1 

upon contact with 1 mM aqueous solutions of CoCl2, Co(CH3CO2)2, CoCO3, or 

Co(NO3)2. Given that the degree of the blue-shift was the same irrespective of the 

anion species, the peak shift is ascribed to the interaction of Co2+ ions with the lone 

pair of electrons on the nitrogen of the cyanide anions on the Au substrate. The 

immediate and notable blue-shift suggests that the stability constant of the cobalt(II) 

isocyanide complex must be very high.  

The existence of concentration dependence was evaluated in the detection 

of the shift of the CN stretching band due to the Co2+ ion. For that purpose, 5 L of 

1 fM ~ 1 M Co(NO3)2 solution was dropped onto a film of cyanide on Au. An 

immediate shift of the CN stretching band was apparent even upon application of 1 

fM Co(NO3)2, suggesting that formation of the cobalt(II)-isocyanide complex is a 

kinetically favorable process. Figure 18a shows the Raman spectra of the CN 

stretching region measured after addition of 1, 10, or 100 fM Co(NO3)2 solution. At 

>100 fM Co(NO3)2, the CN stretching band occurs as a single peak with a 

maximum at 2163 cm-1. At <100 fM Co(NO3)2, however, the CN stretching band is 

asymmetric. Specifically, at 10 fM Co(NO3)2, the CN stretching band is inclined 

toward higher frequency, with a shoulder peak at 2126 cm-1. The latter peak is 

ascribed to CN that does not undergo coordination with the Co2+ ion (see the 

reference spectrum in Figure 18a). On the other hand, the CN band acquired with 1 

fM Co(NO3)2 is asymmetrically skewed toward lower frequency. The band can be 

decomposed into two clear components, one centered at 2126 cm-1 and the other 

centered at 2163 cm-1. The normalized intensities of the decomposed peaks are 

plotted in Figure 18b as a function of the concentration of Co(NO3)2 solution. The 

present data clearly illustrate that the cobalt ion can be reproducibly detected at a 

concentration as low as 1 fM by exploiting the SERS of CN-adsorbed on Au.  
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Figure 18. (a) SERS spectra of cyanide on Au measured after application of 1, 10, or 

100 fM Co(NO3)2 solution. (b) Normalized intensities of Lorentzian peaks at 2126 and 

2163 cm-1 in (a) plotted as a function of the concentration of Co(NO3)2 solution applied 

to cyanide on Au.  

 

It is well known that most transition metals form cyanide complexes, 

having varying degrees of solubility.99 In particular, the transition metals Cr 

through Ni form very stable cyanide complexes. The binding strength of metal ions 

to the nitrogen lone-pair electrons in CN– is, however, comparable, or at least 

proportional, to binding with the carbon lone-pair electrons. In this light, the effect 

of Cr3+, Mn2+, Fe2+, Fe3+, Co2+, and Ni2+ ions on the Raman spectrum of cyanide on 

Au was evaluated, as shown in Scheme 3. As above, a 5 L aliquot of 1 mM 

aqueous solutions of nitrate salts of these ions was dropped onto cyanide on Au, 

and the shift of the CN stretching band was monitored. As anticipated, the peak-

shift occurred immediately after application of the salt solutions. A blue-shift 

occurred in all cases, and the extent of the shift was highly dependent on the nature 

of the metal ions. Specifically, the CN stretching band was observed at 2190, 2147, 

2163, 2186, 2161, and 2154 cm-1 for the application of Cr3+, Mn2+, Fe2+, Fe3+, Co2+, 

and Ni2+ ions, respectively (See Figure 19); the corresponding magnitudes of the  
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Figure 19. SERS spectra of cyanide on Au measured after application of 5 L of 1 

mM nitrate solutions of Cr3+, Mn2+, Fe2+, Fe3+, Co2+, or Ni2+ ions. 

 

blue-shift were thus 64 cm-1 for Cr3+, 60 cm-1 for Fe3+, 37 cm-1 for Fe2+, 35 cm-1 for 

Co2+, 28 cm-1 for Ni2+, and 21 cm-1 for Mn2+. The CN stretching peaks observed 

after application of the Cr3+ and Fe3+ ions were comparable to each other and more 

intense than those measured after the application of Mn2+, Fe2+, Co2+, and Ni2+ ions. 

The magnitude of the blue-shift evidently increased in proportion to the ionic 

charge. The formation constants of the cyano complexes of transition metal ions 

are, in general, formidable, and in usual cases it is difficult to differentiate their 

values. Irrespective of this similarity, the CN stretching frequency is, nevertheless, 

clearly dependent on the nature of the transition metal ions. For instance, the 

formation constants (pKa’s) of Fe(CN)6
4-, Ni(CN)4

2-, and Zn(CN)4
2- are known to 

be -35.4, -30.0, and -19.6, respectively.25 The extent of the CN peak shift measured 

herein was 37 cm-1 for Fe2+, 28 cm-1 for Ni2+, and 16 cm-1 for Zn2+, which 

correlated well with the formation constants even though the latter values were 

very large. This is suggestive of the possibility that cyanide SERS may be 

applicable in the detection of hazardous transition metal ions even for 

concentrations as low as the femto molar level.  
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4. Summary and Conclusions 

Cyanide adsorbed on nanostructured Au is demonstrated to be a very 

useful system for the detection of not only VOCs but also transition metal ions by 

means of SERS. This is associated with the susceptibility of the CN stretching 

frequency of cyanide on Au to the variation of the surface potential of the Au 

nanostructures that occurs in response to the adsorption of VOCs onto these 

surfaces. It is also associated with the susceptibility to the binding of transition 

metal cations onto the pendant nitrogen atom, which reduces the anti-bonding 

character of the nitrogen lone pair of electrons. The CN stretching band underwent 

a blue-shift by up to 20 cm-1 in response to a typical biogenic VOC farnesol, 

whereas the band was red-shifted by 10 cm-1 in response to the typical biogenic 

VOC (+)--pinene. This method must be highly sensitive (more than the system of 

2,6-DMPI on Au) given that the peak shift of 2 cm-1 could be reproducibly 

measured even at a partial pressure of 1 Pa, corresponding to 76 ppm of farnesol. 

The CN stretching band was also demonstrated to undergo a blue-shift by up to 60 

~ 64 cm-1 in the presence of trivalent cations such as Fe3+ and Cr3+, whereas the 

band was blue-shifted by 26 ~ 35 cm-1 in the presence of divalent metal ions such 

as Mn2+ and Fe2+. The present SERS method is regarded as very promising because 

transition metal ions were detectable at concentration levels as low as 1 fM. 
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Abstract (Korean) 

 

 금속 나노입자의 2 차원 배열은 나노 디바이스의 응용 가능성 

때문에 많은 주목을 받아왔다. 그래서 최근 몇 년간 균일한 나노입자의 

제조뿐만 아니라 2 차원 자기 조립에 관한 많은 연구가 진행되었다. 본 

연구에서는 폴리에틸렌이민을 환원제와 안정제로 이용하여 금, 은 

전구체를 환원시켜 나노입자를 제조한 후 이를 수용액상에 분산시킨 후 

톨루엔과 벤젠치올을 가하여 물-톨루엔 계면에서 벤젠치올과 결합한 

나노입자의 2 차원 구조체를 만들었다. 또한 이를 편평한 유리뿐만 

아니라 유리 모세관의 내벽, 면섬유, 실리카 비드 등 기질의 종류나 

형태에 특별히 제한받지 않고 마찬가지 방법으로 코팅할 수 있었다. 

만들어진 금, 은 나노입자 필름은 장시간 안정적이며 균일한 표면 증강 

라만 세기를 가짐을 확인하였다. 또한 흡착된 벤젠치올은 표면 증강 

라만 산란 활성세기를 그대로 유지하며 흡, 탈착이 가능하기 때문에 

유기분자의 흡, 탈착 동력학적 연구를 할 수 있었다. 특히 

폴리에틸렌이민은 양전하를 띄는 고분자이므로 이로 만들어진 은 

나노입자 필름은 전하를 띄고 있는 염료분자를 표면 증강 라만 산란과 

표면 증강 형광을 통해 효과적으로 검출할 수 있음을 입증하였다.  

 나노 구조체에 흡착한 유기 아이소니트릴 분자의 NC 신축 진동 

파동수는 나노 구조체의 표면 전하 (표면 전위)에 민감하다. 이 사실을 

바탕으로 외부 환경 변화에 대한 나노 입자의 표면 전위 변화를 

아이소니트릴 분자의 표면 증강 라만 산란 스펙트럼을 통해 알아 보았다. 

첫번째로 폴리에틸렌이민으로 환원된 금 나노 입자에 2,6-

디메틸페닐아이소시아나이드를 흡착시켜 외부의 pH 를 변화 시키면, 

나노입자를 둘러싸고 있는 폴리에틸렌이민의 1 차 아민의 pKa 값과 

비슷한 pH 8.5 에서 NC 신축 진동 파동수가 급격하게 변하는 것을 

확인하였다. 더 나아가 금 나노 입자의 표면 전위는 음이온/양이온 
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고분자 전해질의 교환적 적층에 의해서도 바뀌며 그 정도가 층이 

높아질수록 점차 감소함을 확인하였다. 둘째, 아이소니트릴분자가 흡착된 

나노 구조체가 휘발성 유기 기체 분자를 검출할 수 있는 센서로 사용될 

수 있음을 입증하였다. 이는 나노 입자가 유기 기체 분자와 상호 작용 

하면서 전자를 주거나 받아 나노 입자의 표면 전하가 바뀌게 되기 

때문이다. 마지막으로 나이트릴이 흡착된 나노 구조체가 

아이소나이트릴이 흡착된 나노 구조체보다 더 효과적으로 휘발성 유기 

기체 분자를 검출할 수 있음을 입증하였다. 또한 전이금속이 나이트릴 

이온의 질소 비공유 전자쌍과 결합하여 CN 신축 진동수를 변화시켜 

낮은 농도까지 효과적으로 검출 가능함을 확인하였다.  

 

주요어: 표면 증강 라만 산란, 나노 구조, 금 나노 입자, 은 나노 입자, 

금 나노 입자, 폴리에틸렌이민, 아이소나이트릴, 표면 전위, NC 신축 

진동 파동수, 표면 증강 형광 
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