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Surface-enhanced Raman scattering (SERS) of pyridine adsorbed on ultrathin nanocrystalline Au and Ag

films generated at the liquid–liquid interface has been investigated. The shifts and intensification of

bands formed with these films comprising metal nanoparticles are comparable to those found with other

types of Au and Ag substrates. SERS of rhodamine 6G adsorbed on Ag films has also been studied. The

results demonstrate that nanocrystalline metal films prepared by the simple method involving the

organic–aqueous interface can be used effectively for SERS investigations.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the first observation by Fleishmann et al. [1] in 1974, sur-

face-enhanced Raman scattering (SERS) has been employed exten-

sively as an important tool for molecular detection. Because of the

enhanced vibrational signals, low detection limits, and good adsor-

bate selectivity, SERS has a good potential for applications in vari-

ous areas. Surface roughness, particle size and shape, the nature of

the analyte and the wave length of laser excitation are the impor-

tant factors that determine the magnitude of surface enhancement

[2–7]. The two major enhancement mechanisms are the electro-

magnetic (EM) enhancement associated with the large local fields

caused by surface plasmon resonance and the chemical enhance-

ment caused by chemical interaction between the molecule and

the metal surface. In noble metals, EM enhancement plays a dom-

inant role. In early studies on SERS, roughened Au and Ag surfaces

were used as substrates. SERS studies based on Ag [1,8–15], Au

[8,9,16–19] and other metals such as Pt, Ru, Rh, Pd, Fe, Co and Ni

[20–25] as well as the metallic oxide ReO3 [26] have been reported.

Since wider applications of SERS depend on the development of

highly enhancing substrates, there have been efforts to develop im-

proved substrates for enhancement. Thus, Yan and co-workers [27]

used silver-coated zeolite crystals as SERS substrates while Wei et

al. [28] find Ag films to be more Raman active than clusters or

nanocrystals. Chaney et al. [29] found SERS activity of Ag nanorod

arrays to depend on the length of the rods. Reproducibility of SERS

signals from place to place on films is generally not satisfactory.

Atomic layer deposition and template electrodeposition have been

employed to obtain uniform and reproducible SERS signals from

films [30,31]. Wang and co-workers [32] have studied the effect

of the morphology of Au films on the SERS signal. Bimetallic Au-

Ag structures have also been employed as SERS substrates [33,34].

Since films are desirable substrates for SERS, we considered it

important to investigate SERS activity of molecules on nanocrystal-

line films of Au and Ag which can be readily prepared at the organ-

ic–aqueous interface [35–37]. This technique of preparing film

substrates is simple and involves generating the metallic films at

the interface by the reaction of a metal precursor in the organic

phase with a reducing agent in the aqueous phase. The films so-

prepared contain nanoparticles of Au or Ag whose diameter can

be varied by varying the temperature. Reaction parameters such

as temperature, reaction time, concentrations of the metal precur-

sor and the reducing agent, and the viscosity of the aqueous layer

affect the nature and properties of the nanocrystalline films

[36,37]. An additional advantage of the films generated at the

interface is that they are easily transferred onto solid substrates.

In this article, we present the results of our investigations of SERS

of pyridine and rhodamine 6G on ultrathin nanocrystalline metallic

films formed at the organic–aqueous interface.

2. Experimental

Nanocrystalline films of gold were prepared using Au(PPh3)Cl

(Ph = phenyl) and Ag(PPh3)4NO3 as precursors by the literature

procedure [38,39]. Tetrakishydroxymethylphosphonium chloride

(THPC) was used as the reducing agent. In a typical preparation,

10 mL of a 1.5 mM solution of Au(PPh3)Cl in toluene was allowed
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to stand in contact with 16 mL of 6.25 mM aqueous alkali in a

100 mL beaker at room temperature. Once the two layers stabi-

lized, 330 lL of 50 mM THPC solution in water was injected into

the aqueous layer using a syringe with minimal disturbance to

the toluene layer. The onset of reduction was marked by a faint

pink coloration of the toluene–water interface. The reduction was

allowed to proceed without disturbance for a few hours. With

the passage of time, the color became more vivid, finally resulting

in a robust elastic film at the liquid–liquid interface [35]. To vary

the particle size, the films were formed at different temperatures.

Films of Ag were prepared by a similar procedure [35]. Nanocrys-

talline films of gold were also prepared by using hydrazine hydrate

(50 lL in 20 mL water) as the reducing agent, maintaining the tem-

perature at 323 K. Au–Ag alloy films were prepared using the pro-

cedure reported in the literature [40]. Alloy formation was

confirmed by changes in the visible spectra wherein the plasmon

band shifts with the composition. 1:1 ratio of metal precursors

(1.5 mM) in 10 mL toluene formed the organic layer and 16 mL

6.25 mM NaOH formed lower aqueous layer. 330 lL 50 mM THPC

was used as reducing agent, and the temperature maintained at

348 K. The nanocrystalline films were characterized by transmis-

sion electron microscopy (TEM) and other techniques. The thick-

ness of the films was generally around 60 nm. Properties of the

films were entirely reproducible, provided the conditions of prep-

aration were kept the same.

For SERS measurements, we used pyridine and rhodamine 6G

(Rh6G) solutions in water. For each measurement 10 lL of the

liquid analyte was dropped on nanocrystalline metallic film on a

silicon wafer. Raman spectra were recorded with a LabRAM HR

high-resolution Raman spectrometer (Horiba-Jobin Yvon) using a

He�Ne laser (k = 632.8 or 514 nm). We have obtained relative

enhancement ratios (R) of the adsorbate bands relative to those

of the pure liquid [25,41,42] and have estimated the values of sur-

face enhancement factor (EF). The relative enhancement ratio, R, is

defined as the relative intensity of the Raman band of liquid ana-

lyte adsorbed on the nanocrystalline film divided by the relative

intensity of corresponding band of liquid pyridine or Rh6G solu-

tion. The surface enhancement factor, EF, was calculated by the

equation [3,19],

EF ¼ ðISERS=IbulkÞðNbulk=NadsÞ

where ISERS, Ibulk, Nbulk and Nads respectively represent the measured

SERS intensity of adsorbed molecules on the Au/Ag nanocrystalline

film, the normal Raman intensity from the liquid analyte, the num-

ber of probe molecules under laser illumination in the bulk sample,

and the number of probe molecules on the nanocrystalline film

respectively. Nads is calculated from the average radius of adsorbate

nanoparticles, the surface density of the adsorbate molecule, the

area of the laser spot, and surface coverage of adsorbate nanoparti-

cles. Nbulk was obtained from the area of the laser spot, the penetra-

tion depth, the density of the analyte, and the molecular weight of

the analyte. SERS measurements were made on different places of a

given sample to ensure reproducibility of the results.

3. Results and discussion

We first carried out SERS of pyridine on nanocrystalline Au films

generated at the liquid–liquid interface by using THPC as the

reducing agent. In Fig. 1a–c, we show TEM images of the Au nano-

crystalline films formed at different temperatures. The Au particles

in the films formed at 298, 313 and 348 K had average diameters of

10, 12 and 15 nm respectively. Fig. 2A shows the Raman spectra of

Fig. 1. TEM images of the ultrathin nanocrystalline Au films obtained at the liquid–liquid interface using THPC as the reducing agent at (a) 298 K, (b) 313 K, (c) 348 K and of

(d) with hydrazine hydrate as the reducing agent at 323 K. Histograms of particle size distribution are shown as insets.
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pyridine on the Au nanocrystalline films containing particles of dif-

ferent diameters, along with the spectrum of the pure liquid. We

clearly see SERS on the Au films. Thus, on adsorption of pyridine

on the Au film containing particles of 15 nm diameter, we observe

bands at 619 cm�1 (m6a, A1, asymmetric ring breathing), 689 cm�1

(m6b, B2, ring in plane deformation), 1001 cm�1 (m1, A1, symmetric

ring breathing), 1030 cm�1 (m12, A1, trigonal ring breathing),

1096 cm�1 (m18a, A1) and 1298 cm�1 (m9a, A1, C–H in plane deforma-

tion) respectively. In Table 1, we compare the Raman band posi-

tions of pyridine on Au nanocrystalline films with different

particle diameters along with their relative intensities. We see that

almost all the bands are shifted to higher frequencies (relative to

the positions of the pure liquid), except those at 1032, 1441 and

1482 cm�1. The highest frequency shifts are exhibited by the bands

at 652 (m6b, B2) and 1068 cm�1 (m18a, A1,). The highest intensity is

found in the case of the symmetric ring breathing mode (m1) at

1001 cm�1. The frequency of this mode is sensitive to weak r

donation and the large r/p back donation. In the case of Au and

other metals, the m1 mode is known to be shifted to higher frequen-

cies, with the pyridine molecule in the end-on configuration (bind-

ing by nitrogen lone pair) [16,25]. That we observe similar shifts of

m1 in the present study, on adsorbing pyridine on the Au nanocrys-

talline films, suggests the end-on configuration for the adsorbed

molecule. We also observe additional bands around 1190 and

1185 cm�1.

We have measured the relative enhancement ratios, R, of pyri-

dine on the Au nanocrystalline films and found that it to vary be-

tween 1.0 and 22, depending on the particle size (Table 1), the

maximum values of R being found with the 12 nm particles. The

SERS intensity is optimal when the particle size is small with re-

spect to the wavelength of the exciting light as long as the size is

not smaller than the electronic mean free path of the conduction

electrons. In order to calculate EF, we have used the value of mono-

layer surface density of pyridine [16] on Au as 4 � 10�10 mol cm�2.

We have calculated EF values for the three most intense bands in

liquid pyridine spectra: m1 (992 cm�1, A1), m12 (1332 cm�1, A1)

and m18a (1068 cm�1, A1). The EF values listed in Table 2 show that

they are generally of the order of �105 and comparable to those re-

ported in other SERS studies [3].

TEM images of Au films formed at 323 K with hydrazine hydrate

as the reducing agent show that the nanocrystals had an average

diameter of 13 nm (Fig. 1d). The Raman spectrum of pyridine on

this nanocrystalline film is shown along with spectrum of pure

pyridine in Fig. 2B. We find the shifts and intensification of the pyr-

idine bands on this Au film to be similar to those found with the

films prepared with THPC (see Table 1). The R values of the pyri-

dine bands vary in range 1–6.

We have measured SERS activity of pyridine on Ag nanocrystal-

line films formed at the liquid–liquid interface at 348 K and con-

taining particles with an average diameter of around 35 nm. All

the Raman bands of pyridine show shifts to higher frequencies

on the Ag film (Fig. 3), but the shifts are less than those on Au films.

The value of R varies between 1 and 3 while EF is 6.5 � 104,

6.7 � 104 and 7.0 � 104 for the m1 (992 cm�1, A1), m12 (1032 cm�1)

and m18a (1068 cm�1, A1) modes respectively. The intensity of the

m12 band gets enhanced much more on the Ag film than on the

Au films. It is known that the potential energy distribution of the

m12 mode varies substantially for metals with different Fermi levels

[3]. Unlike on the Au films where few of the pyridine bands show

intensification, all the bands of pyridine show intensification in the

case Ag, suggesting that EM enhancement plays a more important

role and that chemical interaction between pyridine and Ag is rel-

atively weak [3,43]. In the case of Au films, however, both EM and

chemical enhancements occur. Measurements of SERS of pyridine

with films comprising nanoparticles of the 1:1 alloy of Au–Ag show

R values comparable to those on Au and Ag films.

SERS activity of rhodamine 6G was investigated on the 35 nm

Ag film, by recording the spectra with both 632 and 514 nm laser

excitations, since the dye shows strong fluorescence with an absor-

bance maximum at 520 nm. Fig. 4 shows the Raman spectra of

10�2 M rhodamine 6G (in water) adsorbed on the Ag film using

Fig. 2. (A) Raman spectra of pyridine (k = 632 nm) (a) in the liquid state and on Au

films with particles of diameter (b) 10, (c) 12 and (d) 15 nm prepared at toluene–

water interface using THPC as the reducing agent. (B) Raman spectra of pyridine (a)

in liquid the state and (b) on 13 nm ultrathin nanocrystalline Au film prepared

using hydrazine hydrate as the reducing agent (k = 632 nm).

Table 1

Raman band positions (cm�1) and relative enhancement ratios of pyridine on

nanocrystalline Au films.

Liquid peak

positions

(relative

intensity)

t Films of 12 nm

Aua

Films of 15 nm

Aua

Films of 13 nm Aub

Peak

positions

(relative

intensity

R Peak

positions

(relative

intensity)

R Peak

positions

(relative

intensity)

R

604, A1 (2) 6a 620 (3) 2 619 (4) 2 616 (1.5) 0.75

652, B2 (5) 6b 689 (7) 1 689 (5) 1 653 (9) 2.0

992, A1 (100) 1 1000 (100) 1 1001 (100) 1 999 (100) 1

1032, A1 (82) 12 1029 (42) 0.5 1030 (41) 0.5 1033 (98) 1.2

1068, A1 (2) 18a 1097 (43) 22 1096 (33) 17 1096 (11.5) 6.0

1149, B2 (2) 15 1163 (4) 2 1161 (5) 3 1152 (3) 1.5

1191 (4) 1190 (4) 1185 (2)

1218, A1 (7) 9a 1298 (5) 0.7 1218 (8) 1

1441, B2 (1) 19b 1437 (5) 5 1440 (3) 3 1436 (3) 3

1482, A1 (2) 19a 1480 (3) 2 1483 (1) 0.5 1485 (2) 1

1573, B2 (2) 8b 1572 (3) 2 1575 (9) 4.5

1583, A1 (2) 8a 1585 (21) 11 1585 (56) 28 1584 (11) 5.5

t = Wilson number; R = relative enhancement ratio.
a By THPC route.
b By hydrazine hydrate route.
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both 632 nm and 514 nm laser excitations. The spectrum of the

pure liquid is shown for comparison. On adsorption of rhodamine

6G on the Ag film, we observe a large number of bands, all shifted

to lower frequencies [43] .We also observe additional bands at 636,

1270,1293 and 1476 cm�1. The two most intense bands of rhoda-

mine 6G 1367 cm�1 [t(CC) + t(CN)] and 1515 cm�1 [t(CC)] are

shifted to 1363 and 1512 cm�1 respectively on adsorption on the

Ag film. The R values of rhodamine 6G on Ag vary between 1.0

and 1.4. The EF values for the four most intense bands of rhoda-

mine 6G m53 at 615 cm�1, m115 at 1314 cm�1, m117 at 1367 cm�1

and m146 at 1515 cm�1 was found to be of the order of 104.

4. Conclusions

The results of the present study show that nanocrystalline films

of Au and Ag generated at the organic–aqueous interface can be

used as substrates for SERS studies of molecules. The intensity

enhancement and band shifts of pyridine found on these thin films

are comparable to those reported for other Au and Ag substrates.

The ease with which nanocrystalline metal films are prepared at

the interface favor their use for SERS studies.
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Fig. 3. Raman spectra of pyridine (k = 632 nm) (a) in the liquid state, and (b) on a

ultrathin nanocrystalline Ag film with 35 nm particles.

Fig. 4. Raman spectra of rhodamine 6G (in water) (a) in the liquid state

(k = 632 nm) and on the nanocrystalline Ag film with k of (b) 632 nm and (c)

514 nm.

Table 2

Selected Raman band positions (cm�1) and enhancement factors (EF) of pyridine on nanocrystalline Au films.

Liquid peak positions (relative

intensity)

t Films of 12 nm Aua Films of 15 nm Aua Films of 13 nm Aub

Peak positions (relative

intensity)

EF Peak positions (relative

intensity)

EF Peak positions (relative

intensity)

EF

992, A1 (100) 1 1000 (100) 2.3 � 104 1001 (100) 4.0 � 104 999 (100) 3.3 � 103

1032, A1 (82) 12 1029 (42) 1.2 � 104 1030 (41) 2.0 � 104 1033 (98) 3.1 � 103

1068, A1 (2) 18a 1097 (43) 5.0 � 105 1096 (33) 6.0 � 105 1097 (11.5) 2.9 � 104

t =Wilson number; EF = enhancement factor.
a By THPC route.
b By hydrazine hydrate route.
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