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Figure 2. UV-Vis spectra of aqueous Ag colloids. General make up of colloids [PVA] = 1% wt/wt (1.0 

cm
3
), seed solution (1.0 cm

3
), [TSC] = 0.1M (3.0 cm

3
), [H4N2] = 0.001M (5.0 cm

3
) + [AgNO3] = 

0.001M (X cm
3
), with a total volume of 10 + X cm

3
. 

Figure 2 shows the spectra of both the seed colloid and the colloids of larger particles 

‘grown’ from the seed. It should be noted that for smaller particle size ranges e.g. 

Yellow, a narrower/sharper absorbance band is observed, while Blue with a wider 

particle size range has clearly broader peaks. The λ max shifts position with changes 

in the nanoparticles size and shape (Figure 2).  

The different natures of each colloid is also highlighted in the UV-Vis spectra of the 

green colloid where two distinct absorbance peaks are observed as a result of the 

interaction of two species (type) of nanoparticles, i.e. the larger blue nanoparticles and 

the smaller yellow nanoparticles. These are the most likely species contributing to the 

green as the peaks are seen to have similar λ max’s – Yellow 445 nm, Blue 670nm, 

Green band 1, 405 nm, band 2, 648 nm., while the other colloids exhibit just one 

distinct band (which can however display a shoulder, but this could be attributed to 

band broadening due to the wider particle size range).  
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Dynamic light scattering, DLS  

Size analysis by DLS utilises the Brownian motion that particles, emulsions, and 

molecules in suspension undergo as a result of bombardment by solvent molecules. If 

the particles are illuminated with a laser, the intensity of the scattered light fluctuates 

at a rate that is dependent upon the size of the particles. This is because smaller 

particles are “hit” more frequently by the solvent molecules and move more rapidly. 

Analysis of these intensity fluctuations yields the velocity of the Brownian motion 

and hence the particle size using the Stokes-Einstein relationship 
33

.
 
 

 

Figure 3 a. Distribution of particle diameters within the Yellow Ag colloid, (x = 0.4 cm
3
 see table 1).  

 

Figure 3 b. Distribution of particle diameters within the Blue Ag colloid, (x = 6.0 cm
3
 see table 1).  

Colour Volume of 0.001M  UV-Vis λλλλ max DLS DLS 

 AgNO3 added (X cm
3
)  Particle Size Range  Average Size Range  

Yellow 0.4 445nm 6 – 28 nm 10 – 13 nm 

Orange  0.8 473nm 11 – 38 nm 19 – 20 nm 

Red 1.3 495nm 11 nm – 60 nm 20-23 nm 

Purple 2.5 555nm 15nm – 50 nm 31-33 nm 

Blue 6.0 670nm 37 nm – 105 nm 58-60 nm 

Green 21.5 405nm & 648nm 11 – 250 nm 91.1 % 20- 21 nm & 8.9 % > 60 nm 
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Table 1. Summary of Colloids UV-Vis λ max’s and DLS results. 

A breakdown of the UV-Vis, DLS results is supplied in table 1 with graphical 

illustrations highlighting the DLS results of both the yellow and blue colloids in 

figures 3a and 3b respectively. It can be seen that the λmax shifts with particle size as 

seen elsewhere in the literature
 10-11, 24-25, 30-32

.   

 

Electron microscopy 

An image of the nanoparticles, (Figure 4) was obtained from the interaction of the 

coating and the beam of electrons transmitted through the coating. Before analysis, 

the colloidal samples (prepared in the same manner as outlined in Figure 2 and Table 

1) were diluted in ethanol and sonicated for 30 mins, before being cast onto the TEM 

grid (Agar scientific, holey carbon 200 mesh (Cu)) by drop coating. The average 

diameters of the nanoparticles were determined, using Zeiss axiovision software 
37

 

and correlated well with the DLS results. 

 

Figure 4. On the left a TEM image of silver nanoparticles (yellow colloid) with an average diameter 

range of 10 – 13 nm, and on the right a STEM image of silver nanoparticles (blue colloid) with an 

average diameter range of 58-60 nm.  

 

Colloid Stability 

The prepared colloids proved highly stable when stored appropriately (best results 

observed when stored in dark), with repeat spectroscopic (UV-Vis) analysis of the 

individual colloids overtime (after a 6 month period) correlating well with initial 

analysis. 
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Dye and colloid interaction 

It is necessary to determine the effect of the analyte (if any) on the colloids as 

unwanted aggregation of nanoparticles despite the use of PVA as a stabiliser
 33-36

 

remains a concern. DLS was used to monitor the particles with increasing 

concentrations of dye. 

 

Figure 5. Effect of the Dye on the particle size range of the colloidal nanoparticles, (a) silver colloid 

(blue) [Ag] = 1 x 10
-5

M, (b) silver colloid (blue) [Ag] = 1 x 10
-5

M with excess crystal violet [CV] = 5 x 

10
-5

M.  

Some aggregation occurs when the analyte is present; however the extent of 

aggregation is limited with the bulk of the nanoparticles maintaining an average 

diameter range of 58-60 nm.        

 

 SERRS measurements 

The performances of the colloids as SERRS substrates were evaluated by their 

SERRS activity using Crystal Violet (CV), Malachite Green (MG), and Rhodamine 

6G (R6G) as model compounds (Figure 6). All dyes were made up to 10
-4

 M aqueous 

solutions (further dilution occurred during the sampling process, meaning the 

sample’s actual concentration was 3.33 x 10
-5

 M.) as water molecules produce very 

weak Raman scatter, which allows analytes in aqueous solutions to be readily 

detected at low concentrations. The liquid
 
samples and substrates also enabled 

reproducible sampling where the constant disorder/movement (Brownian motion) of 

both the analyte and substrate produced a stable and reproducible system. Note the 

overall concentration of the analyte for the study was maintained through out the 

experimental process by preparing separate samples that for each measurement 

ensuring that the total volume of the samples remained consistent.  This, coupled with 

the use of the confocal microscope
 
on the Horiba Jobin Yvon LabRAM HR 800, has 

the advantage of creating a high power density in a small volume with a relatively 

weak laser, where the particles readily move in and out of the analysis volume during 
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the measurement. This reduces problems with photodegradation that can be seen with 

other SERS substrates 
17

.
 

 

Figure 6. Molecular structures of Crystal Violet, Malachite Green and Rhodamine 6G. 
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Figure 7. Raman Spectra of 3.33 x 10
-5

M CV mixed with each colloid  

with excitation by the 660 nm laser.  [Ag] = 11 x 10
-5

M, for colours makeup please refer to Table 1. 

Figure 7 shows the SERRS spectra of CV with deliberately added silver nanoparticles 

prepared as stated in table 1, where the CV concentration was 3.33 x 10
-5 

M and the 

silver concentration was 11 x 10
-5 

M in each case, as expected. Based on the literature 

3-4, 16
, initial analysis of CV with the 660 nm laser shown in figure 7 indicated that the 

blue colloid was the most effective substrate because it’s nanoparticles LSPR 

(localised SPR) was slightly longer than that of the excitation wavelength. Similarly 

the purple colloid was found to be the most effective (Figure 8) with excitation by the 

532 nm laser for enhancing the signal. 
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Figure 8. Raman Spectra of 3.33 x 10

-5 
M CV mixed with each colloid with excitation by the 532 nm 

laser. [Ag] = 11 x 10
-5

M, for colours makeup please refer to Table 1. 

 

Similar results were observed for Malachite Green and Rhodamine 6G, (note R6G 

measurements were only conducted at the 660 nm excitation wavelength as the dye 

fluoresces when excited at 532 nm.) Therefore, for all measurements at the 660 nm 

excitation, the blue colloidal nanoparticles were used as the SERRS substrate while 

the purple colloidal nanoparticles were used for measurements excited by the 532 nm 

laser. 

 

Sensing Trend 

The relevant colloids were then added incrementally to a set concentration of the 

model compounds, and their Raman spectra recorded with each increase of the blue 

colloidal nanoparticles. In doing so, the following trends were observed (figures 8-

13). Figure 9 shows the SERRS spectra of 3.33 x 10
-5 

M CV with the blue colloidal 

nanoparticles prepared as described in table 1. Figure 10 shows the peak emissions 

observed with increasing concentrations of silver at certain wavelengths taken from 

figure 9. Similarly figure 12 comes from figure 11 where the SERRS spectra of 3.33 x 

10
-5 

M MG with the blue colloidal nanoparticles is displayed and figure 14 comes 
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from figure 13 where the SERRS spectra of 3.33 x 10
-5 

M R6G with the blue colloidal 

nanoparticles is illustrated. 
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Figure 10. Raman Spectra of 3.33 x 10
-5 

M
 
CV with increasing concentrations of the blue colloidal 

nanoparticles with excitation by the 660 nm laser.  The bands of the Raman spectra may be assigned as 

follows; ~722cm
-1

, In plane benzene ring bend, stretch; ~800 cm
-1

, out of plane aromatic C-H 

‘breathing’; ~914 cm
-1

, ring skeletal radial vibration; ~1170 cm
-1

, in plane aromatic C-H bending 

vibration 
39-40

. 
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Figure 11. Observed Raman spectra emission trend of 3.33 x 10
-5 

M CV with increasing concentrations 

of the blue colloidal nanoparticles with excitation by the 660 nm laser.   
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Figure 12. Raman Spectra of 3.33 x 10
-5 

M
 
MG with increasing concentrations of the blue colloidal 

nanoparticles with excitation by the 660 nm laser. The bands of the Raman spectra may be assigned as 

follows; ~1170 cm
-1

, in plane aromatic C-H bending vibration; ~1365 cm
-1

, N-C stretch; ~1395 cm
-1

, 

C-C and C-H in plane motion (aromatic); ~1615 cm
-1

, N-C (φ bond) and C-C stretch 
43

.     
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Figure 13. Observed Raman spectra emission trend of 3.33 x 10
-5 

M MG with increasing concentrations 

of the colloidal nanoparticles with excitation by the 660 nm laser.   
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Figure 14. Raman Spectra of 3.33 x 10
-5

M
 
R6G with increasing concentrations of the blue colloidal 

nanoparticles with excitation by the 660 nm laser. Bands of the Raman spectra may be assigned as 

follows; ~610 cm
-1

, C-C-C in plane aromatic vibration; ~769 cm
-1

, C-H out of plane bending; 1181 cm
-
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1
, C-H in plane bending; ~1316 cm

-1 
and ~1573 cm

-1 
 in plane bending; ~1361 cm

-1
, ~1508 cm

-1
 and 

1648 cm
-1

, aromatic C-C stretching 
41

. 

 

Figure 14. Observed Raman spectra emission trend of 3.33 x 10
-5 

M R6G with increasing 

concentrations of the blue colloidal nanoparticles with excitation by the 660 nm laser.   

 

This is one of the first studies of the effect of changing nanoparticle concentrations 

while keeping the analyte concentration constant. In all cases, a clear build up of 

signal intensity is observed until an optimum ratio is achieved, followed by a decline 

in signal intensity as the concentration of nanoparticles is further increased as seen in 

figures 10, 12 and 14.  

The initial rise in signal can be attributed to the increase in the number of sites onto 

which the analyte may absorb as the concentration of nanoparticles; following this the 

observed signal decreases. Several explanations for this observed response are 

possible, for example an orientation change; at higher numbers of analyte molecules 

relative to the Silver nanoparticles, the signal is low because of the random orientation 

of the analyte molecules in terms of the SERRS substrate (silver nanoparticles). That 

is at low concentrations, the analyte molecules could lie flat on the silver surface. 

However as the concentration increases, it’s possible that the analyte ‘stands-up’ so 

although it is still adsorbed to the substrates surface it does so in a different way. 

Therefore the analyte is less able to benefit from the effect of the plasmons on the 

polarisation 
42

.  

This seems unlikely however as a dropping off of signal is observed at higher 

concentrations of silver, since no change in the spectra was observed  (whereas a 
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‘levelling’ of signal would be the expected result, correlating with better known 

adsorption models like Langmuir). 

An alternative explanation could be due to the nature of the nanoparticles themselves. 

Because coinage metals support plasmons, the interactions of nanoparticles within the 

colloid system can generate intense electric fields when illuminated producing high 

SERRS enhancement 
22, 42

.
 

Therefore, the continued addition of nanoparticles 

increases the interaction of nanoparticles with each other resulting in a large 

‘background’ of plasmonic activity, which could mask or shield the very analyte 

signal that the SERRS technique aims to enhance.  

It also must be noted that in each case the maximum SERRS effect is seen for bands 

associated with the aromatic activity of each dye, bands ~800 cm
-1

 and ~1170 cm
-1

 for 

CV (figures 9 & 10) , bands ~1170 cm
-1

 and ~1615 cm
-1

 for MG (figures 11 & 12) 

and bands ~1361 cm
-1

 and ~1508 cm
-1

 for R6G 
38-40 

(figures 13 & 14), implying that 

the structure of the analyte too has a role in the sensing mechanism. Thus it is 

unsurprising that CV and MG show similar sensing trends as structurally they share 

common attributes, in contrast R6G is markedly different in structure, (figure 6), from 

the other model dyes. If we focus on the bands, which undergo the maximum SERRS 

enhancement as stated above, it is plausible to base the nanoparticle analyte ratio on 

the number of aromatic components of each dye.  The role of the analytes structure is 

also emphasised when looking at figures 9 and 11, where the dyes CV and MG both 

show a maximum signal at ~ 18.5 x 10
-5

 M Ag nanoparticles, a maximum signal 

enhancement at 1170 cm
-1

 and a maximum enhancement with the Ag : analyte molar 

ratio of ~ 5.56 : 1.Whereas R6G (figure 14) shows a maximum signal at ~ 7.5 x 10
-5

 

M Ag nanoparticles, a maximum signal enhancement at 1508 cm
-1

 and a maximum 

enhancement with the Ag : analyte molar ratio of ~ 2.25 : 1. The Ag : dye ratio for 

R6G is approximately 40% of that of the other two dyes (CV and MG) which  may 

indicate a different mode of adsorption, and further illustrates the effect of the 

analytes structure.  

 

Conclusions 

A simple heterogeneous nucleation (building block) process was used to produce 

silver colloids with tuneable λ max’s (where only the concentration of one reagent 
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AgNO3, is changed). The synthesis was both rapid and repeatable at room temperature 

with the resulting colloids displaying good stability over time.  

The colloids were shown to be useful in the SERRS technique, as synthesised, 

without the addition of aggregation agents. Significant enhancement of the Raman 

signal for each dye occurred even with a relatively short sampling time. For each 

model analyte a clear trend was observed where with increasing concentration of 

colloid, there resulted an enhancement of signal until an optimum ratio of analyte to 

colloid was established. This optimum ratio was found to be consistent for each 

analyte over a range of concentrations and so can be used to further improve sampling 

times. 

As Raman is non destructive and highly selective (providing a spectral fingerprint of 

the analyte), this enhancement, coupled with the short sampling time clearly 

demonstrates the usefulness of SERRS, as a rapid and highly sensitive sensing 

technique, within analytical chemistry.  
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