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SERS Surfaces Modified with a 
44 2=Pyridylazo)resorcinol Disulf ide Derivative: 
Detection of Copper, Lead, and Cadmium 

L. Cayle Crane,t DaoXin Wang, L Malii Sears,* Bernard Heyns, and Keith Camon* 

Department of Chernistfy, UniverSrty of Wyoming, hank, Wyoming 82071-3838 

We have developed a surface-enhanced Raman spectm 
scopic technique for the determination of W+, Cd2+, and 
Cu2+ concentration using a 4 ( 2 - ~ & ~ ) r e s o ~ o l  
(PAR) coating modified with a d i d d e .  The d i d d e  
provided a strong anchor to a roughened silver substrate. 
Atomic~citywasdemonstratedbythedistinctspec- 
bralc~thato~curredthroughthe~tera~onofW+, 
Cd2+, and Cu2+ ions with the indicator. The absorption 
of these me* by the coating was followed with SERS and 
couldbefittoaFNmkinisotherm. Iangmuirianbehaoior 
was not observed; this is most likely due to the e l m  
static repulsions as the metai cations are absorbed. The 
detection limits at pH 6 for PW+, Cd2+, and Cu2+ were 
522,50.3, and 1.49 ppb, respe&veiy. Flow qeriments 
using an optical mM?r probe indicated instantaneous 
response to changes in metal concentration. 

We have recently demonstrated the ability to detect ionic 
species'-4 and organic compounds in aqueous solutions using 
chemically modified silver surfaces.S-6 The approach we have 
developed combiies sukedunced Raman spectroscopy 0, 
anatyte-specific f i t y  coatings, and aer-optic sensors. The 
coatings vary from simple alkanes to complex macrocycles with 
the common theme of containing a thiol or &sulfide group to 
anchor the coating to a silver substrate. Longchain al l~4  
disGdes and thiols have been shown to form self-assembled 
monolayers (SAM) at noble metal suTfaces.7J These surfaces 
mimic reversed-phase E3PK coatings and provide excdent 
surfaces for the detection of hydrophobic organic anajyteS The 
Same types of intermolecular interactions responsible for d- 
assembly may not be present in some of the complex metal ion 
&elating and macrocyclic coatings that we have synthesized for 
metal ion detection. However, it has been found that these 
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complex coatings with thiol or &sulfide groups are strongly 
anchored and do not desorb under strongly acidic or basic 
conditions. 

High sensitivity with SERS coatings can be achieved through 
three sources of signal enhaocement First is the inherent d o e -  
fold enhancement available through surfaceenhanced Raman 
spectroscopy. Second, if the coating has accessible dectronic 
absorptions, it is possible to tune the laser to achieve additional 
resonance Raman enhancements. Last, in solution systems the 
large partition coefficients allow us to create a locaIfsr high 
concentration of analyte at the metal surface. 

In previous metal ion studies we examined Eriochrome Black 
T (Ern1 and a thiol-modiiied diienU>-l%crown-6.4 The EBTwas 
not chemically bound to the substrate and, therefore, represented 
an early feasiiili@ study of the potential for S E E  in detecting 
species with no inherent viimtional spectmm (single atoms). 
SERS of EBT metal complexes exhiiited better sel- beWeen 
chemically similar metal ions than electronic absorption spectme 
copy due to the narrow banMdth of the SERS spectral feabms. 
The bands that showed the strongest Raman signal were ftWures 
associated with the azo bridge of EBT. These bands sbifted in 
frequency and intensity according to the size and charge of the 
metal ion. Trace sensitbity was demonstrated with EBT due to 
the strong resonance enhancement that occurs with green Ar+ 
laser excitation. 
More recendy, a study with a thiobmodified d2xnzelkrwn-6 

illustrated the possibility of enhanced chemical selectivity with 
SERS coating. Crown ethers are well-known for their atonric 
radius dependent chemical selectivity? D i a m i n o d i i l 8 -  
crown4 was coupled with meraptonicotinic acid to brm an 
attachable S E E  indicaar. It was demonstrated that chemical 
selectivity could be built into the sensor with a crown ether. 
However, the sensitivity tended to be lower than EBT due to the 
lack of resonance enhancement In this report, we will show 
results of a surfaceenhanced resonance Raman spectroscopic 
(SERRS) sensor with a disulfidemodified 4(2-pyridyhm)resor- 
C i n O l ~ A R ) .  

This report discusses the atkiiutes of PAR disulfide (PARDS) 
as a bound metal ion indicator. The absorption of metal ions was 
followed by correlating the intensity ratio of a Raman band 
sensitive to metal coordination and its counterpart in the uncom- 
plexed indicator. This approach provides an internal standard and 
corrects for changes in Iaser power or the substrate. 

The coordination of PAR with metal ions is very pH dependent 
We obtained absorption isotherms at pH 3-6. The hthenns 
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Figure 1. Synthetic route forthe addition of a disulfide functionality 
to 4-(2-pyridylazo)resorcinol. 

, were fit to a Frumkin isotherm to account for coveragdependent 
electrostatic repulsion.10 In order to combine our results with 
accepted anaEytical fonnulations, we interpreted the data in the 
h m  of conditionalfonnation constants. The conditional formation 
constants allow one to calculate partition coeflicients and sensitivk 
ties at any pH. The dynamic response of the S E E  indicator was 
tested using a fibemptic flow system. It was found that the system 
responded in less than 60 s or in this case the integration time 
required for the spectroscopic measurement The use of an 
optical f ie r  codgumtion also demonstrated the potential of this 
method for in situ monihing of groundwater metal ion contax& 
nation 

The use of an emission spectroscopy for the determination of 
metal ions is not new. Fluorescencebased metal ion fiberqtic 
sensors have been investigated by Wangbai,u Carroll,a BrighCu 
and Iiebe~ma.n.1~ Detection limits in the micromolar to parts per 
trillion range were reported. However, while the use of fluores 
cence provides excellent sensitivity, it may suffer drom inadequate 
selectivity between metal ions. For example, Carroll et aL showed 
that lifebe discrimination could be used to gain further select+ 
ity.a We will demonstrate that the SERRS spectrum of a bound 
indicator can distinguish between metal ions due to the sharp 
Raman features of the indicator. 

EXPERIMENTAL SECTION 
Synthesis PARmodifiedwithadkdEdehndionality 0 

was prepared as iIlustrated in Fgure 1. 3,3’-Dithjodipropionic acid 
was made by oxidizing the hi01 group of 3-thiopropionic acid to 
a disulfide. The oxidation was carried out in an aqueous solution 
of the thiol made basic with NaOH and treated with H202. Upon 
acidikation, a white precipitate was 5 l t i  washed with coId 
water, and dried under vacuum at 50 “C. 3$-Dithiodipropion$ 
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chloride was produced by the reaction of 393’dthiodip~pionk 
acid and thionyl chloride. 
PARDS was obtained by combining PAR and 3,3.dithiodiptp 

pionyl chloride in a L l  mix&ure of didoromethane and methanol 
The major product of this reaction was an asymmetric d i d d e  
It is assumed that an asymmetric &sulfide is foxmed due to steric 
reasons. The product was isolated using h h  cbromatographp. 
with a mixture of acetonitrile and methanoL The structure was 
verilied by proton and carbon-13 NMR 

Adytes. We chose three metals to test the PARDS for 
sensitivity and selectivity. These metals were chosen because of 
their environmental interest and their lack of complicated spe- 
ciation and hydrolysis in aqueous solutions. Reagent grade Pb 
(NO&, Cu(N0&2.5H20, and Cd(N03)rH20 were purchased 
&omAl&ch and used withoutfurtherpudication. Measuremm 
of pH were made with an Orion 520A pH meter. The pH 
adjustments were made with acetic acid and NaOH. Bufferswere 
not used to avoid complexation of metal ions with buffer 
components (for example, PO43- species). All solutions were 
made using water obtained from a Millipore system. 

Substrate Prepamtion. Two types of S E E  substrates were 
usedintheexperimentsdiscussedinthispaper. Repetitivetesting 
to determine optimal conditions for the indicators was conducted 
using dver foil substrates? Once these conditions were found, 
~ ~ ~ w e r e ~ r m e d w i t h t h e o p t i ~ ~ e r s u b s t r a t e s . T h e  
foil substrates were prepared by etching 0.1 mm thick silver foil 
(99.9%, Adrich) in a stirred solution of 30% nitric acid for 60-90 
s. These substrates are known to produce large SERS enhance- 
ments.5 After rinsing thoroughly with water, the foil was soaked 
in a 10-5 M solution of the PARDS in methanol (speCtrat grade, 
Baker) for 3-4 h., A methanol wash was necessary to remove 
any physisorbed PARDS. 

The optical Ben were prepared as previously descriied with 
softdad 600 pm silica core mrs purchased kom General Fiber 
Optics5 We found that the Wenhanced porysiloxane-heduo- 
rine copolymer cladding and nylon buffer interfered with the 
detection of metal ions. Ow interpretation of this interference is 
that a small amount of unreacted monomer in the cladding is 
slightly soluble in methanol and foms an impermeable film over 
the indicator. The problem was deviated by removing the 
dadding kom the first centimeter of the fiber by soaking in 
coneentratedsulfuricacidfor15min. Thefibertipwasroughened 
with 3Opm lapping paper and cleaned in concentrated ammonium 
hydroxide. The roughened tip was coated with 40 nm of silver 
(99.9%) Aldrich) by vapor deposition. ?fie probe was hbricated 
by coating the silvered fiber with PARDS using the same 
procedure as for the silver foiL 

Raman InstrumaMon. An Omnichrome Model 532 air- 
cooled Ar+ ion laser provided 5145 m excitation for PARDS. 
Laser power at the sample was maintained at 5 mW throughout 
these errperiments. ?he Photometrics CCD9ooo detector andHR- 
320 (ISA) spectrograph with 1200 groove/mm grating Raman 
detection system used has been previousb descriied.5 The %er- 
optic S E E  cell is the same as desuiied in ref 2. Fiber Positioning 
of the transmission fiber before the spectrograph was maintained 
using a fiber chuck (Newport) placed in a MeIles Griot XYZ 
translator. The laser beam was focused through a glass window 
on the flow cell onto the SERS fier using a 50 mm achromat 
from Melles Griot The output cone of Raman light was partidy 
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m 51 4.5-nm- 

650 30' nm 
Figure 2. UV-visible absorption spectrum of 2 x loJ M PAR 
complexed with an excess of (a) PV+, (b) C@, and (c) Ccf+ at pH 
6.0; (d) 2 x loa4 M PAR in water at pH 6.0. The vertical line indicates 
the laser excitation wavelength. 

collimated with an aspheric condenser lens. A phtxonvex 
collection Iens was empirically adjjsted to focus as much of the 
Raman scatted radiation through a 10 p n  slit to just fiU thefl5.4 
mir~ors of the HR-320 spectrograph, The f i r s  were f/22 and 
therefore were not f/# matched to the spectrograph. The 10 pm 
slit width conesponds to 9 an-' resolution when 514.5 nm 
excitation is used. An integration time of 60 s was used 
throughout this study. 

RESULIS AND DISCUSSION 
Seiedvity. "he structural sensitivity of Raman spectra aaowS 

much greater selectivity than optical techniques founded on 
electronic absorptions. 'The electronic absorption spectra of PAR 
complexed with Pb2+, Cu2+, and Cd*+ are shown in F p  2. It 
can be seen that the absorption spectra for the merent metals 
are virtuany identical. This figure also shows that Raman spectra 
of PAR-metal complexes wi l l  be resonantly enhanced with 514.5 
rn excitalion. 

This use of an absorbing species can lead to short sensor llfe 
due to photochemical degradation of the indicator. For ezample, 
am compounds such as PAR are often photosensitive. However, 
rapid energy transfer occurs at metal surfaces and competes 
&eddywith photochemical degmdaticm.16 The foil substrates 
did not show any photochemicai degradation. S i i  6rom the 
optical jibers degraded slightly over 2-3 h of continuous ~SPOSUR 

to laser light This may be a thermal effect since amuch tighter 
focus is used with the optical fiber. olu quantitative studies were 
carried out with the laser blocked between scans to avoid 
irreversible laser damage. 

F les  3 and 4 show the spectra observed when the bound 
PARDS is exposed to a concentrated metal solution at pH 6.0. 
Figure 3 contains a spectmm of the PARDS-W+ complex, a 
blank of water at the Same pH, and the subtraction of the blank 
from the metal spectra to highlight the changes that occur. The 
most apparent features for W+ Figure 3) are the shift in 

L I 

700 1700 
m-' 

Figunt 3. SERRS spectra of (a) PARDS in a 0.01 M P P  solution 
at pH 5.0, (b) PARDS in a blank solution at pH 5.0, and (c) the 
subtraction (a) - 0). 

I 

700 -i 1700 an' 
Fiqura 4. SERRS spectra of (a) the PARDS-CdrC. complex 
spectrum and (b) the PARD-+ complex. The bands used in 
quantitative analysis ha- been labeled. 

hcpenq of the 969 and 1023 cm+ bands to 951 and 1005 me*, 
mpedmly. The 1023 cm-l band corresponds to the pyxidyi 
portion of PAR lhis would indicate that Pb, the largest of the 
metals tested, interacts most strongly with the pyridyl nitrogen 
lone pair. The PARDS in the Cd2+ solutions (Figure 4a) shows a 
slight shift, and there are large intensity changes in the 1284 an-' 
band. The most notable Merence in the Cu2+ solutions @&ure 
4b) is the shift of the 1380 cm-l band to 1390 an-'. Both copper 
and cadmium affect the au, portion of PAR more strongly than 
lead. Crystal structures for PAR with these metals have not yet 
been performd At this point, we can only assume that the 

of PAR for metal ions is due to the size of the metal 
ion and its hard-soft dwadmsh * 'cs. 

The PARDS spectrum has been assigned as shown m Table 
1. The assigrments for PARDS were based on a comparison of 
previous assignments for the unmded PAR and spedra of 
PARDS taken in acidic, neutral, and basic solutions and in w." 
Both the PAR and PARDS show evidence of an --hydrazone 
tautomerism, This tautomerism results in assignments for both 
v(C-N-N+ and v(N--N). 

Adsorption Behavior. Adsorption isotherms were obtained 
far Pb2+ at pH 3-6. The intensity ratio of the 1023 an-1 to the 

Us) NItzaa A; Bnrs. Lj. chan Z%ys 1981, 75,2205-2214. 
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Table 1- Assignments for the SUIS Spectrum af 
PARDS 

pH3 pH7 pH13 

963 963 963 

1025 1023 1023 
115 1115 1115 
1155 1155 1155 
1260 1284 1284 
1331 1329 1329 
1361 1380 

1389 
1451 1456 1456 
1478 1478 1478 
1575 1579 1579 
1605 1605 1607 

D20 
944(sh) 
960 
1002 (sh) 
1023 
1113 
1155 
1286 
1327 
1387 

1452 
1478 
1577 
1605 

assignment 

1005 cm-1 Raman band was plotted versus concentration. The 
ratio at the largest point on the mewas taken as 8 = 1, where 
6 is the hctional coverage. The adsorption was fit to a F~umkin 
isothem, 

where &' is the conditional foxmation constant, C is the solution 
concentration of the adsorbate, and g is the Fnupkin parameter. 
The FNmldn equation allows for interaction bdmeen the adsorbed 
species. We found a negative value hr  the Frumkin parameter. 
The sign of g indicates the presence of a repulsme or attractme 
force upon adsorption10 The negative value observed indicates 
that a repulsive force is present This can be interpreted as an 
initdly large electrostatic at&action to the surface from the 
negatively charged deprotonated PARDS and a decreasing attrac- 
tion due to neutralization of the Surface charge by the positive 
metal ions. 

An example adsorption isotherms for Cd2+ is shown in F i i  
5. For Cd2+ we used the ratio of the 1329 to the 1284 cm-1 Raman 
band to form the isothexm. The Cuz+ isotherm was formed with 
the 1380 to 1329 an-' Raman peak ratios. The conditional 
formation constants found for the W+, Cd2+, and Cu2+ are listed 
in Table 2. The conditional formation constant describes the 
formation of PARDS-metal complexes at a particular pH. The 
conditional formation constants increase with pH due to a higher 
population of PARDS- on the surface. The adsorption parameter, 
g, is also given in Table 2. The value of g becomes more negative 
with pH. This can be rationalized as the Surface going h m  a 
negative to positive charge state more rapidly with coverage. 

The formation constant (K3 can be determined from the 
conditional formation constants by 3 

where up- is the fradon of the PARDS in the deprotonated 
form (PARDS-). 

This W o n  of PARDS- was calculated by use of a speciation 
program developed at the University of Stenenbosch by Dr. J. J. 
Crupngen. The program requires the @s of the species of 
interest in order to calculate the fraction metal complex species 

I - - - -  I 

1.0 
O d  

04 
0.4 
0.2 
0.0 

[C8+] 
Figure 5. Example of the isotherms obtained for PARDS-metal 
ions at various pHs. These are the isotherms for Ccf+ adsorption at 
pH (a) 3.0, (b) 4.0, (c) 5.0, and (d) 6.0. 

Table 2 Conditional Formation Constants 

PH Ki g 

For PI?+-PARDS Complexes 
3.0 l.2 x 102 f 3.1 x 10' -0.33 f 0.12 
4.0 22 x 1# f 8.1 x lol -0.43 f 0.14 
5.0 4.0 x 101 f 3.2 x 102 -0.61 f 0.20 
6.0 13 x 1Vf6.8 x 103 -0.73 k 027 

For Cd2+-PARDS Complexes 
3.0 8.5 x 101 k 1.0 x 107 -0.37 f 0.13 
4.0 7.5 x 10' f 4.6 x 103 -0.43 f 0.11 
5.0 12 x 105 f 1.8 x loC -0.52 & 0.18 
6.0 5.0 x 105 f 5.0 x 1oC -0.54 f 0.19 

For Cu2+-PARDS Complexes 

42 x 105 f 9.7 x loC 
4.0 x 105 f 2.0 x 105 

3.0, , - 2 0  x 105 f 1.0 x 10' -0.27 f 0.08 
4.0 
5.0 
6.0 5.5 x 106 f 7.8 x 105 -0.67f0.28 . 

-0.35 f 0.13 
-0.40 f 0.18 

present at Merent pH's. The acid dissociation constants for the 
unmodi5ed indicator, PAR, are pHEM = 3.1, pIl;nn OH = 5.5, and 
PK, oIi = 11.9.'* In order to show that the disuEdemod5d 
PAR was not signjiicanty different &om PAR we found the pEs- 
in solution and on the surface. W-visible spectra of PARDS w a t  
taken kern pH 3.0 to 10.0. The spectra wem analyzed by u& of 
the SPECFlT program developed by Binstead and ZuberbWer.~ 
The SPECFIT program was developed to extract equiIibrium data 
from spectroscopic measurements. The program uses the whok 
spectrum, W-visiile or b a n ,  and uses evoIving factor analpis 
to determine concentration protiles.*z3 Equilibrium constants 
are obtained from the concentration pro&s. A pKm = 3.1 f 
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0.130 and 6 OH = 7.13 f 0236 in were determined for an 
aqueous solution. The shift in the p L  OH to a much lower pK 
is mtapreted as a reduction in the Coulombic attraction between 
the dianion and the proton in PAR to that of an anion and a proton 
in PARDS. An additional determination of the Pffs of PARDS 
was made on the surface using SERRS. The surface plTs were 
foundby titrating the modified PARDS on a &er substrate. The 
SERRS spectra change with pH thus dowing the plrsfo be bound. 
The SERRS spectra were wed by using the SF%CFlT 
program, and the surface pKNH = 3.95 f 0.892 and pg&, OH = 
7.55 f 0341 were found. 

The formation constants for W+, Cd2+, and Cu2+ complexed 
with PARDS were found to be 2.8 x 106,2.3 x l@, and 4.3 x 109 
M-1, mpectively. The formation constants increase in the order 
W+ < Cd2+ < Cu2+. The Surface formation constants would be 
errpeded to follow the same order as in solution. The sohtion 
formation constants for 1:l complexes of W+ and Cu2+ with PAR 
found in Martell and Smith are 3.9 x 108 and 6.3 x 101' M-lSu A 
literatwe d u e  for the formation constant of PAR-CdZ+ could not 
be found. Exact comespondence between the sohtion and the 
surface would not be expeded due to the mod5cation at the p m  
OH of the resorcinol and possible steric effects due to compact 
sucface coverages. 

The detection limit for these metals was determined h r n  the 
linear region of the adsorption isotherms using 

where DL is the detection hit, Q is the standard error of the y 
estimate, and m is the slope. The standard error of they estimate 
was found from 

where Nis the number of observations and N - 2 is the degrees 
of freedom. The detection limits at pH 6 for W*, Cd2+, and Cu2+ 
at pH 6.0 were 522,50.3, and 1.49 ppb, m p e d d y .  Table 2 shm 
that the Kf is increasing rapidly with pH. This means that much 
lower detection limits are possible at pH 7 and above. At this 
time, our errperiments were not carried out at higher pH due to 
precipitation of the metal hydroxides. 

Fiber System. An important appIidion of the work discussed 
here is the potential in situ monitoring of contaminants or chemical 
processes using fiber optics. As a simple test we demo- 
the response of the PARDS SERRS system to W+ using a silver- 
coated optical tiber under flowing conditions. The dynamic 
~ s p o n s e o f P A R D S w i t h P ~ ~ ~ u ~ a ~ ~ p t i c ~ ~  
Fibers were first calibrated by use of standard dilutions of pb2+ 
at pH 5.0. Next, the system response was monitored as a M 

0.40 
v O - I  $' 
u n  0.00 

o.Oo0 0.m 0.m 0.006 0.m 0.010 

[ Pb 2+] 
Figure 6. Flow experiment using optical fibers. The circles represent 
calibration with standard solutions, and the squares are results from 
the dynamic flow experiment. 

W+ solution was slowly added to Millipore water at pH 5.0. The 
water was circulated by the probe tip in a Kel-F flow cell while 

M W+ solution was added at a rate of 5 rrL/min, ?he 
concentration of W* in the reservoir at a given time was 
calculated from the amount of W+ added. Figure 6 inustrates 
the results of the calibration (circles) and the dynamic flow 
experiment (squares). This experiment demonstrated that the 
response of the optical fier system was not limited by chemical 
on-off rates within the 60 s integrations used in this experiment 

CONCLUSIONS 
This work rep=& an advance in the use of SERRS to detect 

metal ions. In our previous work with Eriocbmme Black T, we 
extracted the metal ion complex and spun coat it onto a silver 
surface. Detection limits for W+ and Cu2+ were 50 and 20 ppb 
for 100 s integration times, respedively.1 In this work, we have 
shown that an indicator can be chemicaRy bound to a SUrEtce 
through a thiolate Iinkage. The detection limit for W+ was higher 
than EBT (522 ppb in 60 s) and lower for Cu2+ (1.49 ppb in 60 s). 
Future work Win be directed at the use of &emornettic tecfmiques 
to utilize the Merences in the SERRS spectm to allow botb 
quantbtion and speciation of metal ion mixtures. 

ACKNOWLEDGMENT 
The authors admodedge the support of the NSF EPsCoR- 

ADP Grant EHR-9108774 and the US. Geological Survey (USGS), 
Department of Interior, under USGS Award 14-08000l-GZO97. TIE 
views and conclusions contained in this document are those of 
the authors and shouid not be interpreted necessarily as repre 
senting the ofEcial policies, either expressed or implied, of the 
U.S. government KC. also thanks Dr. J. J. Cruywagen for his 
generous loan of KON3PH software for metal ion spedation. 

Received for review July 5, 1994. Accepted October 20, 
1994.a 

AC940669M 

* Absinct published in Aduunce ACS-, November 15.1994. 

364 Analytical Chemistty, Vol. 67, No. 2, January 75, 1995 


