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ABSTRACT

EFFECT OF SOLUTION CONDITIONS AND ELECTRODE POTENTIAL ON THE 

SURFACE ENHANCED RAMAN SCATTERING OF NITROGEN HETEROCYCLES

by

Irene Bernard

Advisers: Ronald L. B1rke

John R. Lombardi

pH and chloride effects on the spectrum of pyridine are reported. 

The concentration of the adsorbed pyridine and pyrldlnlum molecules 

1s heavily dependent on the pretreatment method and chloride concentra­

tions employed. The surface lin e  seen at 237 cm"* Is a pyrldlnlum 

chlorlde-Ag vibration and not a chlorlde-Ag band since a t a pH of 2, 

pure chloride does not display this band. Also, a chloride concentra­

tion study at a fixed pyrldlnlum concentration Indicates that at a 

low chloride concentration, the spectrum 1s hardly v is ib le . As more 

of th is  e lectro lyte  1s added, the In tensity increases up to a ratio  

of 1:1 chloride: pyrldlnlum and then there 1s a decrease, due to de­

sorption from the surface of the 1on pa ir.

At pH •  8 , the effects observed on pyridine are the following -  

the In tensity  ra tio  of the 1008 and 1035 cm"* modes Is nearly Inde­

pendent of the concentration ra tio  of chloride to pyridine, but 

highly dependent on the po ten tia l. Also, as more chloride 1s added, 

the voltage at which a spectrum can be seen becomes more negative, 

Indicating that a t a high bulk chloride concentration, the adsorbed



halide completely covers the surface, displacing pyridine.

A study o f qu1n1c11d1ne focuses on two degenerate peaks which 

show drastic changes 1n th e ir  re la tiv e  In tensities  on the surface.

In contrast with piperid ine, the symmetric peaks shows a bigger halide 

dependence than the asymmetrical one.

Other reported results Include SERS of acrldlne and Isoqulnollne. 

Acrldlne does not show significant changes In the spectrum upon 

protonation. Also the spectrum 1n the presence o f Br~ was more 

Intense than In the presence of C l", d iffe rin g  In th is from pyridine. 

Isoqulnollne shows the same pH effects as pyridine 1n terms of the 

voltage dependence as a function of the halide employed and the be­

havior of the low lying vibration around 200 cm"*.

Studies on Hg sols Indicate that there 1s in fact a plasmon 

which absorbs at 210 nm. However, no SERS was observed, due to the 

d ie lec tric  properties of this metal.
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CHAPTER I

Introduction

The technique of Surface Enhanced Raman Spectroscopy (SERS) 

began with the work of Flelschmann e t al In 1974 (1) and has develop* 

ed considerably since then. The main reason for the growing In terest 

In this technique is due to the enormous Increase In the Raman scatter­

ing, which allows 1n-s1tu surface vibrational spectroscopy of a variety  

of molecules. This Intensity can be as high as 10® times that of the 

In tensity  seen from the same number of molecules 1n the bulk solution. 

The desire to elucidate the causes of th is e ffec t has lead to numerous 

publications since then and several reviews (2 ,3 ,4 ,5 ,6 ,7 );  however, 

the mechanisms which give rise  to th is “Giant Raman Effect" are s t i l l  

controversial and not fu lly  explained. A fascinating feature of the 

study of SERS 1s that 1t requires the mixing of a number of fie ld s  

such as spectroscopy, electrochemistry, solid s ta te , analytical and 

surface chemistry. This technique enables an 1n-s1tu diagnostic probe 

fo r detailed and unique vibrational patterns of the adsorbates. A 

high resolution can be obtained using the v is ib le  range (0.1 cm’ 1) 

which 1s even better than that of EELS (electron energy loss spectros­

copy) and also frequency modes as low as 5 cm"1 can be measured.

A. SERS 1n an Electrochemical Environment. SERS has been observed 

a t a metal/gas In terface, a t m eta l/u ltra  high vacuum (UHV) Interfaces, 

a t so lid /so lid  Interfaces (tunnel junction configurations), at metal- 

Island fllm/11qu1d Interfaces, at metal grat1ng/th1n film  Interfaces,
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a t s ilve r and gold metal sol/11qu1d Interfaces and on metal pre­

c ip ita tes  of s ilv e r In contact with aqueous solutions, and at a 

metal/solution In terface.

The study reported here Involves SERS In an electrochemical 

environment, where a m etallic electrode 1s immersed In an electro lyte  

solution, thus establishing a so11d-so1ut1on In terface. This In te r­

face depends on the metal and the adsorbate, and also the Ionic con­

stituents of the solution. With an aqueous e lec tro ly te , upon contact 

with the electrode, the water molecules adsorb to Its  surface. The 

distance of closest approach between the 1ons and the electrode Is 

restricted by the hydration sheath of the electrode and also by the 

hydration spheres of the 1ons. Since the electrode Is normally 

charged, there 1s a potential distance p ro file  which depends on the 

nonhydrated tons, held tig h tly  to the metal, and the nonrlgldly held 

hydrated 1ons 1n the diffuse layer, which extends Into the bulk solu­

tion.

One of the most strik ing differences between normal and surface 

Raman 1n the electrochemical environment Is the potential dependence 

of the bands 1n the second case. This dependence can be Interpreted  

as due to adsorption on the surface, I .e .  accumulation of the species 

within the double layer. The point of zero charge (pzc) 1s the 

potential a t which there 1s no surface charge on the electrode.

This concept 1s of major Importance, because 1t Influences which 

species adsorb on the metal and the extent of adsorption at a given 

potential (8) which could be to the positive side of the pzc (the  

electrode 1s positively charged) or to the negative side of the pzc
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(the electrode Is negatively charged).

When the applied potential 1s more negative than the pzc, the 

positive dipole of the water w ill point towards the m etal. Positive  

Ions w ill  displace the water molecules, and w ill  adsorb to the surface, 

thus establishing the IHP (Inner Helmholtz Plane).

At the pzc, the 1ons 1n solution are completely solvated, and on 

the surface, the number of water molecules pointing with the hydrogen 

or oxygen towards the surface, 1s equal. D iffe re n tia l capacitance 

measurements show a peak 1n the capacity versus potential measure­

ments (9 ) ,  1n the v ic in ity  of the p .z .c .

At potentials more positive than the p .z .c . where anions adsorb 

sp ec ific a lly  the adsorption of various 1ons 1s more complex. Close 

to the p .z .c . neutral molecules with a d ipo le , or water pointing with 

the oxygen to the metal adsorb on the surface. From d iffe re n tia l  

capacitance measurements 1n a solution containing sp ec ific a lly  adsorb­

ing anions, 1t has been found that the surface coverage of anions can 

exceed that o f the water, when the electrode 1s very positive o f the 

p .z .c . (10 -13 ). The water molecules, which are s t i l l  adsorbed on the 

surface, are aligned with the oxygen pointing towards the electrode. 

The outer Helmholtz plane (OHP) consists of many anions and cations, 

solvated by the water molecules. When Na+ Is changed to K+ and to L1+ 

there are sh ifts  1n the stretching frequency of water bands, Ind icat­

ing an In teraction of the water molecules solvating these cations 1n 

the OHP with the adsorbed Ĥ O In the IHP (14 ,15 ).

As the potential s h ifts  very positive compared to the p .z .c . ,  the 

coulomblc Interactions In the IHP Increase, creating a p a r t ia lly
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covalent bond between the metal and the adsorbate. Interactions of 

th is  kind between the metal and halide or water molecules, can cause 

frequency sh ifts  of the surface stretching band o f adsorbed molecules 

to higher values, as the potential becomes more positive (16 ,17 ).

D iffe ren t theories have been developed so fa r ,  1n an attempt to 

explain the enhancement mechanism of SERS. None of the theories 

completely explains a l l  the experimental evidence and 1t appears that 

the e ffe c t 1s a mixture of a few components, each one contributing 1n 

a d iffe re n t way to the to ta l enhancement.

The term which Id e n tifie s  the enhancement 1s radiance per mole­

cule, I .  The to ta l radiance, S, which 1s a function of I and N, the 

number of scattering centers, 1s 1n fa c t the parameter which 1s 

measured experimentally (4b ).

1 1s defined according to Furtak (4b) as:

w 1s the scattered angular frequency, p  1s the Induced dipole repre

along the polar angle e Identify ing  polarization  In the scattered beam. 

The Induced dipole 1s related to the Incident f ie ld  through the 

e ffe c tiv e  p o la rlza b ll1 ty , :

( 1)

2a  2 3where A » S1n e/4 R C where R 1s the distance to the detector

sentlng the mo1 ecu1e-substrate combination and e Is  the un it vector

p  - * *  E1n ( 2 )
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where E*n 1s the Incident f ie ld . C lassically , 1s defined as

where r Is the equilibrium Intermolecular distance and Q1 are the 

normal coordinates of the system. Quantum mechanically 1s

(4)

where dt and the sum Is over a ll  the excited states, j ,

of the system. and Ê  are the energies of the In i t ia l  and fin a l

states respectively and Is Inversely proportional to the life tim e  

of the excited states, j .

Most o f the theories which attempt to explain SERS point to the 

fact that 1n order to achieve such a great enhancement as In SERS, 

the system must reach a state of resonance. A ll the resonance 

p o ss ib ilities  can be c lass ified  Into two: 1) Optical. 2) Electronic.

B. Optical Resonance. In the proximity o f the surface of a metal, 

the incident lig h t f ie ld  1s modified due to the boundary conditions, 

resulting in a local f ie ld  which depends on the optical properties of 

the substrate and the geometry of the surface. The e ffec tive  p o la rl-  

z a b lllty

7 < - % f f . c t 1 , e  e1" <5>
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becomes very large for specific molecu1e-metal separations and for  

specific conditions of excitation (18 ),

The detected f ie ld  1s defined:

pOUt m pOUt . n q /
h n iin r ia rv  u  r l n c d c a l  '  *

pOUt . d q /
boundary w classical 
conditions

where Bw Is an am plification factor due to the optical properties 

of the substrate. The coupling of the Incident energy to the plasmon 

of the metal 1s reflected 1n the fact that geometries of SO to 200 A 

and also certain values of w, enhance B to large values. Thus the
W

local f ie ld  due to this optical resonance, can be much larger than 

the incident f ie ld .

Pettlnger et al (19) tested the optical resonance by using a 

geometry which allows control of the coupling conditions. They used 

a thin Ag film  on the back side of a glass internal re flec tio n  element 

to excite surface plasmon polarltons on the surface of the metal.

Thus, when the photon vector para lle l to the surface was equal to the 

surface plasmon polarlton wavevector, there was coupling with the 

Incident photon. This coupling could be increased or decreased by 

changing the incident angle. This study demonstrated d ire c tly  the 

Influence of the excited plasmon polarlton on the e le c tric  f ie ld  a t 

the surface.

In order for a metal to have well defined co llec tive  electro  

excitations, and thus be suitable fo r optical resonance, the dielec­

t r ic  function has to have large and negative real components, and
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very small Imaginary components.

Furtak and Kester (20,21) tested the change 1n the d ie lec tric  

function by using a lloy substrates. In the case of AgPd, the 1nten- 

s1ty decreased below the detection lim it  In the presence of only 4%

Pd, while with AgAu, a t small Incident photon energies, the en­

hancement was observed over the entire  concentration range. These 

effects correlate with the known optical properties of the alloys.

The optical resonance 1s expected to penetrate beyond the f i r s t  

layer, since the dynamic fie ld s  due to the surface plasmons extend 

beyond the metal-adsorbate In terface. In order to test th is , Murray 

et a l .  (22) performed experiments using a polymer spacer between the 

adsorbate (p-n1trobenzo1c acid) and a roughened Ag overlayer. They 

found that the SERS signal decreased rapid ly with Increasing the 

separation between the molecule and the metal. There was s t i l l  a 

signal, however, even when there was no d irec t contact between the 

surface and the adsorbate, which Indicates a long range e ffec t through 

coulomb coupling, enabled by the interaction of the optical f ie ld  with 

the rough metal.

The optical resonance 1s Independent of the chemical nature of 

the substrate as can be seen from the results of T ro tt and 

Furtak (23 ), who showed that the angular dependence of SERS on lig h t­

ly  roughened Ag film s, was Independent of the molecule. Creighton 

e t a l .  (24) found that d iffe re n t substrates had the same excitation  

p ro file . Chen et a l .  (25) detected second harmonic generation which 

was strong on rough Ag and weak on smooth Ag. This detection of a 

nonlinear p o la rlza b llIty  of the surface i t s e l f  can be Interpreted as
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a demonstration of optical e ffec ts  and th e ir  independence of the 

nature of the molecule.

The optical resonance 1s well accepted among s c ie n tis ts , but not 

as the sole e ffe c t responsible fo r SERS. There are serious short­

comings with the optical resonance, since 1n many cases, where 

th eo re tica lly  such a resonance should be expected, SERS 1s e ith er weak 

or not detectable. Theoretical calculations put a lim it  to the surface 

roughness 1n order to avoid e ith e r retardation or damping e ffe c ts ;  

thus, the largest levels of enhancement are restric ted  to three orders 

of magnitude, which 1s not enough to explain a l l  o f the e ffe c t of 

SERS.

C. Electronic Resonance. Electronic Resonance arises when the 

denominator 1n the f i r s t  term of eq. 4 becomes very sm all, I . e .  when 

the Incident photon energy Is near to the energy separation between 

the ground state and one of the excited states j .  The resonant state  

1n SERS may be found by coulomb coupling between the metal and the 

adsorbate and the resulting s h if t  and broadening o f the molecular 

sta te . The In teraction  also Involves charge tran sfe r. Electronic 

resonance Is res tric ted  to the f i r s t  layer of molecules, and Is  

sensitive , In general, to the electron ic structure of the molecule 

and the conditions which favor chemical bonds between the metal and 

the adsorbate, which stands 1n contrast with optical resonance.

One featu re , which 1s needed fo r both types of resonance Is  the 

"active s ite " , which necessitates an activation  step p rio r to the 

detection of SERS. By studying the SERS of the adsorbate, 1t 1s
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possible to learn and make assumptions about the environment of the 

substrate.

Pettinger, Wennlng and Kolb (26) and la te r  Loo (27) came to the 

conclusion that the spectrum seen 1s characteristic o f a chemical 

complex Involving atoms of the substrate and the molecule. A few 

authors (28-31) studied the nature of the water-substrate complex, and 

found that I t  lead to SERS only under specific activation conditions 

and 1n the presence of certain e lectro ly tes . The SERS of water 1s 

d iffe ren t than that of the bulk liqu id  and has only been observed In 

the presence of co-adsorbed halides and depends on the bulk solution 

pH and the type of cation 1n the supporting e le c tro ly te . I t  has been 

proposed by Flelschmann et a l .  (28) that th is form of water formed a 

complex with the halides and Ag atoms, and that 1n order to display 

SERS, water must be present In the active s ite .

The e ffec t of the laser Illum ination on the SERS signal (due to 

the exposure of the electrode to the laser beam during the pretreat­

ment step) 1s another factor which 1s related to the concept of active  

sites and surface roughness. Macomber e t a l .  (32) found that the 

signal of pyridine, thiourea and water 1n halide solutions was further 

magnified when the s ilv e r electrode was Illuminated by the laser beam 

during the pretreatment. Barz e t a l .  (33) reported sim ilar results 

with thlocyanate 1n KC1, and explain the findings In terms of a 

structural modification of the s ilv e r surface due to the creation of 

a large number of s liv e r clusters created In the s ilv e r  halide film  

by photodecomposition. I t  has been found by Chen e t a l .  (3 4 ), who 

performed scanning electron microscopy studies that the structure of
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the Ag electrode was altered during the pretreatment step. Barz 

et a l .  (35) stepped the electrode potential to the region where hydro­

gen evolved prior to the pretreatment* and found that the SERS signal 

was further enhanced by one order of magnitude. They explain this 

additional enhancement as being due to the morphological changes 

caused by the presence o f hydrogen bubbles during the reduction of 

the silver-ch loride film .

Demuth e t a l.  (36) studied the SERS of pyridine on single Ag 

crystal gratings In an UHV environment. The single c rys ta lH n lty  led 

to a predominance 1n the orientation of the crystal surface, 1n con­

tra s t with the randomly rough surfaces which are formed by the electro­

chemical pretreatment of the electrode, A p lot of the re la tiv e  SERS 

intensty as a function of the surface coverage of pyridine, shows an 

abrupt appearance of the enhancement at a coverage of 0.4 monolayers. 

The authors a ttrib u te  th is  by correlation to photoemission data to a 

transition 1n which the pyridine molecules rotated from a f la t  con­

figuration to an erect configuration. The la t te r  position on the 

surface enabled a more e ffec tive  Interaction between the nitrogen lone 

pair and the surface, thus leading to a greater electronic resonance.

In order to test the Importance of the active s ite , Wood and 

Klein (37) studied the SERS of pyridine on evaporated Ag under UHV 

condition. They prepared the substrates at low temperatures, where 

the surface migration of the Ag adatoms was minimal, leading to micro­

scopic defects. Pyridine adsorbed on th is surface did show SERS, 

however when the substrate was heated to room temperature, the signal 

was 1rrevers1b1ly quenched, due to thermal desorption and also due to
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annealing of the microscopic defects. The same e ffec t of Irreversib ly  

destroying the enhancement has been observed In an electrochemical 

environment (3 8 ). where the surface complex was destabilized by the 

potential applied on the electrode. As the active sites were de­

stroyed (by applying a potential negative to -1 .1  v o lts ) , there was 

an Irrevers ib le  loss of SERS. However when Ag was electrodeposited 

on the surface, the Ir re v e rs ib ility  disappeared, since the active 

sites were continually being created.

In the electronic resonance, an electronic transition  Is induced 

by the Incident lig h t on the active s ite . The association of the 

molecule with the surface through a chemical bond perturbs ground 

electronic states.

Charge transfer excitations between the adsorbed molecule and 

the metal surface which Involve strong optical absorption have been 

found to be a plausible mechanism by various authors (39-49). Two 

d is tin c t charge transfer mechanslms have been proposed. The f i r s t  

suggests that the transferred charge affects the surface plasmon modes 

and modulation of th is  charge transfer by molecular vibrations yields  

a corresponding change 1n the surface plasmon contribution to lig h t  

scattering by the metal surface (39 ,40 ,41). The resultant amplitude 

modulation of the scattered radiation 1s proposed to y ie ld  strongly 

enhanced Raman sidebands. The second proposed that v irtu a l excita­

tions to the charge transfer s ta te , which can be p a rt ia lly  resonant 

with the exciting radiation even at v is ib le  wavelengths, y ie ld  large 

contributions to the Raman scattering p o la r lz a b lllty  tensor o f the 

combined metal-molecule system (42-45).
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Demuth and Sanda studied the participation of charge transfer 

excitation (46) by performing low energy electron d iffra c tio n  experi­

ments. They observed a broad band corresponding to 2 ev which did not 

coincide with any known excitation 1n e ither Ag or pyridine. Later, 

Schmelsser, Demuth and Avourls (47) reported the observation of charge 

transfer excitations only when the surface was covered with atomic 

scale defects. Thus, th is  study has made a d irec t connection between 

electronic resonance through charge transfer and atomic defects.

The photon energy dependence of the coupling to the charge 

transfer excitation must Influence the SERS excitation p ro file , and 

the effic iency of th is  coupling w ill be reflected by the In tensity of 

Raman signal. Since charge transfer excitation Involves spaclally  

separated states, th e ir  re la tive  energy difference can be modulated 

by applying a certain  voltage to the system, as can be done 1n an 

electrochemical environment. The excitation p ro file  should then be 

dependent on the applied voltage. In the case where the Incident 

photon energy 1s fixed , the In tensity  of the signal should be a 

function of the applied potential (48 ,49 ). Furtak and Macomber (48) 

observed the s h ift In the electronic resonance changes 1n pyridine.

A plot of the In tensity  vs. applied po ten tia l, shows a maximum of the 

In tensity  a t - .5  V when the excitation lig h t was 488 nm, and - .8  V 

when the laser lig h t was 647.1 nm. They In terpret the results 1n 

terms of a charge transfer excitation from a f i l le d  state 1n the bulk 

metal to an unoccupied state on the molecule, or from a state within 

the metal to an unoccupied surface state on the metal surface.

Lombardi e t a l .  (49) reported the Raman Intensity vs. the electrode
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potential of a series of substituted pyrldlnes and saturated nitrogen 

heterocyclic compounds, a t two excitation energies (488 nm and 

600 nm}. The voltage maximum sh ifts  to more positive potentials with 

increasing excitation energy fo r the substituted pyrldlnes and to 

more negative potentials with Increasing excitation energy for the 

saturated compounds. They correlated the voltage maxima with the 

Hammett sigma function for substituted pyrldlnes and with pK for the 

saturated heterocycles. They In terpre t the results 1n terms of a 

charge transfer from the metal to the molecule In the case of the un­

saturated molecules, and from the molecule to the metal In the case 

of the saturated heterocycles.

The role of charge transfer excitations as a manifestation of 

electronic resonance Is established and generally accepted. However, 

the exact mechanism 1s s t i l l  under debate.

D. The SERS Experiment and Characteristics. The SERS experiment 

fo r the electrochemical environment usually consists of a three elec­

trode c e ll:  the working, the counter and the reference electrodes.

The ce ll Is made of quartz, the bottom being op tic a lly  f la t  see 

appendix. The laser beam 1s focused on a spot on the working elec­

trode, which does not exceed the surface of the electrode. The laser 

power used at the electrode 1s usually less than 100 mW and the 

spectral bandpass 1s 2-5 cm*1. The usual SERS electrochemical set-up 

Includes the three electrode c e ll ,  connected to a wave form generator 

and a potentlostat. The laser beam 1s focused on the working electrode 

and then scattered and collected 1n a double monochromator. In our 

experimental set-up the signal is transferred to a photomultiplier.
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then to an am pHfier-dlscrlm lnator and then to a PDP-8/E computer.
O O

The most frequently used laser frequencies are 4880 A, 5145 A and
0

6470 A. The dependence of the SERS signal on th is parameter has been 

Investigated by various groups (27*50-52) and an Increase of twenty 

fold 1n the intensity of adsorbates on s ilv e r was found when the fre ­

quency was shifted from blue to red. On the other hand, copper and 

gold showed SERS only upon laser excitation 1n the red (51,53,54);
O

when a 4680 A lin e  was used, no SERS was observed. When the logarithm 

of the experimental enhancement factor versus the excitation energy on 

Ag and Cu was plotted, i t  agreed with the theoretical p lo t.

Another characteristic of SERS 1s a background continuum, which 

extends from the Rayleigh ta l l  to about 4200 cm"* (55 -57 ), and Is 

found to be potential dependent. I t  has been attributed to lumines­

cence caused by a radiative recombination, produced by photolonlza- 

t1on (55). This In terpretation was reinforced by picosecond Raman 

gain experiments at approximately 2000 cm"*, which Indicated that the 

background was not a Raman e ffe c t, but rather a result of 

luminescence (5 8 ). Pettinger and Wetzel (59) Interpreted the continu­

um as being a superposition of numerous SERS weak bands, therefore Its  

observed potential dependence.

Typically , SERS Involves the use of a s ilv e r electrde, 0.05 M 

solution concentration of adsorbate and 0.1 H of the e le c tro ly te . 

Numerous adsorbates have been Investigated, such as pyridine and its  

derivatives, I .e .  2,3,4-cynaopyr1d1nes, pyridine d&, a n ilin e ,

4-acetyl pyridine, N-methyl Imidazole, N,N-d1methylcyanam1de(2), e tc .
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Recently, Busby and Creighton (60) have performed coulometric mea­

surements and found a lin ear dependence between the charge applied 

during the pretreatment and the surface concentration. Based on that, 

they found that the enhancement was increased by a factor of 10 as a 

resu lt of an Increased concentration of the adsorbate on the surface. 

They have also studied (61) the Raman excitation profiles  of of 

pyr1d1ne-2-a 2o-d1methy1an1Hne and found that the strongly allowed 

electronic transition  lie s  400 A away from the adsorption maximum of 

the molecule 1n the solution.

The only reports of SERS from radicals have been submitted by 

Regis and Corset (6 2 ), who investigated pyridine and by Melendres (63) 

who observed that methyl vlologln (MV+) radical cation was stab ilized

by electrode cycling and high halide concentrations.

Numerous anions have also been observed to show SERS, such as

Clf (64 ,65 ), SCN* (66,67) and halide 1ons (66 ,68 ,69 ), N3* (70)

cytrate (7 1 ), RuCN&"4 (7 2 ), MoO *̂ (7 3 ), e tc . In the CN" case, the

results were Interpreted in terms of d iffe ren t AgCN*^n* ^  complexes.

An assignment of three CN* ions adsorbed to a Ag* adlon was made (66)
2 -by comparison with the Normal Raman of Ag(CN)3 . SCN showed a 

potential dependent weak band, which was assigned to be a AgSCN band.

Lately, researchers have become Interested in SERS of molecules

which exh ib it resonance Raman, such as crystal v io le t , since the Raman 

cross section Is large even without the surface enhancement and also 

because the metal-molecule Interaction does not perturb the energy 

difference between electronic excited states and electronic ground 

states of the adsorbate. Since the fluorescence of the molecule under
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study can be quenched (74) a l l  these e ffec ts  make I t  possible to 

observe an enormous enhancement o f selective modes of biological 

molecules having large molecular weights (7 5 ,76 ). Some of the 

biological systems are b ile  pigment b lllve rd ln e  (77) on s ilv e r  sols; 

cytochrome c and iqyoglobln (78) a t a concentration below 10"® M. Both 

cytochrome c and myoglobin seem to undergo reduction of the low spin 

1 ro n (Il) a t the electrode; cobalt te trasulfonate phthalocyanlne was 

studied on a s ilv e r  electrode a t various laser excitation  

energies (7 9 ), using a rotating c e ll 1n order to avoid local heating 

e ffe c ts ; SERS of adenine, adenosine and adenosine 5 '•monophosphate 

were studied as well by Koglln e t a l .  (8 0 ,81 ). These 

molecules (80,81) do not show Resonance Raman and th e ir  In tens ity  1s 

solely due to SERS.

Itabashl e t a l .  (82) have reported the surface enhanced reso­

nance Raman of meso-tetrakls (4 sulfonatophenyl) porphlne (TSPP) at 

a Ag electrode. The potential dependence of th is  system reveals two 

electrochemical processes a t the Ag electrode: one which begins around 

- .3  V where the aggregated TSPP dissociates to monomers and the other 

one which occurs near - .4  V where the TSPP molecules become p a rt ia lly  

Incorporated 1n the metal.

Late ly , there has been a growing In te res t In the SERS of polymers. 

Metcalfe and Hester (83) studied the spectra o f gold coated sinusoidal 

d iffra c tio n  gratings overcoated with th in film s of polystlrene, using 

several excitation energies. They report the angular and polarization  

dependence of the in tensity  o f the Raman bands and show that they 

correla te with the variations in the zero-order re f le c t iv ity  o f the
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grating. Heard et a l .  (84) report SERS of amphlUc molecules at sub­

monolayer coverages of Ag and Au co llo idal metal surfaces. They have 

also found that polyvinylpyrrolidone shows SERS only when the sols 

aggregate. They conclude that aggregation of the collo idal substrate 

1s an important factor fo r observing SERS. However, no other reports 

on sols mentioned so fa r , ca ll fo r the need o f aggregation for the 

enhancement to occur. Another in teresting study was performed by 

Lee and Melsel (85) on polyvinyl alcohol (PVA), polyethylene g lycol, 

carbowax and polyvinyl pyridine (PVP) on Ag and Au sols. They conclude 

that PVA adsorbs on the metal through the unhydrolyzed acetate groups; 

carbowax adsorbs through the C-O-C groups, and PVP adsorbs through 

the pyridine system, which means that the molecule lie s  f la t  on the 

surface.

And f in a lly , a nonaqueous SERS of pyridine In N-N'd1emthyl- 

formamlde solution a t a s ilv e r electrode 1s reported by Hutchinson 

e t a l.  (8 6 ). This 1s the f i r s t  report of a nonaqueous solution and 

Its  1s very Important since 1t enables experimentalists to study the 

SERS of (nonpolar) molecules that do not dissolve 1n water or 

methanol. These authors used 0.1 H pyridine and 0.05 M te trabu ty l- 

ammonlum perchlorate. The fact that the spectrum of pyridine Is 

sim ilar to an aqueous one Indicates the In se n s itiv ity  of the surface- 

adsorbed species to the nature of the solvent.

E. Conclusion

A b rie f description of the electrochemical background, the 

theory and the characteristics, as well as various reports of SERS
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have been presented.

I t  seems that SERS 1s s t i l l  a growing fie ld  which has expanded 

not only to new theories but also to new systems, such as biological 

and polymeric ones. Although the orig in of the enhancement Is not 

completely understood, 1t Is a good and re lia b le  technique for study 

1ng In-s1tu the Interaction and the effects  of a molecule adsorbed 

on a metal surface 1n d iffe ren t environments.
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CHAPTER I I

pH AND CHLORIDE CONCENTRATION EFFECTS ON THE SERS OF PYRIDINE

A. Introduction

The observation of a giant enhancement 1n the Raman spectra of 

molecules adsorbed on a s ilv e r  substrate, has entailed considerable 

a c tiv ity  from various groups (1 ,2 ) .

Most studies have been carried out so fa r  with pyridine and 

pyridine derivatives, other nitrogen heterocycles and several anions. 

Less consideration has been given to the SERS of cationic  

species (3 ,4 ,5 ,6 ) .

We have b r ie f ly  discussed the SERS of pyrldlnlum 1on (7) and this  

report 1s a more detailed Investigation of its  SER spectra a t a Ag 

electrode.

Van Duyne (1) decremented the pH of a solution of 0.05 M pyridine 

and 0.1 M KC1 at -0 .6  V vs SCE on Ag from pH ■ 13 to pH ■ 5, and found 

out that the SERS Intensity was constant. But between pH ■ 5 and 

pH *  3, (pK > 5  for pyridine) the SERS In tensity  dropped to zero as 

the pH was further reduced. Since the potential 1n these experiments 

was on the positive side of the point of zero charge (p .z .c . ) ,  they 

concluded that the pyrldlnlum 1on was probably not strongly adsorbed.

Marlnyuk e t a l .  (4 ) studied the spectra of tetramethylammonium 

(TMA+) ,  tetraethyl ammonium (TEA+) and tetrabutylammonium (TBA+) cations 

and noticed that TMA+ showed more noticeable frequency changes as a 

function of electrode voltage, than TEA+ and TBA+. The explanation
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given for this e ffe c t was that the Increase 1n the length of the 

alkyl chain smeared out the charge over a ll atoms and therefore the 

vibrational frequencies of these cations were less sensitive to 

changes 1n the po ten tia l.

The fact that positively charged species have shown spectra at 

potentials positive to the p .z .c . raises questions pertaining to the 

adsorption of these species on the positively charged surface.

Harlnyuk e t a l .  (4) studied the changes 1n the spectrum of pyridine 

adsorbed on s ilv e r 1n the presence of I"  and noticed that the spec­

trum was not affected by changing from HgO to DgO 1n neutral solu­

tions while C,.HgND+ 1s seen 1n addition to pyrldlnlum 1n an acidic 

medium. They conclude that I ” adsorption gives rise to Lewis acid 

sites on the s ilv e r surface. This explanation for the appearance of 

the 1024 cm"* band 1s sim ilar to that given by Flelschmann (8 ) ,  1n the 

sense that a coordinated nitrogen displays a trigonal ring breathing 

mode which 1s shifted to a lower frequency compared to the 1036 cm"* 

band. The 1024 cnf* band was assigned by Flelschmann (8a) as pyridine 

chemlsorbed to s ilv e r via Lewis ad d  coordination through the nitrogen, 

whereas the 1036 and 1008 cm”* bands, being s im ilar In frequency to 

those 1n aqueous solution were assigned as pyridine physlsorbed at the 

electrode/e lectro lyte Interface via water. The 1024 cm”* has been 

discussed 1n de ta il 1n reference 8b, where the electrode was pretreat­

ed while the electrode was Illuminated by an unfocussed laser beam.

They noted a re la tiv e  Increase o f the 1025 cm~* lin e  which they related 

to the atomic cluster known to form to varying extents upon photolysis 

of the d iffe re n t s ilv e r halides. However, prolonged radiation of the
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electrode caused a decrease 1n the In tensity  of the 1025 cm"1 band, 

leading to a corresponding Increase 1n the 1007 cm*1 and 1037 cm"1 

bands. They conclude that the chemlsorbed species Is formed at 

special sites on top of the geometrically defined surface, as a result 

of photolysis.

E arlie r studies of Regis and Corset (3) on pyrldlnlum (which 

agree with the data to be presented) lead them to Introduce radical 

ions to explain the SERS of pyridine, but there 1s no proof for the 

existence of such species 1n the SERS phenomenon for pyrldlnlum.

These authors find that a t a potential of -0 .05 V there 1s a strong 

preferential adsorption o f the pyH+ 1on a t the electrode surface 1n 

the presence of sp ec ifica lly  adsorbed Cl" 1ons. Since the spectrum 

a t pH ■ 8 showed three bands at 1008, 1025 and 1036 cm"1 at -0.05 V, 

they conclude that both the free and the protonated pyridine are 

responsible fo r these peaks. They point to the fact that the 

pyrldlnlum Ions are strongly bound a t th is  conditions even though 

th e ir  concentration 1s very low. We doubt th is  conclusion, because 

the free pyridine Is known to display three bands at 1008, 1025 and 

1036 cm"1 a t -0.05 V at pH ■ 8, and also because a solution of 

0.05 x 10 H of pyrldlnlum (which corresponds to the concentration 

of the protonated species at pH -  8) 1n 0.1 M KC1, did not lead to a 

detectable spectrum.

Atkinson e t a l.  (6) studied the Intensity of several Raman bands 

of pyridine 1n a chloride solution and th e ir  dependence on the applied 

potential and the pyridine concentration. They found that the In­

tensity ra tio  of the 1038 and 1011 cm”1 bands of pyridine exhibited a
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sim ilar potential dependence to the In tensity  of the 240 cm"* band, 

Indicating a surface complex Involving both pyridine and chloride. 

They further elaborate that th is complex, or pyH+Cl" 1on pair 1s 

possibly In equilibrium with the pyridine radical and the Cl2 

rad ica l, as suggested by Regis and Corset (3 ) .

All these studies indicate that positively charged molecules can 

In fa c t, show SERS, positive to the p .z .c . However, no study has 

carefu lly  looked at the nature of the surface species Involving these 

positively  charged Ions, and the Influence of the halide on the be­

havior of the system.

In an attempt to elucidate this questions, we have Investigated 

the SERS of pyridine at d iffe re n t pH values and as a function of 

chloride concentration, at various values of 1on1c strength, using 

d iffe re n t pretreatment methods.

B. Experimental

Raman spectra were obtained with a Coherent Radiation 52B Argon

ion laser In conjunction with a Spex 1401 double spectrometer and
0

PDP-8/E computer. The exciting lin e  was 4880 A. The electrochemical 

c e ll ,  scattering geometry and electrodes used fo r the measurement 

have been discussed elsewhere (2 ) .

Electrode potentials of a 99.99% pure polycrystalline Ag elec­

trode were controlled with a Princeton Applied Research (PAR) Model 

173 Potentlostat, together with a PAR Model 175 Universal Programmer. 

All potentials are quoted versus a saturated calomel electrode.

The solutions were prepared with d is t ille d  pyridine and
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1soqu1no11ne, obtained from Aldrich Chemical Company. The solutions 

were deaereated by bubbling nitrogen before use.

The time controlled pretreatment of the electrode Included a 

step from -0 .6  V to +0.2 Vf holding I t  fo r 2 seconds a t th is  voltage* 

and then stepping back to -0 .6  V. A ll potentials are quoted vs. a 

saturated calomel electrode* SCE. The chloride was added to the 

solution without changing the alignment of the c e l l .  A fter each 

chloride addition , the surface was cleaned and then pretreated 1n the 

manner Indicated above.

Also the charge controlled pretreatment was used 1n which 

25 mC/cm  ̂ was passed 1n a solution of 0.005 M chloride and 0.05 M 

pyrldlnlum. The electrode was then washed and Inserted 1n the c e ll .

All pretreatments were performed In the dark.

Since the alignment o f the c e ll was changed a fte r  each pretreat­

ment the re la tiv e  In ten s ities  were calibrated by using a laser lin e
O

(4964 A)* which was found to be time and voltage Independent. Before 

the spectrum was taken the laser lin e  was brought to the same Inten­

s ity  each time (keeping the laser power constant). The error 1n the 

reproducib ility  o f the respective In ten s itie s  was 8%.

C. Results and Discussion

The low lying SERS vib ration  in the Ag/pyr1d1ne, KC1 system 

typical o f a surface band (not seen 1n solution) 1s shown as a func­

tion of pH and voltage 1n Fig. I .  At pH ■ 2 the ra tio  of pyrldlnlum  

to pyridine 1n solution 1s 1000:1, whereas a t pH *  8 th is ra tio  1s

Inverted and becomes 1:1000. At pH -  5.2 * pK th is  ra tio  becomes 1:1.
0
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The SERS spectrum of the molecular lines a t pH ■ 2 and - .2  V Is 

typical o f pyrldlnlum; a t pH ■ 8 and - .6  V 1t 1s typical of pyridine; 

and a t pH 5,2 1t 1s a mixture of both. The surface lin e  a t 237 cm"1 

(±3 cm**, depending on the voltage) and pH ■ 2 peaks a t the same 

voltage as the 1006 cm"1 and 1022 cm"1 bands of pyrldlnlum ( - .2  V). 

Since a t - .2  V the surface 1s positively charged and so 1s the pro­

tonated pyridine, the formation of a ch1or1de-pyr1d1n1um Ion pa ir, 

which adsorbs to the surface through the halide has been suggested (7 ) .  

The 237 cm"1 band seen 1n the presence of 0.05 M pyrldlnlum at pH « 2 

and - .2  V d iffe rs  1n lin e  shape from the one seen In a solution con­

taining only 1.0 M KC1 at pH -  7 .6 , as can be seen by the moment 

analysis of the two lines shown 1n Fig, 2. The square root of the 

second moment gives the ha lf width of the spectral lin e , and the cube 

root of the th ird  moment gives a measure of the skewness of the lin e . 

Band A (F ig. 2) has a Unewldth of 9.7 cm’ 1 and 1s more skewed than 

lin e  B which has a Unewldth o f 6.6 cm"1. Previously the low lying  

surface band a t 237 cm"1 was assigned to Ag-Cl stretch; however, the 

difference in lin e  shapes between band A and B strongly suggests that 

the 237 cm"1 lin e  In presence of pyrldlnlum Is not a pure Ag-Cl band.

At pH -  7.8 (F ig. 1 ), the low lying band Is very broad between 0 

and - .2  V, and sh ifts  to a lower frequency (217 cm"1) as the voltage 

becomes more negative. The behavior 1s probably due to the fac t that 

th is band 1s a mixture of Ag-N and Ag-Cl vibrations between 0.0 and 

- .2  V, and becomes only the second type of lin e  a t - .6  V. I t  may be 

that these two types of surface lines are a resu lt of the fact that 

there 1s a complex between pyridine and the chloride (7 ) ,  and depending 

on the voltage, a d iffe ren t s ite  of the complex adsorbs to the surface.
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At pH •  5.2 the band peaks a t - .4  V, which 1s a potential half-way

between that o f the other two pH systems. A p lot o f the potential of

maximum In tensity  Vm>v vs. pH shows a stra ight l in e , see Fig. 3.IDflX
Fig. 4 shows a d iffe re n t portion of the spectrum In the region 

950-1050 cm*1, as a function of pH and applied voltage. The typical 

spectrum of pyrldlnlum at pH « 2 shows two lin e s , one at 1006 cm-1 and 

the other at 1022 cm*1, which peak a t - .2  V. The accepted assignments 

1n the Wilson vibrations are ^  and (or 3 ^ )  respectively (9 ,10,11) 

see Appendix for a diagram. Both lines are of 8j symmetry. At - .6  V 

the lines disappear almost completely. At pH ■ 7.8 a t - .2  V, the

typical spectrum of pyridine at this portion of the spectrum shows a

lin e  a t 1008 cm"1 and two lines a t 1025 cm’ 1 and 1035 cm"1. The 1025 

cm"1 band 1s typical of pyridine adsorbed to the surface and disappears 

at voltages more cathodlc than - .2  V (8 ) .  At - .6  V the spectrum of 

pyridine peaks 1n in ten s ity , 1n contrast with that of pyrldlnlum.

I t  Is characteristic of the SERS of pyridine a t pH ■ 7.8 to peak 

at - .6  V; to show three lines at 1008 cm"1, 1025 cm’ 1 and 1035 cm’ 1 

at - .2  V and only two lines a t - .6  V (the 1025 cm’ 1 band disappears), 

and for pyrldlnlum at pH » 2 to peak 1n In tensity  a t - .2  V, to show 

two lines at 1006 cm"1 and 1022 cm’ 1 and fo r a ll  lines to disappear 

at - .6  V.

Since a chlorlde-pyrldlnlum 1on-pa1r was invoked, and since the 

pyrldlnlum molecule lines showed the same voltage dependence as the 

237 cm"1 band the nature of th is low lying band was examined, 1n order 

to better understand the nature of the surface-ha11de-pyr1d1n1um 

In teraction.

In order to verify  whether the 237 cm"1 band was due to pure
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chloride or due to the 1on-pa1r, SERS of a solution of 1.0 M KC1 pH -  

2 was taken, however, there was no surface band a t 237 cm"*, although 

a lin e  can be seen 1n F1g. 2 a t pH 7.6 fo r pure 1.0 M KC1. This 

Indicates that the appearance of the 237 cm"* a t pH ■ 2 necessitates 

the presence of the pyridlnlum cation, which means that this band 1s 

due to a surface-lon pair v ib ra tion . This conclusion 1s reinforced 

by the fact that when H20 1s replaced by D̂ O a t pH -  1 .4 , the surface 

lin e  sh ifts  from 237 cm"* to 215 cm"*, see Fig. 5, which would not 

have happened I f  this band were a pure Ag-Cl vibration .

In order to further Investigate the nature of the 237 cm”* band,

I performed two types of t itra tio n s  1n-s1tu: 1) starting a t pH * 7,

adding HNÔ  un til pH 2.4; 2) starting a t pH 2.3 and adding NaOH until 

pH ■ 7. In the f i r s t  case, there was a surface lin e  at 237 cm"* 

which was in d ifferen t to the change In the pH, see Fig. 6. In the 

second case, no lin e  was observed, even when the pH became basic.

The pretreatments were carried out 1n both cases 1n-s1tu. In order 

to v e rify  whether the surface lin e  did not show as a resu lt of the pre- 

treatment 1n an acidic medium, I pretreated the electrode ex -s ltu ,

(pH •  8) then I Inserted I t  Into the c e ll ,  where the pH was 2.3 . A 

surface lin e  appeared a t 237 cm"*, and again, as In Fig- 6 1t was In­

d iffe re n t to the changes 1n the pH, when the solution was titra te d  to 

pH 7, 9, and 12, F1g. 7 Is  a p lot of I 23? -1 vs. the ra tio

[pyr1d1n1um]/[Cl“] .  The concentration of the chloride was constant 

(0.1 M) and pyridlnlum was added, 0.05 M each time. In the absence 

of pyridlnlum, there was no lin e  around 237 cm"*, but as pyridlnlum 

was added, I t  showed up and peaked 1n in tensity  at [pyr1d1n1um]:[d"]
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« 1:1.

I conclude, therefore, that the 237 cm'1 band In the presence of 

pyridlnlum 1s a chlorlde-pyrldlnlum-surface band, and Its  onset or 

disappearance 1s diagnostic of the adsorption of the 1on-pa1r to the 

surface. The fact that th is band did not seem to have a detectable 

in tensity upon pretreatment 1n and acidic medium, Indicates that this  

system Is extremely sensitive to the topography of the surface; and I t  

may be that the number and/ or the shape of the surface sites created 

during the pretreatment, are pH dependent.

In c iden ta lly , 1soqu1nol1ne shows the same voltage dependence 

and pH effects as pyridine. In th is  case, the Ag-N lin e  a t pH ■ 8 

shows up at 200 cm"1, which 1s expected since the mass of Isoqulnollne 

1s larger than that of pyridine. The partic ipation  of the halide In 

the adsorption of pyridlnlum is also Indicated by the fact that 1n a 

KBr solution the most Intense SERS spectrum 1s shifted to >.4 V, 

typical of the bromide 1on adsorption.

F1g. 4 shows that the spectrum of pyridlnlum 1s d iffe re n t from 

that of pyridine 1n the region between 950-1050 cm'1. A new lin e  at 

1022 cm'1 appears at pH -  2. In order to ascertain that 1t 1s Indeed 

the pyridlnlum species which 1s responsible fo r the appearance of 

th is  lin e , a spectrum was taken In D^O, as shown In F1g. 5. The pre­

treatment was carried out In the absence of laser lig h t to avoid the 

onset of the 1025 cm'1 band as a resu lt of photolysis, as suggested 

by Flelschmann (8 ) .

Upon deuteration, the ring breathing mode a t 1022 on*1 sh ifts  

l i t t l e  or not a t a ll  (10 ,11 ,12 ), whereas the to ta lly  symmetric



Fig. 6

1.0H KCI

pH* 7.
300

The In tensity  o f the Ag-Cl Surface Band as a Function of pH



Fig. 7

t o

The Intensity o f the 237 c* band o f 0.1 M KC1 a t Various Pyridine Concentrations



40

vibration a t 1008 cm*1 sh ifts  to lower frequencies by about 10 cm"1.

I therefore assign the 993 cm"1 band as being due to CgHgND*, the 

band at 1008 cm*1 being due to (even In DgO the solution con­

tains H+ since the pH was controlled by adding HNOj) and the band at 

1022 cm"1 as coming from both species. This spectrum shows a broad 

shoulder around 2400 cm"1! Indicative of a deuterated medium. Note 

the low Intensity of the 1008 cm"1 band, which points to the low 

concentration of C^HgNH*. The 993 cm"1 band has been assigned 1n the 

lite ra tu re  as being a Wilson v ibration; however, there 1s a con­

troversy with respect to the 1022 cm"1 band (9 -12 ). Since th is band 

did not s h ift to a lower frequency upon deuteratlon I t  can not b e * 

which Includes a vibration of the N-H part of the molecule. I there­

fo r accept the assignment of Cook (11) which 1s fo r the 1022 cm’ 1 

lin e  and does not Include a vibration of the N-H part of the molecule. 

Note that 1n Fig. 5 at pH -  8 there are two bands between 950- 

1050 cm"1, a t 1006 cm"1 and 1035 cm"1, typical of the spectrum of 

pyridine which are not affected by deuteratlon.

F1g. 7 shows a p lot of the In tensity  of the 237 cm*1 lin e  vs 

the concentration ra tio  of pyridine to chloride at pH ■ 2 .3 , - .2  V 

and 0.1 M KC1. The pretreatment was carried out 1n-s1tu. Each point 

belongs to a d iffe re n t concentration of pyridine. In the absence of 

pyridlnlum, the Intensity of th is  lin e  1s zero. As more pyridlnlum 

1s added, the band Increases 1n In tensity  up to a ra tio  o f 1:1, then 

decreases and levels o f f .  The fa c t that the In tensity  of the 237 cm"1 

band 1s d irec tly  related to the pyridlnlum concentration Indicates 

that this cation 1s not only needed during the pretreatment for this
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band to appear, but furthermore -  th is  surface band Is a resu lt o f the 

chlorlde-pyrldlnlum -surface v ib ra tio n . The results o f F1g. 7 

reinforce the ones drawn from F1g. 5 and 6 about the nature o f the 

237 cm"1 lin e .

In order to fu rther elucidate the nature of the hal1de-pyr1d1n1um 

species, I carried out chloride to pyridlnlum concentratlon-ratlo  

studies, where the pyridlnlum 1on concentration was kept constant at 

0.05 M (pH * 2 .3 , - .2  V) and the chloride concentration was varied, 

see F1g. 8, The halide additions were performed 1n-s1tu at the same 

alignment, and the pretreatment was time controlled (the voltage step 

was two seconds long). There 1s a peak 1n the In ten s ity  for a l l  the 

three lines a t a ra tio  of 1:1 chloride to pyridlnlum and then a 

decrease 1n the In ten s ity . This behavior 1s typical of a l l  three 

lin es , which are nearly p a ra lle l 1n the rise  and f a l l  o f th e ir  Inten­

s ity . A time study of the system indicated that there was a decrease 

of the In tensity  (w ithin ten minutes the in tensity  of the spectrum 

diminished by more than 25X).

In order to determine whether th is  decrease in the ra tio  was due 

to the time dependence o f the system, I repeated the p lo t by taking a 

spectrum a t each chloride concentration, d ire c tly  a fte r  pretreating  

the electrode outside the ce l! (see F1g. 9 ) . The pH was 2 .3 , the 

voltage - .2  V and the pretreatment was charge controlled (25 mC/cm 

were app lied ). I t  1s evident from F1g. 9 that the In tens ity  peaks 

fo r a l l  the lines a t both pyridlnlum concentrations (0 .05 M and 

0.075 M) a t a solution ra tio  o f 1:1 hallde-pyrldlnlum . This Indicates 

that there Is a complex formation of 1:1, In fa c t an 1on-pa1r, and 1t
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F1g. 8

In tensity Versus Chloride Concentration o f Three Bands In the Pyrldl 

nlum spectrum. Time Controlled Pretreatment.O.OSM Pyridlnlum.



Fig- 9

In tensity versus Chloride Concentration of Three Bands In the Pyrldlnium Spectrum, A fter a

Charge Controlled Pretreatment. 0.05M and 0.075 M Pyrldlnium.
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1s this species which adsorbs to the surface. The formation of such 

complexes In solution has been previously reported by other 

authors (1 3 ). Mlerzecki et a l.  studied the Raman spectra of various 

concentrations of pyridine in formic, acetic and butyric acids. 

Variation of the In tensity  of the 1003 cnf* with concentration In­

dicates the formation of a complex of one molecule of pyridine with 

one molecule of the acids.

At a ra tio  of chlor1de:pyr1d1n1um greater than one, there Is a 

decrease 1n the In tensity  of a l l  the lin es , Including the 237 cm"* 

band, which Indicates desorption of the complex from the surface.

The fact that I could not detect th is lin e  (237 cm”*) at pH -  2.3 1n

1.0 M KC1 and that Its  behavior upon chloride addition In Fig. 8 , 9 

1s sim ilar to that of the molecular bands of pyridlnlum 1s further 

evidence for the conclusion that the 237 cm"* Is a complex band. The 

decrease In the In tensity  of a l l  the bands upon addition of chloride 

(a t a chloride: pyridlnlum ra tio  larger than one) 1s possibly related 

to a competition between the incoming chloride and the 1on pa ir. At 

low bulk chloride concentrations, the spectral in tensity  Is low, and 

as more chloride 1s added, the In tensity  builds up. As the chloride 

concentration Is Increased and exceeds the 1:1 ra tio  to pyridlnlum, 

the Incoming chloride could cause desorption of the 1on p a ir , follow­

ing Le-Chateller's prin c ip le , according to the following equilibrium:

c r (aq) + < C » H +).d  C l*,,, + (PyH+C D , q

I t  may also be that th is equilibrium 1s responsible fo r the time
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dependence of the adsorbed Ion pair on the surface. Also, note that 

a t the voltage V a t which this study was carried out, the s ilve r  

surface 1s positively charged. Since the 1on pair Is neutral and the 

chloride 1on 1s negatively charged, 1t may be that from pure e lectro­

s ta tic  grounds, the adsorption of the halide Is preferred over that 

of the 1on-pa1r on a positively charged electrode. This could also 

explain the decrease 1n the Intensity of the bands at high chloride 

concentrations. However, since there 1s no detectable Ag-Cl surface 

lin e  at th is pH, I t  1s hard to determine the amount of chloride on 

the surface under these conditions.

Fig. 10 shows two portions of the spectrum of pyridine at pH ■ 

2.3 at - .2  V and a t d iffe ren t chloride concentrations. The lin e  at 

1045 cm”1 comes from the n itra te  Ion, which was kept constant at 1 M, 

1n order to maintain a constant Ionic strength and thus avoid com­

plications as a result of the change In this parameter. Note that 

th is 1s a spectrum following a time controlled pretreatment step.

At [C T ] -  0.005 M, there are two lines 1n the region 950-1050 cm"1, 

one at 1006 cm"1 and the other one at 1035 cm"1, which 1s typical of 

pyridine a t pH -  8. As the chloride concentration 1s Increased, this  

lin e  diminishes 1n Intensity and another lin e  a t 1022 cm"1 builds up. 

At (C l") -  0.1 M, the 1035 cm"1 band 1s hardly seen, and a t [C l”3 ■ 

0.2 M I t  disappears completely, leading to a spectrum typical of 

pyridlnlum. The Intensity of the 1022 cm"1 lin e  follows that of the 

237 cm"1 band, (shown on the le f t  side on F1g. 10 and Fig. 11) since 

they both Increase 1n Intensity as more chloride Is added to the bulk. 

The 1022 cm"1 lin e  becomes well defined at a ra tio  of 1:1 pyrldlnium



46

F1g, 10

Two Portions of the Spectrum of 0.05 M Pyrldlnium at Various Chloride

Concentration a t a Fixed Ionic Strength of 1 M.
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to chloride. Also, at this ra tio  of 1:1, the surface lin e  shifts to 

237 cm"1, whereas at [C l"] •  0.005 1t peaks around 220 cm"1. At 

[C T ] -  0.025 M the surface band peaks between these two frequencies 

and also the 1022 cm"1 and 1035 cm"1 lines are equal 1n in tensity ; 

this indicates that there 1s a mixture of pyridine and pyridlnlum on 

the surface. This behavior which 1s plotted 1n Fig. 11 Indicates 

that at a fas t pretreatment and/or a t small chloride concentrations 

In the bulk, the e ffec tive  amount of chloride on the surface 1s 

neglig ible and the formation of Ion pairs 1s not possible. In this  

case, the f i r s t  equilibrium (1) 1s most probably dominant, whereas at 

larger chloride concentrations I t  may be that the second p o ss ib ility , 

equilibrium (2 ) ,  1s preferred:

PyH (*q) * *  Py(»q) *  H (»q ),==*  Py(«o) + H (*q) ***

PyH+( , q) ♦ c l' ( , q ) « = * < PyH+cr> ( „ )  ( pyH*c i_) (ad) (z)

Since this e ffec t was not observed in Fig. 8 and 9, where the 

1on1c strength was low, 1 studied the behavior of pyridlnlum 1n the 

presence of a low chloride concentration (0.025 M), as a function of 

the Ionic strength. I performed th is study twice, using either the 

n itra te  or the perchlorate 1ons, 1n order to ve rify  whether th is was 

sp ec ifica lly  a n itra te  e ffec t or an Ionic strength e ffe c t.

F1g. 12 and 13 show the e ffe c t o f the Ionic strength on the 

spectrum of pyridlnlum at pH 2 .3 , - .2  V. As the Ionic strength Is  

Increased (by adding KNÔ  pH * 2.3) the 237 cm"1 band becomes wider
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Bands at Various Values of Ionic Strength, 0.05M Pyridine, 0.025 M 

KC1 pH -  2 .3 , and - .2  V
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and sh ifts  to a lower frequency, whereas the 1022 cm"* lin e  disappears 

and instead another lin e  builds up at 1035 cm”* . Also, the surface 

lin e  at 237 cm-1 becomes wider and sh ifts  to lower frequencies as the 

n itra te  1on becomes more concentrated, indicative o f a change from 

pyridlnlum to pyridine. Since the same e ffec t was observed when per­

chlorate was used, that means that the Ionic strength, 1n addition to 

the chloride concentration, can determine the extent of pyridine and 

pyridlnlum adsorption on the surface. There are three cases to con­

sider: f i r s t ,  a t low (C l") and low Ionic strength. In this case, 

e ither no spectrum or a very low Intensity spectrum 1s detected, since 

there are no or few Ion pairs on the surface. Secondly, as the Ionic 

strength 1s Increased, (without changing any other parameters) the 

behavior o f the system becomes typical o f pyridine. I t  may be that at 

a high 1on1c strength, where the hydrogen bonds In the solution are 

broken, the water close to the pyridlnlum on the surface creates 

hydrogen bonds with the proton of the pyridlnlum, stripping 1t o ff  

the molecule. There are no electrochemical effects related to this  

e ffe c t, since cyclic voltammograms of pyrldlnium taken a t various 

chloride and/or various Ionic strength values, are sim ilar to the same 

cv taken with pure chloride, Ne conclude that the change In the be­

havior of pyridlnlum to pyridine Is  not a resu lt of an electrochemical 

reduction o f th is  molecule. The th ird  p o ss ib ility  at high (C l") and 

high Ionic strength, where the anion 1s sp ec ifica lly  adsorbed, has 

been discussed previously.

In a l l  cases, when the behavior of the system 1s typical of 

pyridine (although the bulk pH 1s 2 .3 ) , upon changing the voltage
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from - .2  V to -  .6 V, the In tensity  of the bands Increased which 

confirmed that I t  was Indeed the unprotonated species which showed 

those lines.

The fact that In the absence of chloride the 1022 cm'* band Is 

not observed points to the dependence of th is lin e  on the halide.

As the voltage was changed from - .2  V to - .6  V, the intensity Increas 

ed -  again a behavior typical of pyridine, which 1s sim ilar either to 

the case where the chloride concentration was low* or to the case 

where the halide employed was KF (which 1s known to adsorb 1n 

neglig ible amount.)

The 1022 cm'* band also shows a dependence on the amount of 

charge applied to the electrode during the pretreatment step, see 

Table I .  When the amount of charge was Increased, a higher intensity  

of the 237 cm'1 band was observed, followed by an Increase 1n the 

ra tio  of the In tensity  of the 1022 cm-1 lin e  to that of 1006 cm"1.

The protonation state of pyridine at pH « 2.3 and - .2  V at 

d iffe re n t chloride concentrations present 1n the pretreatment step 1n 

the bulk solutions 1s depicted 1n Table I I  (the pretreatment was time 

controlled 1n a l l  three cases). In case I and I I ,  the spectra were 

taken a t the same bulk conditions, I .e .  0.005 M KC1 and 0.05 M 

pyridlnlum. However, the pretreatment was carried out In 0.2 M KC1 

In case I and 0.1 M KC1 1n case I I .  Case I I  and I I I  underwent 

Identical pretreatments, but the bulk chloride concentrations are 

d iffe re n t (0.005 M in I and I I ,  and 0.01 M 1n I I I ;  the pyridlnlum 

concentration in a ll  solution was 0.05 M). The behavior of 1 and I I I  

around 950-1050 cm"1 Is s im ila r, resembling that o f pyridlnlum, while
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TABLE I

The intensity of three lines in the pyrldinlum 

spectrum as a function of the charge applied during 

the pretreatment step. The concentrations were 0.05 M 

pyridlnlum and 0.1 M KC1, taken a t - .2  V.

Pretreatment Step

*237 cm"1 *1023 cnf^lO O B cm*1

25.0 6.0 1.0

37.5 13.0

50.0 20.0 3.9
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TABLE I I

The protonation state of adsorbed pyridine as a 

function of the chloride concentration during the ex-s1tu 

pretreatment step and the bulk solution.

Ex-s1tu Bulk Bulk

Pretreatment [C1*] [PyH+]

Case Conditions M N ^cm"*

[Cl "3

I 0.2 0.005 0.05 1007, 1022

I I 0.1 0.005 0.05 1005, 1035

I I I 0.1 0.01 0.05 1007, 1022
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I I  shows a spectrum typical of pyridine. In both 1 and I I I  the 

pyridlnlum molecules were exposed to a greater concentration of 

chloride compared to I I ,  e ither In the pretreatment step, or in the 

bulk solution.

This Indicates that the pretreatment methods, as well as the bulk 

chloride concentration, can change the state o f protonation of the 

adsorbed pyrid ine, which 1s related to the pH of the system. Whether 

this parameter can be exactly estimated as a function o f the Intensity  

ra tio  of spectral lin es , as well as frequency s h ifts , remains to 

further be investigated.

D. Conclusion

The spectrum of pyridine has been reported as a function of pH, 

electrode pretreatment, halide concentration and Ionic strength. The 

protonated pyridine 1s d iffe re n t than the free species 1n the voltage 

dependence and Interaction with the surface. While pyridine adsorbs 

d ire c tly  to the surface, pyridlnlum communicates with the surface via 

the halide with which i t  forms an lon -palr. Thus, pyridlnlum does 

not In teract d irec tly  with the surface and th is long range e ffec t 1s 

probably responsible for the fa c t that the SERS enhancement for 

pyridlnlum 1s about ten times less than that of pyridine.

Under certain conditions, such as low Ionic strength, low 

chloride concentration and fast pretreatment, the spectrum of 

pyridlnlum at a bulk pH 2.3 seemed to resemble that of pyridine. The 

explanation given to the e ffec t was related to the fa c t that at small
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chloride concentrations, the formation of Ion pairs was not possible. 

At high Ionic strength values, where there are no hydrogen bonds in 

the solution, 1t 1s possible that the water molecules 1n the v ic in ity  

of the surface create hydrogen bonds with the proton of the pyrldln­

ium, thus changing the protonation state of the la t te r .  However I 

do not exclude other po ss ib ilities  which can explain the protonation 

effects such as adsorption to Impurity sites or defect sites which 

have a dipole moment. Further studies are needed 1n order to conclude 

unequivocally the cause to the protonation effects o f pyridine.
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CHAPTER I I I

THE EFFECT OF HALIDE ION ON THE SERS SPECTRA OF

PYRIDINE

A. Introduction

Surface enhanced Raman scattering (SERS) spectra o f nitrogen 

heterocyclic compounds on a polycrystal lin e  s ilv e r electrode have 

been widely studied (1) since the seminal paper on pyridine SERS by 

Fleslchmann e t a l .  In 1974 (2 ) .  One goal of many of these studies 

have been the elucidation of the detailed molecular structure of the 

chemical e n tity  or e n titles  at the surface which give rise to the 

scattering. This study 1s a further e ffo r t toward that goal.

Two new features of the SERS pyridine spectrum, which re la te  to 

the surface species and which are absent from the normal Raman spec­

trum of pyridine 1n aqueous KC1, are the bands a t ca. 240 cm"1 and 

1025 cm”1 (2 ,3 ) .  The band at 240 cm-1 has now been assigned to a 

surface Ag-hal1de (Ag-Cl) stretch (4) and the one at 1025 cm"1 to 

chemlsorbed pyridine bound to a Lewis ad d  s ite . Although no defin ite  

experimental proof of the geometry of a surface complex has yet been 

presented, various structures Involving surface s ilv e r , halide and 

pyridine have been postulated (1 ,3 -6 ,8 ).

The Influence of surface Cl" on the SERS spectrum of neutral 

pyridine has been studied by Atkinson e t a l .  (9 ) . They found that 

the in tensity  ra tio  of the 1038 cm"* trigonal ring breathing)

to the 1010 cm"1 band W j,  symmetrical ring breathing) as a function
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of potential has the same slope as the Intensity of the 233 cm”* band 

vs. potential between 0.0 V and -0 .60 V vs. SCE. They were led from 

Regis and Corset's results (7) to conclude that the ion pair PyH+Cl*

1s a possible surface species which desorbs near the p .z .c . being 

replaced by pyridine or a pyridine radical hydrogen bonded to  

water (9 ) .  However, experiments with D20 solutions by Marlnyuk 

e t a l.  (10) with pyridine and I"  as the halide show no s h ift  o f the 

1006 cm*1 and 1025 cm* bands Indicating the absence of hydrogen bonded 

pyridine 1n neutral solutions. Flelschmann and H111 now believe that 

neutral pyridine 1s 1n d irec t contact with s ilv e r , that the chemlsorb- 

ed pyridine has a Ag4 species and the physlsorbed pyridine a Ag® 

species (8 ) .

Several research groups have noted the e ffe c t of the potential
-1and chloride concentration on the In tensity  ra tio  of the 1035 cm 

to 1010 cm"* bands (6 ,8 ,9 ,1 1 ,1 2 ). The 1035 cm”* band 1s more In­

tense that the 1010 cm”* at potentials very positive to the p .z .c .,  

and there 1s an intensity reversal a t around -0 .4  V vs. SCE which 

continues to change as the potential 1s moved negative to the p .z .c . 

Van Duyne (3) studied the dependence of the 1006 cm"* (which we 

observed at 1008 cm” *) lin e  in tensity  on the bulk chloride concentra­

tion and found that the maximum SERS intensity occurred when the ra tio  

of the chloride to pyridine concentrations was 2:1. However, since 

the electrode was pretreated ex-situ  In 0.1 H KC1 (a higher halide 

concentration than the In -s itu  solution) the electrode was covered 

with an amount of chloride typical of the ex-situ  halide concentration 

and not the 1n-s1tu one. Therefore, the above mentioned ra tio  of 2:1
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can not be taken to re fle c t the ra tio  of bulk chloride to pyridine 

concentration. 1 report in the following sections the same study 

as the one carried out by Van Duyne (3 ) ,  but under d iffe re n t ex-s1tu 

solution conditions.

B. Experimental

The experimental set-up 1s sim ilar to that described else­

where (12). Raman spectra of pyridine were taken a t various 

potassium halide concentrations and pH In aqueous solutions on the 

surface of an electrochemlcally roughened Ag electrode a t various 

constant potentials In a three-electrode c e ll .  Some solutions were 

ac id ified  to pH 2 with H^SO .̂ An Ar+ laser at 488 nm at approximate­

ly  50 mW (on the surface) was the excitation source, and spectra were 

recorded with a Spex model 1401 double monochromator. A double­

potential step oxidation reduction electrochemical pretreatment was 

run with both the halide e lectro lyte  and the nitrogen heterocycle 1n 

the ce ll under laser illum ination for most experiments. The pretreat­

ment potential variation was -0.06 V 0.25V 0.60 V. The 2.0-s

time duration at 0.25 V was used. A ll chemicals were reagent grade 

and a ll potentials quoted are vs. the saturated calomel electrode,

SCE.

C. Results and Discussion

I have examined the e ffe c t of bulk Cl" Ion concentration on the 

in tensity ra tio  of 1008 c m " * ,^ ,  to the 1035 c m " * ,^ ^ ,  of free 

pyridine (pH 7 .8 ). This plot (F ig . 14) has been made for a ra tio  of



F ig . 14

In tensity  Ratio of the 1008 cm to the 1035 cm Band a t - .2  V and - .5  V versus the Logarithm of 

Chloride to Pyridine Concentration Ratios. 0.05 M Pyridine, the Chloride Concentration Is Varied.
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Cl" to pyridine concentrations of 0.01:1 to 20:1 at -0 .2  and -0 .6  V. 

Points below a 1:1 ra tio  are adjusted to a constant to ta l 1on1c 

strength of 0.1 M with KNQg. The N0g 1on 1s assumed to be In d iffe r­

ent since comparison of the In tensity  ratios fo r a system with 0.05 M 

pyridine, 0.05 M KC1 to that of 0.05 M pyrid ine, 0.05 M KC1 + 0.05 M 

KNOj showed l i t t l e  difference In the In tensity  ra tio . Although there 

1s considerable scatter 1n the data, there seems to be no pronounced 

e ffe c t of bulk chloride 1on concentration on the Intensity ra tio  at 

either po ten tia l. This resu lt d iffe rs  from the piperidine case 

where a t -0 .6  V the in tensity  ra tio  changes from ca. 0.6 to 1.1 over 

the concentration ra tio  range showing a reversal 1n the intensities of 

the bands a t very low ratios (13). The fa c t that bulk chloride 1on 

concentration changes have re la tiv e ly  l i t t l e  e ffe c t on the Intensity  

ra tio  a t these voltages, l y j / I y ^ *  ls consistent with the previously 

given symmetry argument where bands of the same symmetry representa­

tion (1008 and 1036 cm"1 are both a  ̂ modes) should be affected by a 

Cl" point source 1n the same way. On the other hand, the pronounced 

dependence of the Intensity ra tio  on electrode potential Indicates 

that the e le c tr ic  f ie ld  perpendicular to the electrode surface has 

more of an e ffe c t on th is ra tio  than the variation of bulk Cl" 1on 

concentration and 1n turn surface C1~ 1on.

However, a t very negative potentia ls , starting a t - .8  V, the 

In tensity  ra tio  of the 1008 cm"1 to the 1036 cm"1 band 1s no longer 

In d iffe ren t to the bulk chloride Ion concentrations, see F1g. 15.

At potentials equal or negative to - .8  V where the chloride does not 

adsorb s p ec ific a lly , the geometric e lec tros ta tic  e ffec t of the halide
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In tensity Ratio of the 1008 cm to the 1035 cm Bands versus Potential o f 0.05 Pyridine in

Various Chloride Concentrations.
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cannot be Invoked anymore. Therefore 1t 1s reasonable to assume a 

f ie ld  e ffec t which sp lits  the energy difference between these two a  ̂

vibrations, as a resu lt of the applied po ten tia l. The role of the 

chloride in th is  Instances Is rather to modulate the potential f e l t  

by the molecule on the surface.

At very high ratios of Cl“ 1on to pyridine a new phenomenon 1s 

apparent as seen 1n F1g. 16, At a 4:1 Cl" to pyridine ra tio  strong 

1008 cm“* and 1035 cm"* bands are observed at -0 .2 , -0 .4 , and -1 .0  V 

and sim ilar sets of spectra are observed up to 20:1 ra t io , but a t  

50:1 the spectrum disappears at -0 .2  V and 1s much weaker at -0 .6  and 

-1 .0  V. At a 100:1 ra tio  corresponding to 4.0 M [C l“3 the spectrum 

Is only observable at -1 .0  V, although a t lower In ten s ity . This set 

of data strongly suggests that at a high enough bulk Cl" concentra­

tio n , the adsorbed Cl" completely covers the surface displacing 

pyridine. This Is another Indication that fo r neutral pyridine the 

SERS species 1s bound d ire c tly  to the s ilv e r electrode surface.

F1q. 17 shows the e ffec t of the concentration of chloride on the 

In tensity of the 237 cm"*, 1008 cm"* and 1035 cm"* bands of pyridine, 

at - .2  V and - .6  V. A charge controlled pretreatment was employed, 

where 25 mC/cm were applied to the s ilv e r electrode. The results 

Indicate that as the chloride concentration was increased, the In­

tensity of the molecular lines decreased. This can be attributed  

to the competition fo r surface sites between the halide and the 

pyridine. At low bulk chloride concentrations, there Is  s t i l l  

enough halide necessary fo r the formation of active sites during the 

electrode pretreatment, but not enough halide to compete with the
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Pyridine SERS Breathing Nodes as a Function of Potential and Chloride

Concentration.
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F ig . 17
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In tensity  of Three Bends of 0.05 M Pyridine a t Various Chloride 

Concentrations
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pyridine fo r adsorption to the surface. As more chloride Is added, 

the molecular lines drop In In tensity  since the competition for 

adsorption Increases, while the number o f active sites remains con* 

stant. This behavior Is the same at both - .2  V and - .6  V.

The low lying vibration around 200 cm"1 1s also shown 1n F1g. 17 

and seems to also decrease when the halide concentration 1s Increased. 

At - .2  V I t  shows up at 237 cm"1 and at - .6  V 1t appears a t 217 cm'1. 

I f  this were a pure ch1or1de-Ag v ib ra tion . 1t would have grown 1n 

In tensity as more chloride had been added. Since this Is not the 

case, and since 1t decreases 1n a sim ilar fashion as the other lines, 

(1008 cm'1 and 1036 cm"1) I In terpret the 237 cm"1 lin e  at - .2  V to 

be due to a pyr1d1ne-chlor1de-complex which adsorbs through the 

chloride. The fact that the lin e  sh ifts  to 217 cm"1 a t - .6  V and that 

1t also behaves as the 1008 cm"1 and 1036 cm"1 bands, is indicative  

of the fact that a t this potential there 1s s t i l l  a chlorlde-pyrldlne  

complex which adsorbs through the nitrogen lone pa ir.

These results stand 1n contrast with those o f Van Duyne (3 ) , who 

found that the maximum SERS In tensity occurred when the ra tio  of the 

chloride to pyridine concentrations 1n the bulk was 2:1. However, 

th e ir pretreatment method, which was performed 1n 0.1 M KC1 ex-s1tu, 

exposed the electrode to a higher halide concentration that the one 

In -s ltu . They stopped the pretreatment step at - .6  V, a voltage at 

which they assume complete desorption of the chloride from the sur- 

face. Therefore, when they Inserted the electrode In the ce ll they 

related the adsorption of the halide on the surface to the adsorption 

Isotherm. However, I t  1s not c lear whether there Is Indeed complete
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desorption of the chloride from the surface at - .6  V.

The only difference between Van Duyne's and it\y experiment lies  

1n the fact that pretreated the electrode ex-sltu  1n a solution of 

5 x 10"* M KC1 (which corresponds to the lowest halide concentration 

shown In F1g. 17) 1 therefore re la te  the difference between our 

results and those of Van Duyne to the concentration of the chloride 

during the pretreatment of the electrode.
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CHAPTER IV

THE SERS OF QUINUCLIDINE AS A FUNCTION OF pH AND 

CHLORIDE CONCENTRATION

A. Introduction

The area of SERS has developed considerably since 

Flelschmann's (1) seminal work and the recognition o f Albrecht et 

a l.  (2) and Van Duyne (3) of the "Surface Enhancement". The most 

widely Investigated molecule since then has been pyridine, which is  

an aromatic molecule. The fact that th is  molecule has a ir system had 

lead to d iffe re n t postulates regarding the Interaction between the 

aromatic ring and the metal, 1n order to explain the structure of the 

adsorbed species (4 ,5 ,6 ) . The two possible ways fo r Interaction of 

pyridine with the surface are through the nitrogen lone pa ir, or 

through the n-system. There 1s a big controversy with respect to 

th is  Interaction since there 1s a surface lin e  around 200 cm"1 which 

has been assigned by some authors to be a Ag-N lin e , which Indicates a 

silver-lone pair In teraction , and by others as a Ag-Cl band, (4 ,7 ,8 ) . 

The existence of a Ag-Pyr1d1ne mode of Interaction Is  not yet c learly  

established. Therefore, I t  1s of In terest to study nonaromatlc 

heterocycles, which can communicate with the metal only through the 

lone pair of the nitrogen.

P1per1d1ne» which is the saturated analog of pyridine, has been 

studied by Van Duyne (4) who b r ie fly  reported SERS of th is molecule, 

and la te r  Pemble (9) reported that there was no potential dependence
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between - .2  V and - .6  V of the bands 1n the region 980*1090 cm-1 . 

Sanchez e t a l .  (10,11) performed a detailed analysis of the potential 

dependence of pyridine and concluded that I t  adsorbed end-on, i .e .  

the molecule communicated with the surface via the lone pair o f the 

nitrogen. While there were no noticeable frequency s h ifts , the re­

la tiv e  In tensities of the bands changed considerably (and In a 

para lle l fashion) with the variation of e ither the p o ten tia l, or the 

chloride concentration. Two pairs of degenerate bands were studied 

In particu lar (1 0 ), 434 cm"* (A1) and 459 cm"* (A") and 1157 cm"* (A’ ) 

and 1177 cm’ * (A "). The A" vibrations peaked at - .4  V and the A' 

bands peaked a t - .8  V. Also, the A "/^  in tensity  ratios peaked at 

high chloride concentrations, which Indicates that the In tensities  of 

the A" band were dependent on the chloride, while the A* bands were 

in d iffe ren t to the halide. Piperidine belongs to the Cs point group 

and the components of the p o la rlza b lllty  tensor of A" are«C and

therefore, taking Into account the chloride dependence of the 

A" bands, the authors of reference (10) conclude that the halide Ions 

must be positioned on the xy and zy plane, I .e .  on the y axis (xz 1s 

the plane of symmetry of p iperid ine). Thus, an electro-geometrical 

e ffe c t has been established for piperid ine.

Sanchez et a l .  (11) used a quantum mechanical model to study 

the potential dependence of the A1, A" bands, and conclude that 1n 

the presence of an e le c tric  f ie ld  at the In terface , there Is a mixing 

of the energy levels o f these vibrational states.

Qulnuclldlne 1s a r ig id  derivative of p iperidine, which cannot 

f l ip  and belongs to the C3y point group. The only allowed vibrations
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In Raman are Â  and E. pH Studies of this system Indicate that 

qulnuc11d1n1um does show SERS, while plperldlnlum does not. Also, 

chloride concentration variations, show a d iffe ren t behavior of 

symmetric vs. asymmetric inodes In qu1nuc11d1ne, In comparison with 

piperidine.

B. Experimental

The laser-Raroan spectrometer and electrochemical set-up were 

reported previously (7 ) .  The solutions were prepared using deionized, 

d is tille d  water. Qu1nucl1d1ne, KBr and KC1 were reagent grade and 

supplied by Fisher S cien tific  Company.

The preparation of the electrode before the electrochemical 

pretreatment was as follows. F irs t the electrode was polished with 

emery paper un til b righ t, then 1t was subjected to a chemical cleaning 

process by submersion 1n a (50/50) solution of HgOg and concentrated 

NĤ OH for about 20 seconds and washed with d is t ille d  water.

The electrochemical pretreatment was carried out by setting the 

applied potential a t -0 .6  V and then applying a potential step of 

1 second duration a t 0,20 V and back to the working po ten tia l. All 

the potentials were measured versus a saturated calomel electrode (SCE).

C. Results and Discussion

Fig. 16 shows a portion of the solution spectrum of 1 M 

qulnuclldlne a t pH 12.8 and 8.7 (F ig . 18a) between 612-1112 cm-1 .

Since pKk •  11, these spectra correspond to qulnuclldlne and 

qu1nuc!1d1n1um, respectively. The assignments are made fo r the
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unprotonated species (1 2 ). The spectrum a t the various pH Is d iffe ren t 

not only In the frequency of the bands* but also 1n the re la tiv e  fre ­

quencies* see Table I I I .  F1g. 19a shows a SERS spectrum 1n the same 

spectral region as 1n Fig. 18a* of 0.05 H qulnuclldlne 1n 0.1 M KC1 at 

- .6  V. As can be seen from Table I I I  the spectrum resembles the one 

1n solution. The major difference lie s  1n the two bands at 786 cm"* 

and 805 cm"*. These two vibrations are degenerate In blcyclo (2 .2 .2 )  

octane and belong to the E type of symmetry. Upon lowering the 

symmetry by Introducing the nitrogen, these two bands are assigned as 

aj vibrations (12). The re la tiv e  In tensity  of the 786 cm"* to the 

805 cm"* band is 1:4 In solution and changes to 1:1 on the surface at 

- .6  V and at a chloride concentration of 0.1 M. I t  1s not the case 

with qulnclIdinlum, where the In tensity  ra tio  of these lines 1s close 

to one, both on the surface and 1n solution, see F1g. 19b. I t  1s 

Interesting that plperldlnlum does not seem to show SERS on the sur­

face under the same conditions, however the reasons for this e ffec t 

are not c lear.

I t  has been found by Sanchez et a l .  (11) that In the presence 

of an e le c tric  f ie ld  a t the In terface, there 1s a mixing of the 

vibrational energy levels of the A1 and A" bands In piperidine. I t  

Is not the case here. I .e .  the change 1n the re la tiv e  In tensity o f 

the 786 cm"* and 805 cm** bands can not be due to the same kind of 

mixing, since they are both a  ̂ v ibrations. This case 1s sim ilar to 

the effects seen on the 1008 cm"* and 1035 cm** bands 1n pyridine (10) 

which are both of a  ̂ symmetry. Since the mixing of these two vibra­

tions 1s not possible, 1t may be that each one mixes separately with



F ig . 18

672

Portion of the Solution Spectrum of Qulnuclldlne a t pH = 8.7 and 12.8 In the Region Between 

612-1124 cm'1.



F ig . 19

0.05M QUirmclidirtt,O.IH KCI

(m  P H * * ,  “ -6 V
( 6 )  p H 5 1*6, - .z v  

(c) pH1*-*, - fcv

780
*02

8 0 7

C W - I

Portion of SERS of Qulnuclldlne a t pH = 13 and 8 .6 .

985

lofo
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TABLE I I I

List of observed frequencies of quinclidine

Qcm"* Normal ^crrf1 SERS ^cm”1 SERS

pH - 13.5 pH « 8.6

- .2 - .6 - .2  V - .6  V

305 w no SERS 217 w 235 s 217 m

405 w (a^) 622 m 624 m

545 w (e)

632 vw ( a j )

790 m (a j) 780 w 786 m 782 w

806 vs ( a^) 802 w 805 m 807 w

988 m 985 s

1015 (combina­
tion band)

1010 w 1004 m 1015 w

1057 m (a t )

1120 mw (e)

1208 m (e)

1450 m (a j) 1324 w 1395 s

1463 m

1600 (broadband)
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other E vibrations of th is molecule. Or i t  may be that the f ie ld

applied on the system through the electrode potential mixes the

levels of the 786 cm"* and 805 cm"* bands. In order to determine the 

causes to the changes In the re la tiv e  In tensity  of these two bands 

further studies have to be carried out; other bands of E symmetry

have to be examined as well as the changes in th e ir  in tensity with

respect to the 786 cm"* and 805 cm"* bands.

The ra tio  of these two bands 1s also dependent on the chloride

concentration, see Fig. 20. As the chloride concentration Is In­

creased from 0.1 M to 0.15 and then to 0 .2 , two effects can be seen:

I sym/I asym peaks a t more positive voltages and also its  numerical

value Increases. This Indicates that the symmetrical band Is more 

chloride dependent then the asymmetrical one, unlike piperidine. 

However, no electrogeometrlcal effects can be considered as 1n 

piperidine (1 0 ), since both bands belong to the same symmetry type.

F1g. 21 shows the spectrum of qu1nucl1d1n1um between 

100-300 cm"*. The surface lin e  1s sim ilar 1n the lin e  shape and 

potential dependence to the one seen from pyrldlnlum and also from 

pure chloride on the surface (1 3 ). This fac t reinforces the concept 

that a positively charged molecule, which adsorbs positive to the 

point of zero change (p .z .c . ) ,  communicates with the surface via the 

halide. In other words, an Ion pair 1s formed and I t  adsorbs to the 

metal, the halide pointing to the s ilv e r electrode. The two con­

figurations of th is 1on pair on the surface are e ith er end-on, or the 

1on pair lying f la t  on the surface. Since qulnucl1d1n1um does not 

have a FTsystem, a f l a t  configuration Is not acceptable, since 1t
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F ig . 20

0.2 N 1

- . 1 -.3

-.IV -.IV -.lv -.<|V -.Sv —<V -.IV
— —^ — I— —_.J—»„__l I .  J I ”  ■ A m —jA .
In tensity Ratio of the 786 cm 1 to  the 805 cm Band versus Potential 

of 0.05 M Qulnuclldlne 1n Various Chloride Concentrations, a t pH * 13.

_7^v  -I.O V  - i.lv
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F ig . 21

o,osH QuinucWdTme 
0*1 H KCI 

p H *7 * /

-.*1v

O V

v° c*h v°ISO

The SERS o f Qu1nucl1d1n1um Between 100-300 cm"1 various Potentials
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would create sterlc  hindrance and would not be stab ilized  by an In te r­

action with the metal,

A very In teresting e ffec t can be seen by comparing Fig. 19a, 19b 

and 19c. Both 19b and 19c were taken a t pH ■ 8,6 where most of the 

molecules are protonated. F1g. 19b, which was taken a t - .2  V, shows 

a spectrum of qu1n1cl1d1n1um, whereas F1g. 19c, where only the 

applied voltage was changed to - .6  V, shows a typical spectrum of 

q u ln lc lld lne , see Table 111, although the bulk pH 1s 8 .6 . This e ffec t 

has been studied 1n deta il elsewhere (1 3 ), as a functon of electrode 

pretreatment, chloride conentratlon and 1on1s strength. The pH 

effec t observed 1n qulnuclldlne 1s probably a resu lt of the electrode 

pretreatment, which was a double-potential step (applied from - .4  V 

to +.2 V, where I t  remained from 1 second, and then back to - .2  V) 

where the charge was not controlled. This means that the e ffec tive  

chloride concentration on the surface during and a fte r  the pretreat­

ment was low compared to a charge controlled pretreatment. As a 

resu lt the active sites favorable to the qulnucl1d1n1um-chlor1de 

1on-pa1r are lim ited . The desorption to the solution of th is lon- 

palr at - .6  V can s h ift  the following equilibrium to the r ig h t, thus 

leading to a spectrum of free qulnuclldlne:

Q h * -" C r (ad)-  A g^0H +(i( l)  ♦ c r „ q) + A g *Q ad- Ag ♦ ♦ c r ( , q)

0. Conclusion

In conclusion, pH effects have been shown on a non-aromatlc 

molecule. This Indicates that a n system 1s not necessarily required
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for a protonated heterocycle to show SERS. This reinforces the model 

of an 1on-pa1r, which adsorbs to the surface through the halogen, a t 

potentials positive to the p .z .c .
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CHAPTER V

VARIOUS OTHER RESULTS 

Other studies which are repored here are on: 1) acrld lne, 2) iso- 

quinoline, 3) Hg sols.

A. Acrldlne. Acrldlne 1s an aromatic three membered ring and shows 

SERS, however anthracene, which has the same conformation and mass 

(the difference lie s  In the presence of a nitrogen 1n acrld lne), does 

not seem to display a SERS under the same conditions, I .e .  0.05 M 1n 

0.1 M KC1. This fac t confirms the importance of the nitrogen for 

binding through the lone pair when the molecule 1s neutral 1n Its  

charge, and the need fo r the basic s ite  In order to complex to the 

halide a t an ad d le  pH, s im ilar to pyridine (see Chapter I I ) .  Table IV 

shows the normal and surface lines of acrldlne vs. the assigned Raman 

bands of anthracene.

The force constant of a few molecules has been calculated, using 

the reduced mass of the respective molecule and one s ilv e r atom, see 

Table I ,  using the formula

where 3 1s the frequency of the band, k 1s the force constant andp  

Is the reduced mass. The force constant Increases with the increase 

1n the number of aromatic rings. There may be some back bonding 

from the d o rb ita ls  of the s ilv e r atoms to the antibonding orb ita ls  of 

the molecule. Since the lowest antibonding energy levels are those
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TABLE IV

ACRIDINE

No midi Raman cm"1 SERS cm"1 Solution Anthracene

220 m

245 m 244 <v
400 w 405 s 396

(V  b39)
618 s 615 0*3 >

1000 w 999 (b , )

1028 vs (methanol)
1015 w

1165 vw 1175 m 1163 (»g>

1285 vw 1280 w 1259 <v
1417 m 1407 vs 1401 <v
1475 m 1485 vw 1482 <*g. b39>

1588 m 1557 <»9>

1620 s 1632 <b3g>

1805 vw

2018 vw

2570 vw

2800 vw

2858 s (methanol)

2965 s (methanol)

3049 vw 3049 (b2 )
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of acrld lne, n  back bonding 1s more lik e ly  In this molecule than In 

the other ones mentioned 1n Table V. Also* th is extended aromatic 

system enables a better resonance as compared with pyridine and ex­

plains therefore the difference In the force constants between these 

molecules. 4-Cyano-pyr1d1ne» which has an electron withdrawing group, 

favors th is n back bonding and Indeed, Its  force constant 1s higher 

than that of pyridine. These results are 1n accord with the basicity  

of these molecules, which Is the highest fo r acrld lne.

The e ffec t of protonation of acrldlne has also been studied.

Since pK -  5.5 for th is molecule, a t pH 2.5 a l l  the molecules are 

protonated and a t pH ■ 7.5 the spectrum Is that of the free species.

As can be seen from Table VI there is no e ffec t on the spectrum upon 

protonation. However, when the excitation frequency was changed, the 

spectrum was d iffe re n t. This behavior 1s diagnostic of a Resonance 

Raman, which I suspect 1s the case here. In order to check whether 

there was a resonance responsible fo r this e ffe c t, I  took the 

absorption spectrum of acrldlne at pH * 2.8 and 7.7. There was a sharp 

peak around 455 nm a t pH •  2,8 and one around 405 nm at pH ■ 7.7.

These peaks Indicate that Resonance Raman of acrldlne using a 488 nm 

laser lig h t 1s a plausible assumption. Also, a cyclic  voltammogram 

of acrldlne did not show any electrochemistry at the potential where 

the spectra were taken. Therefore, the difference 1n the spectra up­

on changing the excitation frequency must be due to Resonance Raman, 

or due to photolysis.

Another e ffec t observed 1n acrldlne Is the fac t that the Inten­

s ity  obtained 1n the presence of bromide was higher than with



TABLE V

Molecule K 105 dyne/cm w 1A* pKfe

pyridine 1.29 219 45.6 8.75

4-cyano-pyrldtne 1.48 218 53 7

isoqulnolIne 1.7 222 58.8 8.58

acrldlne 2.29 240 67.4 8.42
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TABLE V I*

4880 A 

pH •  2.8

4880 A 

pH -  7.7

6700 A 

pH * 7.7

235 m

400 m 400 w 250 m

410 m

614 ms 614 w 475 w

998 vw 746 w

1014 w 1014 w 768 s

1169 m 1169 wm 1172 w

1224 w 1224 w 1275 w

1274 m 1270 w 1275 w

1290 w 1290 w 1415 s

1400 s 1400 s 1430 shoulder

1581 ms 1581 m 1597 m

1614 w

*0.025 M Acrldlne, 0.1 M KC1 at - .2 8  V.
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chloride, at pH -  2 .5 . Since acrldlne has an extended aromatic ring , 

and since bromide is more polarlzable than chloride, the acr1d1n1um- 

bromlde Ion pair 1s more polarlzable than acr1d1n1um chloride and 

shows a bigger enhancement, 1n spite of the larger distance from the 

surface. I t  may be that for 1on pairs , the Ag-complex distance 1s 

not as crucial as for neutral molecules.

6. Isoqulnollne. Isoqulnollne 1s another aromatic molecule, a 

derivative o f pyridine, which has two rings. Its  surface lin e  around 

200 cm"* has been studied as a function o f pH and halide, see 

Fig. 22-27. The surface lin e  studied here does not change when the 

halide 1s changed from F" to Cl" to Br", around pH « 8. However, a t 

an acidic pH (around 2 ) , th is band seems to be specific of the halide 

used. At pH -  2.8 1n KF, (F~ 1s known to adsorb sp ec ifica lly  1n 

neglig ible amounts), the spectrum seen 1s specific of the unprotonated 

isoqulnollne, therefore I conclude that the formation and consequently 

adsorption of Ion pairs on the surface 1s Impossible under these 

conditions. To summarize: at pH ■ 8, Isoqulnollne adsorbs, and the 

band seen a t 205 cm"* Is  a Ag-N stretch. At pH » 2, the Isoquln­

o llne forms an 1on pair with the halide, therefore the band 

observed sh ifts  when the halide Is changed. This reinforces the 

adsorption mechanism proposed fo r pyridine 1n Chapter I I .

The protonation of isoqulnollne does not change the spectrum 

except fo r a band seen a t 1582 cm"* a t pH -  2 and 1626 cm* * a t pH « 

7.7 . Also, the molecular spectra of Isoqulnollne were Identical under 

the same conditions fo r e ither chloride or bromide, at an acidic pH,
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except fo r the Ag-ha11de s tre tch , as can be seen In Fig. 22-27.

C. Hg Sols, Hg sols have been studied 1n an attempt to see whether

pyridine would show SERS under these conditions. The sols were pre-
-3pared by cooling a solution of 0.67 x 10 M NaBĤ  and another one of 

10“3 M AgNOj. 50 mis of the s ilv e r  Solution were added to 150 ml of 

the NaBĤ  so lution , while s t ir r in g  constantly a t a uniform speed. The 

solution changed color upon formation o f the sols and turned grey.

An absorption spectrum showed a peak a t 210 nm, see F1g. 28 which Is  

expected fo r the plasmon of mercury. However, no SERS was obtained 

from Hg sols and th is can be a ttribu ted  to the high damping effects  

of th is  metal. In order to be suitable fo r an e le c tro s ta tic  enhance­

ment the real part o f the d ie le c tr ic  function (Re£) has to be negative 

and large and the imaginary part has to be small (Im €). However, fo r  

Hg, Re£« -1 .65 and Im f * 1.035; compared to s ilv e r , these numbers 

cause high damping e ffe c ts , and th is  1s probably the reason we could 

not detect a SER spectrum of pyridine on Hg sols.
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F ig . 22
0.09 ft r$o<)u (define. 
O. I H KF
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ISO  l o o  1 5 0
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SERS of 0.05 M Isoqulnollne 1n 0.1 H KF̂  pH ■ 2 .8 , Between 100-300 c n f A.
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Fig. 24
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is o200150

SERS of 0.05 H Isoqulnollne In 0.1 M KC1 pH * 1 .2 . Between 

100-300 cm*1.
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F1g. 25

o v

)o o

SERS of 0.05 M Isoqulnollne 1n 0.1 M KC1, pH ■ 8 .3 , Between 

100-300 cm-1 .
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F ig . 26

^    - .o s v
-— -  © V

______________  ™ >° c,w» iy o

SERS o f 0.05 M Isoqulnollne 1n 0.1 M KBr, pH -  2 , Between

100-300 cm-1 .
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ov1*0 2**> I I
SERS of 0.05 M Isoqulnollne 1n 0.1 M KBr, pH ■ 7 .7 , Between

100-300 cm"1.
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F1g. 28

Absorption Spectrum of Hg Sols.
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>11

THE WILSON VIBRATIONS ( I ,  12, I8a)
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PYRIDINE ISODUINOLINE

ACRIDINE

QUINUCLIDINE
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w o r k in g  e lecfrode

tee

THE SERS EXPERIMENTAL CELL


