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Electrodes  with  Covalently  Attached  Monolayers 

We have  used cyclic and second-hurmonic ac  voltammetry  to study  solution  and solid state electrochemical  reactions on 
metal oxide  surfaces  chemically modijied with silyl derivatives of the  type SnO,/Si(CH~),NH(CH,)sNR,R,.  The R groups 
studied  include  pyrazoline derivatives,  tetrathiafulvalene, and ferrocene. Electrode effects on solution redox reactions 
involving phenothiazine and benzoquinone  have  also  been compared  using both  platinum electrodes and the chemically 
modified electrodes. The  results from  the various approaches used consistently indicate thut  the redox  reactions are 
slower on modified  us  opposed to unmodijied  electrode surjaces. 

Introduction 
An understanding of the  structure and  properties of sur- 
faces  has  clear application in many  technological areas; 
electrochemistry, liquid and  gas  chromatography,  en- 
zyme  immobilization, chemical synthesis, photocells, ad- 
hesion, lubrication, and corrosion  are a few examples. 
Thus,  there is a  continuing need  to  develop  expertise in 
the generation of stable surfaces with  predictable chem- 
ical and physical  properties. 

A survey of the literature reveals  that earlier studies in 
this area were  based on  surfaces containing  molecules or 
thin films prepared by absorption  or deposition methods. 
However, in the last three  years  several laboratories have 
approached this  problem by focusing on chemically modi- 
fied electrode surfaces such  as TiO,, PtO,, RuO,, AI,O,, 
SO,,  doped SnO,, and  oxidized carbon [l-71. With this 
approach, molecules of interest  are covalently attached  to 
metal oxide  surfaces.  The  attractiveness of this approach 
is that  control is now exercised  over  the stoichiometry 
and the molecular  geometry of the  surface molecules. 

The usual procedure  for  surface modification involves 
treating the  surface with aminoalkylsilyl  derivatives such 
as 3-aminopropyltriethoxysilane or 3-(2-aminoethyl) 
propyltrimethoxysilane. These  reagents  are particularly 
convenient  because the silyl groups  react with surface ox- 
ygen to  form  stable covalent bonds while the amino group 

at the  other end of the molecule is free  to undergo  addi- 
tional reactions by means of standard synthetic proce- 
dures. .+ \ 

0 + ( E t O ) , S ( C H , ) , N H ,  “ - ~ M + O ~ S I ~ C H , ) , N H ,  

This type of surface modification is fairly new,  and 
many questions regarding the  structure and  reactivity of 
these surface molecules must  be addressed before one 
can effectively parameterize and design new surfaces 
with predictable chemical and  physical properties.  The 
intent of this  presentation is to  focus  on  those  aspects of 
our research that  provide  insight into  the chemical nature 
of these  surfaces. We address  three basic questions:  the 
nature of the metal oxide-alkylsilyl bonding,  the  chemical 
stability of the  surface-attached radical intermediates, 
and the molecular  dynamics associated with the  electro- 
chemical reactions. 

The molecular  dynamics of surface molecules during 
electrochemical reactions have  been probed in several situ- 
ations. The  experiments were  designed to provide  infor- 
mation about 1 )  how the  aminoalkylsilyl  derivative influ- 
ences  the  electron-transfer  process between the  electrode 
and the  electroactive  structure when it is attached  to  the 
amino group; 2 )  how the aminoalkylsilyl  derivative influ- 
ences radical  dimer  formation  when  the  radicals are  at- 
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tached  to  the amino group; and 3) how the electroinactive 
aminoalkylsilyl monolayer  influences  electron transfer 
between the  electrode and  a  dissolved  electroactive spe- 
cies. 

Monolayer structure 
Characterization of a modified Sn-0  surface by examina- 
tion with x-ray photoelectron spectroscopy  (ESCA) has 
provided useful information regarding the  nature of these 
surfaces. It is known that the organic film has  Sn-0-Si 
surface ether  bonds, is 0.1-0.14 nm (10-14 A) thick, is 
primarily a  monolayer, and is free of extensive polymeri- 
zation [ I ] .  However, little was  known  concerning the ini- 
tial structures formed in the  surface-silylation  reaction. 
One approach is to  determine  whether all the labile 
groups on the silicon atoms have  reacted. This approach 
poses  two requirements, protection of the initial mono- 
layer  from  moisture  and  a highly sensitive  surface  analyti- 
cal technique. Very sensitive  inelastic-electron-tunneling 
spectroscopy  (IETS), which gives  information on  the vi- 
brational structure of organic monolayers  on metal oxide 
surfaces [8] is particularly attractive.  For this study, tri- 
ethoxyvinylsilane was chosen because the triethoxy 
groups  surviving the reaction can be distinguished easily 
from the  stable vinyl group 191. 

As seen in Fig. 1, good tunneling spectra (d2i /dV2 ver- 
sus V) were  obtained  at 4.2 K for  the vinylsilyl derivative 
A in the AI,O,-Pb sandwich junction.  The  IETS  spectrum 
is relatively simple and  compares well with the infrared 
(IR) spectrum  for trichlorovinylsilane [IO]. While not 
shown,  the plot for the vinylsilyl structure reveals  only a 
very small broad peak in the region near 3600 cm", sug- 
gesting extensive removal of surface -OH  groups [SI. Of 
particular interest  are  the  bands  at 1070, 2853, and 2944 
cm", which indicate the  presence of -OCH,CH,, groups. 
When the aluminum surface is silylated with excess tri- 
ethoxyvinylsilane  but not rinsed,  these bands  become 
much stronger and other  weaker  bands  appear, indicating 
that some  ethoxy groups remain intact as  Si-0-CH,CH, 
and may be  available for reaction with Lewis bases  (see 
Scheme 1 ) .  It is unfortunate that  the region between 800 
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and 1100 cm" is not well resolved because this region 
could provide some insight into  the  Si-0-Si and Si-0-AI 
bonding structure [ 1 I]. 
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Figure 1 Tunneling  spectra of (curve A) vinylsilyl and (curves 
B) 3-aminopropylsilyl  derivatives at 4 .2  K. 

The major difference between  the  spectrum  for  the 3- 
aminopropylsilyl  derivative (curve B) and the starting ma- 
terial, 3-aminopropyltriethoxysilane 1101 is the position 
and the  weakness of the  N-H  stretching  bands at 3320 
and 3250 cm" (displaced by about 80 cm"). This shift 
could be due  to  the  presence of intermolecular  hydrogen 
bonding 1111; however, it is dangerous to draw con- 
clusions  concerning the molecular structure of the 3- 
aminopropylsilyl insulating layer without clearly under- 
standing the influence of the  deposited lead contact. 

Recall that the structure  discussed here is the one ini- 
tially formed in the reaction; this structure is preserved 
by the special  conditions of the  experiment. In practice, 
the remaining Si-OCH,CH, groups react readily upon 
contact with moisture in the  air, producing  surface  dimers 
and  trimers with adjacent molecules. 

Another important consideration in the  character- 
ization of these monolayers is the  surface density r of the 
silyl derivative. Estimates of the  surface densities have 
been  obtained from electrochemical measurements, 
where  a structure with known electrochemical  behavior is 
attached  to  the terminal amino group of the amino- 
alkylsilyl derivative. The  concentration is then estimated 
from the current-voltage plots. Values of r obtained in 
this manner must  take  into account  the yields of the  two 
surface reactions, silylation of the  oxide surface  and reac- 

A .  F. I 

31 7 

31AZ A N D   K .   K .   K A N A L A W A  IBM J .  RES. DEVELOP. VOL. 23 NO. 3 MAY 1979 





ture  Ib using a  platinum button  electrode  shows  peaks 
with .Epa values at 0.32 V (ic/ia = 1 )  and 1.00 V (irrevers- 
ible) at 200 mV/s. Each peak is a one-electron-transfer 
process; in this case,  the first reaction  shows  reversibility 
in the  sweep range  between  2 and 200 mV/s.  This is seen 
in the data listed in Table 1, where  the  measurements 
were made with iR compensation. 

"e 
- - 

IC I C + '  ZIIr I C + +  
"e - 

Of particular  interest is the varying  electrochemical  be- 
havior of anchored vs solubilized Structure I1 in solution. 

, W S  

X 0 C G N  
a : X = H O  

b:X=CH,O 

c : X = SnOz/S13N2N CH, N 
I 

p-CH,OC,H, 

I 1  

Surface-bonded  IIc  does not display the  expected i-V 
curve  for a  reversible reaction.  Instead, as seen in Fig. 2, 
the oxidation  peak (Epa = 0.43 V) shows only a small i, 
signal in the return sweeps.  After  the first scan  the oxida- 
tion peak is greatly reduced,  and it is barely detectable in 
the third scan.  From  the first scan, r equals 7 X 10'" mole- 
cules/cm2,  uncorrected.  The i-V curve  for  IIb using a 
platinum button electrode  shows  two peaks with E,, val- 
ues equal to 0.44 V (iJi, = 1) and 1.09 (irreversible)  at 
200 mV/s. Again, each  peak is a one-electron-transfer 
process. With iR compensation,  the first reaction shows 
the  same reversibility as Ib in the sweep  range  2 to 
200 mV/s. This is seen in Table 1 .  The  same reversible 
behavior is observed with IIb using an  untreated tin oxide 
electrode, SnO,/Si3N2N, and acetylated SnOJSi3N2N. 

While the monocyclic  and  tricyclic  N-anisylpyrazoline 
derivatives in solution show the  same high electrochemi- 
cal reversibility under cyclic voltammetry conditions,  the 
monocyclic radical cations  show  some decomposition (to 
produce the corresponding pyrazole)  on a much  longer 
time scale.  The reaction occurs  even when the pyrazoline 
is disubstituted in the 5 position,  as in 11, producing the 
4,5-disubstituted  pyrazole  [13b, 151. Thus,  the pyrazole 
formation  from the radical cation of IIc must  be enhanced 
when it is bonded to  the  electrode; this  results in an irre- 
versible i-V curve.  The formation of the pyrazole deriva- 
tive  from the pyrazoline derivative probably occurs  as 
shown in Scheme 3. These  results suggest that  an  array of 

Scheme 3 
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Figure 2 Cyclic  voltammograms for (a) structure  Ib in solution 
at 200 mVis (dotted  curve 1) and  structure IC surface-bonded 
(solid curves 2A-C) for  scans  at 50, 100, and 200 mV/s, respec- 
tively; and  for  (b)  structure  IIb in solution (dotted  curve 3) and 
structure  IIc surface-bonded (curves 4) at 200 mVis. Curves 4A 
and 4B denote  the first and  second  scans  for  IIc.  The  scales  are 
indicated on  each  set of curves; all scans run in CH,CN. 31 9 
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Figure 3 (a) Second-harmonic and (b) cyclic  voltammograms 
measured in CH,CN for the modified electrode SnOJSi3N2N 
(IC).  The cyclic  voltammogram  was  run at a sweep  rate of 
40 mVis. 

radical ions  bonded to  the  electrode surface is less stable 
than  a  similar  group of radical ions that  are free to diffuse 
into solution.  This difference must  result from variations 
in the solvating structure and the coulombic interactions. 

The reduced stability of surface-bonded electroactive 
compounds has  been observed with other  systems.  For 
example, dinitrobenzamide derivatives  attached  to RuO, 
[Id]  or PtO, [le] surfaces  give  electrochemical  signals 
that decay within 10 to 20 minutes of voltage sweeping. In 
contrast,  the solution spectra  for  these compounds show 
high electrochemical  reversibility. 

Although it is difficult to make  a rigorous comparison 
it  is useful to  compare  the  observed stability of the  cova- 
lently attached monolayer of electroactive  structures with 
thicker  polymer films that contain electroactive struc- 
tures.  The  latter  cases show a greater electrochemical  re- 

320 versibility; the redox  reactions of incorporated  structures 

such as ferrocene [16], nitrobenzene [17], and  pyrazoline 
[I81 can be cycled for  over 24 hours.  The principal dif- 
ference  between  these two systems is that in the  cova- 
lently attached monolayer the  electroactive moiety lies 
within 1 nm (10 A) of the electrode surface  and the  great- 
est  potential  gradient (IOfi Vicm [ 191) is also in this  region. 
This factor may contribute  to  the reduced stability of the 
electroactive  structures.  In  the  case of polymeric films, 
the  redox reactions involve motion of the  electroactive 
structures.  Those  structures  that  are  close  to the surface 
move in and  out of a large potential-gradient region but do 
not necessarily  reside in it.  Thus,  the stabilities of these 
structures should compare  more closely with those of 
their  dissolved counterparts. 

It becomes  apparent  that  analysis of attached  species 
on modified electrode surfaces by cyclic  voltammetry 
produces  waveforms  that are difficult to analyze quan- 
titatively. The E,, values and  concentrations of elec- 
troactive species  can only be approximated  because  cur- 
rent  levels resulting from surface  coverage with attached 
material are significantly less than  those attained by using 
normal concentrations of dissolved  species  and because 
the metal oxide surfaces currently being used  inevitably 
produce high capacitive currents. As a result, it becomes 
difficult to discern small currents  due  to a Faraday  pro- 
cess from large charging currents. This is especially true 
at higher sweep  rates. 

Second-harmonic  ac  voltammetry, a technique  that 
strongly discriminates  against  double-layer  charge cur- 
rents in solution-soluble  redox couples [20, 211, was used 
because of this. Anson [sa]  has  also used differential 
pulse voltammetry to minimize currents  due  to double- 
layer capacitive charging,  and to  detect  pseudo-capaci- 
tive currents arising from absorbed  reactants.  Such a 
technique can also be applied in studying  the  kinetics of 
charge transfer  at  electrode  surfaces. 

Figure 3(a) shows  the i-V plot of the  second-harmonic 
ac  voltammogram of the modified surface IC. Unlike pre- 
viously published results,  ours  show  the recorded sweep 
of both the forward  and reverse  scans [22]. The  curve is 
reasonably well-defined with a  signal-to-noise  ratio of 
about 10. Analytical considerations [23] based on Hub- 
bard and  Anson's  treatment of the thin cell [24] show that 
the potential dependence of the second-harmonic  wave- 
form is identical to  that obtained for solution spectra [20]. 
One can determine  the  thermodynamic halfwave poten- 
tial from the  cross-over potential. The peak-to-peak cur- 
rent excursion and the  peak-to-peak voltage separation of 
the second-harmonic current  are quantities  that  can  be 
related to  coverage and to  the kinetics of electron trans- 
fer. The halfwave potential obtained by averaging the  for- 
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ward and  reverse sweeps is +0.56 & 0.01 V (versus 
NaCE). Measurements with a SnOJSi3N2N surface  do 
not show any signals in this  region.  Assuming a one-elec- 
tron transfer and an electrode  area of 0.2 cm2,  the  average 
peak-to-peak excursion of 49 nA gives a I' equal to 1.3 X 

10" molecules/cm2 at 25 Hz.  The average peak-to-peak 
separation is 170 mV, much larger  than the 67 mV pre- 
dicted for a reversible electron  transfer. 

The cyclic voltammogram shown in Fig. 3(b) was mea- 
sured  simultaneously and provides a poorly defined peak 
(r = 2 X 10" molecules/cm2). There is a large discrep- 
ancy in the value of r obtained  from these two measure- 
ments [I'(dc)/I'(ac) = 151, and the discrepancy is directly 
dependent on the  ac frequency  used. For  example,  for 
attached tetrathiafulvalene (Structure III), r(dc)/r(ac) = 

6 at 25 Hz, but = 23 at 100 Hz. 

The solution spectra [Figs. 4(a), (b)] were obtained us- 
ing a 0.2-cm2 Pt-button electrode and a solution concen- 
tration of Structure IVa equal to 2 x IO-' M .  The  second- 
harmonic voltammogram [Fig. 4(a)] had about the  same 
signal-to-noise  ratio as that for  the modified electrode. 
The cyclic voltammogram [Fig. 4(b)] indicates a halfwave 
potential of +0.56 ? 0.01 V; AE,, = 70 mV, indicating a 
reversible  one-electron transfer.  The bulk solution con- 
centration was estimated to be 3 X IO-"  M from the  sec- 

ond-harmonic voltammogram, and 4 X IO-' M from the 
cyclic voltammogram.  Agreement  between the  two  meth- 
ods is also seen with phenanthraquinone  absorbed on car- 
bon. Here,  the two  estimated concentrations  are within 
five percent of each other and the agreement is indepen- 
dent of the  ac  frequency.  Thus,  the second-harmonic  and 
cyclic  voltammograms provide quite  consistent results 
for  cases involving dissolved and  absorbed  species, 
where the electron  transfer rate is very fast. 

With covalently attached  species,  the reaction  becomes 
electrochemically  irreversible and only a fraction of the 
electroactive molecules exchange  charge with the surface 

'oltagc ( V )  

Figure 4 (a) Second-harmonic and (b) cyclic  voltammograms 
measured in CH,CN for a solution containing 2 x M 1Va. A 
Pt  electrode is used for  the second-harmonic voltammogram. A 
sweep  rate of 200 mVis is used for the cyclic  voltammogram. 

even at 25 Hz.  Thus, the  chemical  environment of these 
structures must vary widely. Furthermore, the slow over- 
all rate of charge  transfer between  these species  and the 
surface may reflect the slow rate of interconversion of the 
electroactive  moieties  among the various environments. 

Electrochemical  behavior of surface attached radical 
ions 
We now turn  our  attention  to  the chemical behavior of the 
surface-attached radical ions that  are generated electro- 
chemically ( i . e . ,  the  follow-up reactions of the  inter- 
mediates), and we compare this  behavior with that  ob- 
tained  for the solution counterparts. 

The N-phenyltricyclopyrazoline derivative (Structure 
IVb) [I41 was used because radical  cations generated in 
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Figure 5 Cyclic  voltammograms measured in CH,CN contain- 
ing 0.1 M Et,NBF,; NaCE  reference  electrode. Plots A 
(10 mVis), B (10 rnVis), C (20 mVis), and D (40 mVis) are  for  the 
first (monomer IVc), and the  second,  third, and  fourth scans (di- 
mer V) with the modified surface,  respectively. 
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the  electrochemical  reaction are  unstable  and react rap- 
idly to  produce dimer  V  (see Scheme 4) in high yield [25 ,  
261. Furthermore, since the dimeric  product is elec- 
troactive,  the  fate of the radical  intermediate  can  be ana- 
lyzed electrochemically. Shown in Fig. 5 are  the cyclic 
voltammograms for a modified SnO,  surface  containing 
the  attached N-phenyltricyclopyrazoline derivative IVc 
[13]. No iR compensation  was used in these  measure- 
ments. In the first scan,  the  anodic sweep produces a 
single peak corresponding to  an irreversible  reaction 
while two small peaks appear in the  reverse  sweep. In the 
second scan,  the initial signal at  +0.75 V is not present; 
instead, signals for two  reversible  couples appear at 
+0.57 V and +0.79 V. The peak-to-peak separation, Epa 
- E,,, for  each couple is not zero  as would be expected 
for  a  reversible, attached  species.  Instead, in each case it 
is 40 mV and this  separation does not vary with sweep 
rate  between 10 and 80 mV/s. On  the  other  hand,  the peak 
heights scale linearly with sweep  rate as would be ex- 
pected for  an  attached  species.  These results are  consis- 
tent  with  a  bonded  quasi-reversible  redox  species. 

The most  interesting observation is the marked dif- 
ference between  the first and all subsequent  scans of the 
cyclic  voltammograms  made on  the  same modified elec- 
trode  surface.  The first scan agrees with that obtained us- 
ing a  clean platinum or tin oxide  surface and the dissolved 
N-phenylpyrazoline  derivative (IVb) [25].  A spectro- 
scopic study of this  electrochemical  reaction using dis- 
solved species [26] reveals that  the initially formed N- 
phenylpyrazoline radical cation reacts rapidly to  produce 
95% dimer V  and 5% pyrazole VI.  The dimeric product is 

further oxidized in two  one-electron  reactions with poten- 
tial values similar to  that for the original N-phenylpyrazo- 
line derivative.  Thus, during the first  scan (Fig. 5 ,  plot A) 
the dication of the dimeric product is generated.  The re- 
verse sweep then  displays peaks  for  each of the  reduction 
reactions to regenerate the neutral  dimeric product.  The 
second scan (plot B) shows the  waves  for  the  electro- 
chemically  reversible  reactions of dimeric product  at 
+OS7 V and at +0.77  V to  produce  the radical cation and 
dication species, respectively. These reactions are sum- 
marized in Scheme 4. 

Considering that  the signal observed in the first scan 
(A) involves the  transfer of two  electrons  per molecule 
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[26], the  surface concentration of N-pyrazoline derivative 
is estimated from the  area under the peak (uncorrected)  to 
be  8 X l O I 3  molecules/cm2. The  amount of dimer pro- 
duced  from  the initially formed  radical  cation is estimated 
from the second scan, and is found  to vary with the  sweep 
rate of the first scan.  The fraction of dimeric product 
formed, f,, is 0.06, 0.14, 0.28, 0.42, and 0.52 when the 
sweep rate for the first scan is 200,80,20, 10, and 2 mV/s, 
respectively. These values were obtained by comparing 
the relative areas  under the  signals in the i-V plot using 
n = 2 for  the first scan and n = 1 for each  peak in the 
second scan. (A 100% yield of dimer  corresponds  to an , fD 

equal  to 0.50.) 

The  results  are clearly different from those  observed 
with dissolved  species  where the main reaction is radical 
combination to produce  dimer. They imply that with sur- 
face-attached  species, molecular motion is a limiting pro- 
cess.  The variation of F,  with sweep rate reflects varia- 
tion in the dimer forming process, which has a second- 
order kinetic dependence with  respect to  the radical 
cation and,  therefore,  depends  on the  molecular motion 
of the  intermediate.  The variation probably does not reflect 
changes in the radical  cation  aromatization process  since 
this  reaction is first-order with respect to  the radical cat- 
ion and is considerably  less sensitive  to its  molecular mo- 
tion. 

With sufficiently slow sweeps,  the molecular  reorgani- 
zation will permit the pyrazoline  derivative to  approach 
the SnO, surface in a  situation  analogous to that for  the 
dissolved species, i.e., where the appropriate  con- 
formation for charge  transfer  and  dimerization of the py- 
razoline structures is attained (f,). With faster  sweeps, 
the reorganization  process is limited; thus the charge 
transfer must occur with the  pyrazoline derivatives in dif- 
ferent environments, some being away from the SnO, sur- 
face.  Thus,  the radical intermediates are generated in mo- 
lecular orientations that are not appropriate for  dimeriza- 
tion,  and in these  cases aromatization  becomes important 
( 1  - ,&). A preliminary treatment of these  data indicates 
that  the  encounter rate  for two  attached pyrazoline 
moieties is about IO4 more difficult than for dissolved  spe- 
cies [23]. 

It is interesting to  compare  these results with those  ob- 
tained with a Ti0,-attached 2-(a-pyridyl)ethylsilane de- 
rivative that was  subsequently treated with CHJ to  pro- 
duce  the N-methylated derivative in 50% yield. This ma- 
terial can  be  regenerated in  30% yield when it  is reduced 
to  the  dimer and  then reoxidized; on a SnO, electrode, 
however,  the same  compound does not  produce  a  reoxi- 
dizable  dimer [IC]. 

Monolayer-electroactive  solute  interactions 
We now present  the results of measurements probing the 
influence of surface  molecules on  the electrochemical  re- 
actions of compounds in solution. A comparison is made 
of the influence of surface-attached alkylsilyl derivatives 
on electrochemical  reactions  when the electroactive  spe- 
cies are  attached and when they are in solution. 

The  presence of electroinactive  molecular  monolayers 
on electrode surfaces  has  been shown  to influence elec- 
trochemical  reactions. For  example,  the  presence of ole- 
finic compounds  on a platinum surface slows reactions of 
platinum complexes in aqueous solutions [27]. Modified 
carbon [2] and metal oxide [2c] surfaces to which opti- 
cally active derivatives are covalently attached  have been 
shown to affect the relative rates  for the  formation of 
enantiomeric products.  The cyclic  voltammograms for 
several  reversible  electrochemical  reactions using chem- 
ically modified SnO, [la] and  PtO, [IC]  surfaces  show un- 
usually large Epa - EPC separations  compared with the un- 
modified surfaces, suggesting that  the reactions become 
irreversible in the  presence of surface molecules. Since 
this evidence is only qualitative, it is important to  deter- 
mine quantitatively the influence of electrode  surface 
molecules on the charge-transfer rate. 

For this  particular study, we investigated  the two re- 
versible couples,  phenothiazine(Structure VI1)-pheno- 
thiazine  radical cation, and benzoquinone(VII1)-benzo- 

n 

VI1 

n 

II 
0 

Vl l l  

quinone  radical  anion in solution. We applied Nicholson’s 
treatment [28] for estimating the heterogeneous rate con- 
stant ks for simple,  quasi-reversible  electrochemical reac- 
tions, 

0 + ne- e R. 

These  two reactions  were selected  because  the first elec- 
tron-transfer step is electrochemically  reversible  (Table 
1 )  and separable from any subsequent reactions. All elec- 
trochemical  measurements  were  performed using 80-90% 
iR compensation. 

ks 

As can  be  seen in Table 2,  the first oxidation  reaction 
displays complete reversibility on  both platinum and 
SnO, surfaces. In contrast,  the  results with chemically 
modified electrode surfaces  vary with the alkyl group  on 323 
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Electrode  Sweep  rute 
(mV/s) 

Platinum 10 to 100 
SnO, 10 to 100 
SnO,/SiC,H, 10 to 100 
SnO,/Si(CH,),NH, IO 

20 
30 
40 
50 

100 
10 
20 
30 
40 
50 

100 
IO 
20 
30 
40 
50 

100 

Sn0,/Si3N2NHCOC,H5 

650 
650 
660 
728 
735 
740 
745 
750 
762 
700 
710 
715 
725 
730 
765 
720 
730 
750 
760 
770 
825 

Em* 
(mV) 

~ 

590 
590 
600 
630 
622 
619 
615 
610 
600 
600 
590 
580 
575 
570 
550 
590 
580 
570 
5 60 
550 
525 

AED 
(mV) 
- 

60 
60 
60 
98 

113 
121 
130 
140 
162 
100 
120 
135 
150 
160 
215 
130 
150 
180 
200 
220 
300 

4Jt 

- 

- 

0.606 
0.416 
0.352 
0.300 
0.256 
0.182 1 
0.590 
0.350 
0.270 
0.220 
0.195 
0.095 1 
0.295 
0.215 
0.145 
0.1 15 
0.090 

- 

- 1 

kS 

(10-~cm/s) 

- 

- 

- 

32.4 

27.4 

17.2 

* E  vs NaCE. 
tRlference [28] 

Electrode 

Platinum 
SnO, 
SnO,/SiC,H, 

Sn0,/Si3N2NHCOC,H5 

Sweep  rute 
(mVls) 

IO to 100 
10 to 100 

10 
20 
30 
40 
50 

100 
10 
20 
30 
40 
50 
IO 
30 
50 

100 
10 
20 
30 
40 
50 

100 

(mV) 
~" . 

- 540 
-480 
-490 
- 500 
- 502 
- SO5 
-510 
-530 
- 570 
-580 
- 595 
-610 
- 620 
-710 
-740 
-750 
-780 
-630 
-640 
- 660 
-680 
- 690 
-750 

E"a 
(mV) 

~~~~ 

-480 
-420 
-395 
-390 
-385 
-380 
-375 
-350 
- 340 
-320 
-295 
-285 
-270 
- 370 
-350 
- 270 
- 200 
-380 
-350 
- 340 
-320 
-310 
- 260 

AEP 
(mV) 

60 
60 
95 

110 
1 I7 
126 
135 
180 
230 
260 
300 
325 
350 
340 
3 90 
470 
580 
250 
290 
320 
3 60 
380 
490 

4J* 
(10-~cm/s) 

4 
_ _ ~  

- 

- 

31.0 

10.4 

10.1 

9.68 

*Reference [28]. 

the  surface-attached silyl derivative,  =SiR.  When  the  al- ED,. On  the  other  hand,  with  the  3-aminopropyl  and  the 3- 
kyl  group  is a vinyl  group,  the  results  resemble  those  with (2-aminoethylamino)propyl groups,  the  electrochemical 

324 platinum,  the  only  difference  being  a  slight  variation  in reaction  becomes  irreversible.  With  the  use of Table 1 in 
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Reference [ 2 8 ] ,  Nicholson's $ values can be obtained for 
the corresponding A E, values measured  at various sweep 
rates V ,  and  the ks values  were determined from the 4 - 
v-l" plots.  For the present  reaction  at 25"C, $ is equal  to 
2 5 . 5 k , ~ " ' ~ .  

The AE,, values  measured for  some of the other modi- 
fied surfaces lie outside the range of $ values  provided by 
Nicholson  and make the  method inapplicable. Nichol- 
son's  treatment was extended to  obtain relative k ,  values 
for a given  reaction under identical  conditions where only 
the nature of the working electrode is varied.  Since the 
relation between nAE,, and l /$ is nearly linear,  this ex- 
tension can be made if one assumes a small continuing 
curvature.  The slope S of the  curve obtained by plotting 
nAEp(SnO,,SiR,)  measured with one electrode  against 
~ z A E , , ( ~ ~ ~ , , ~ ~ )  measured with another  electrode  for  the 
same  values of vlr2 is given by Eq. (1) .  The  measurements 
with the 3-(2-aminoethyl)propylsilyl derivatized surface 
were selected  for  the relationship 

in Eq. (1). The $ - v-l" plot for this  reaction is seen in 
Fig. 6. 

The  use of this relationship is seen in Fig. 7, where the 
plot of AE,, values  measured with the surface-attached 
3-(2-propionylaminoethylamino)propylsilyl group versus 
AE,, values  measured with the surface-attached 3-(2- 
aminoethylarnino)propylsilyl group provides  a  straight 
line with slope S of 1.5 * 0.1 within the  sweep range  con- 
sidered.  This slope yields a k ,  value of 18.5 X cmis 
for  the reaction of the  electrode containing the surface- 
attached amide group, which is essentially the  same as 
that obtained directly from  the Nicholson treatment (17 .2  
x w 4  crn/s). 

For  the benzoquinone  reduction  reaction $ is equal to 
23.6k ,~"'~ .  As in the  previous case, this  reaction appears 
completely  reversible on platinum  and SnO, surfaces. 
The reaction is,  however, sensitive to all surface modifi- 
cations,  as  seen in Table 3 .  Equation ( 1 )  and the k ,  value 
for  the  attached vinylsilyl group  were used to  determine 
k, values for all the  other modified surfaces. A linear  rela- 
tionship  was  obtained in every  case,  the fit being ~ 4 % .  

The  presence of small molecules  covalently attached  to 
the electrode surface can have a significant effect on  the 
rates of electrochemical reactions. When surface mole- 
cules are aliphatic  derivatives the  rates  are  reduced. This 
rate  reduction  must  be due primarily to  steric effects. 
These  results parallel studies by Lane and Hubbard of 
absorbed olefinic compounds  on platinum surfaces [27]. 

-0 / 
/ 

4 6 8 10 12 

I 
" 

" 2  

Figure 6 Plot of I/I versus Y " ' ~  for the reaction of phenothiazine 
on a Sn02/Si3N2N  surface.  The  rate  constant ks is 27.4 x 
cm/s; CH,CN  solution versu.7 NaCE reference electrode. 

300 - 

250 - 

200 - 

150- 

1 A Ep for Sn02/Si3N2NH,( mV)  

Figure 7 Plot of AEp changes  on the  two surfaces for  the  reac- 
tion of phenothiazine as a  function  of sweep  rate;  NaCE refer- 
ence  electrode, CH,CN solution, and slope S = 1.5 ? 0.1. 

The influence of these molecules on SnO, is similar for 
both electrochemical reactions.  The major difference is in 
the case of the  phenothiazine-phenothiazine  radical-cat- 325 
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Figure 8 Cyclic  voltammogram for attached TTF in CH,CN 
containing 0.1 M Et,NBF,  with  approximately 70% iR compen- 
sation: modified Sn02/Si3N2NHCOTTF  surface (0.2 cm') I'crsus 
NaCE.  Curves A, B, and C  are  at  sweep  rates of 50, 100, and 
200 mV/s, respectively. 

ion reaction, where  the  reaction is not influenced by the 
presence of the  surface vinylsilyl group. In such cases, 
the reactions display high reversibility, as was the  case 
with platinum and tin oxide surfaces.  However,  the  pres- 
ence of these surface  groups reduces  the reaction rate by 
a  factor of about 340 (by using a reference ks value of 
I cmis for  the reaction on a platinum  surface [29]). 

The influence of steric effects  was also studied by look- 
326 ing at the oxidation of ferrocene  (Structure IX). Ferro- 

cene is structurally different from  phenothiazine and ben- 
zoquinone in that it  is more spherical. On platinum the 
reaction is reversible, as seen in Table 1. However,  the 
reaction shows irreversibility on the SnO, surface and is 
strongly influenced by any surface modification. In these 
cases,  the peaks  were too broad and  separated  to  contin- 
ue any further.  The marked  difference in behavior  be- 
tween this  reaction  and those  discussed previously em- 
phasizes the complexity of the  electrode  process and 
could be  explained by considering that the electroactive 
species  must penetrate the surface molecules and come in 
close contact with the electrode  surface in order  for elec- 
tron transfer  to  occur. This is not  unreasonable  since sur- 
face  coverages in these  preparations  are less than a close- 
ly packed  monolayer. 

Very similar results  were obtained when modified PtO, 
surfaces (rather  than SnO,) containing  covalently at- 
tached  monolayers of the  various alkylsilyl derivatives 
were studied.  The differences observed were with the 
larger alkyl groups  that produce a more  pronounced ef- 
fect on the reaction [30]. 

Several reports  have recently appeared in the literature 
describing the use of electrodes containing  surface-bond- 
ed optically  active compounds  to study  reactions  that 
produce an enantiomeric product mixture [ 2 ] .  In contrast 
to the present  results,  the  surface molecules in these  cas- 
es  have  a small influence; the  enantiomeric  excess found 
in the  products is 2-10%. These reactions are  multistep, 
and although the surface  molecules may have a large ef- 
fect on the charge transfer  rate, they  have only a small 
effect in the product forming step of the reaction, where 
the stereochemistry of the  molecule is determined. This 
minimal influence of the  surface molecules on the elec- 
trochemistry of the products  implies  that the reaction in- 
termediates must diffuse away  from the surface  before 
forming the  product. 

It is interesting to contrast  these results using covalent- 
ly  attached monolayers with those using thin polymer 
films (the other surface modification technique of current 
interest). Since this comparison can  best be made using 
reasonably well defined polymers, plasma  polymerized 
tetrafluoroethylene films were selected  for this study. 
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These films are  prepared  such  that they do not  swell, are 
both rigid and highly cross-linked,  adhere strongly to met- 
al surfaces  and do not lift off, are pinhole free, and the 
molecular structure contains cavities equivalent to eight 
member rings [31]. The electrochemical  oxidation of fer- 
rocene in acetonitrile  solution  using a platinum electrode 
coated with 2.5 nm  of polymerized  tetrafluoroethylene 
film is quasi-reversible. No variation is observed in the 
redox potential;  thus  the  chemical environment around 
the  ferrocene  at  the  electrode  surface must be similar to 
that with a clean surface.  The k, value  obtained using 
Nicholson's  treatment [28] is 6 X 10-3cm/s. Therefore, 
this 2.5-nm polymer film has less retarding effect on the 
solution  reaction  than  the  =0.8-nm  covalently attached 
film. With much thicker films, 20-60 nm,  the  redox  reac- 
tion of ferrocene still occurs at the platinum-polymer in- 
terface;  however, the  reaction is limited by the diffusion 
of ferrocene through  the film. In this case,  the diffusion 
rate  through the film is a factor of lo5 slower  than  through 
the acetonitrile  solution. These  results indicate that dis- 
solved  species  can penetrate polymer films on  electrode 
surfaces.  The penetration occurs  even with  the rigidly 
crosslinked polymer and may be more effective with oth- 
er polymers that swell with solvent. 

The final topic of this presentation involves the  redox 
reaction of a species in solution on a modified electrode 
surface  where  the  covalently attached monolayer con- 
tains an electroactive center.  The involvement of the  at- 
tached electroactive species as a mediator in the overall 
reaction  provides a potential route  to designing molecule- 
specific electrodes [3a, 41. This would be accomplished 
by making use of specific mediator-electroactive mole- 
cule interactions that enhance  the  electron transfer rate. 
To demonstrate  the feasibility of using an electron  media- 
tor  model,  ferrocene in acetonitrile  solution was oxidized 
on a modified surface  where the covalently attached 
monolayer  contains a tetrathiafulvalene (TTF)  structure. 
Figure 8 shows the cyclic voltammogram for  TTF on the 
surface as in Structure I11 [ 3 2 ] .  This  reaction  shows good 
electrochemical reversibility for  each of the two  one-elec- 
tron  oxidation  reactions [lh]. Figure 9 shows the cyclic 
voltammogram for  the surface 111 in the potential region 
involving the first oxidation reaction. When the  solution 
contains M ferrocene, broad  deformed  oxidation and 
reduction  peaks are  seen. This system is not stable, how- 
ever,  and the  peaks diminish gradually until after  the 
twelfth scan no further change occurs. This  instability 
probably reflects decomposition of the tetrathiafulvalene 
structure  rather than the  entire monolayer.  This con- 
clusion is based on  the fact that  the twelfth scan  resem- 
bles that  for a modified surface with a covalently attached 
electroinactive  monolayer rather  than that  for a clean 
SnO, surface (Fig. 10). While these results are prelimi- 

2r.  A e-- 

oltage ( V )  

Figure 9 Cyclic  voltammograms  measured  using  a modified 
surface  SnOJSi3N2NHCOTTF versus NaCE.  (Curve A) 0.1 
M Et,NBF, in CH,CN, 50 mVis; (curve  B) 0.1 M Et,NBF, 
plus M ferrocene in CH,CN, first scan  at 50 mVis; (curve C) 
same  as  curve  B  but  after  twelfth  scan. 

nary, they do  show that the  electroactive monolayer is 
involved in the overall  reaction and probably behaves as 
an electron-transfer mediator. 

Conclusions 
In summary,  the brief study presented here  permits us to 
make certain  statements. In regard to  the molecular struc- 
ture, the initially formed structures of the alkylsilyl deriva- 
tives on metal oxide surfaces contain  some unreacted la- 
bile alkoxide groups. This  suggests that  the final product 
may have  some polymeric nature. When the  electroactive 
species are  attached  to  the  surface via  linear alkylsilyl de- 
rivatives,  they appear  to  exist in various chemically dif- 
ferent  environments.  lnterconversion of the  electroactive 
moieties  among  the  various environments is slow and  de- 
pends on the folding behavior of the linear alkylsilyl de- 
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Figure 10 Cyclic  voltammograms of M ferrocene mea- 
sured on SnO,  (curve A) and  on Sn0,/Si3N2NHCOCH3  (curve 
B) against  NaCE in CH,CN containing 0.1 M Et,NBF, at 50 
mV/s with approximately 80 percent iR compensation. 

rivatives. The net effect is that  redox reactions become 
electrochemically quasi-reversible. This  behavior can in- 
fluence the  rate of charge transfer  as well as  the chemistry 
of the  resulting radical cations,  where  those  cations  at- 
tached to  the surface via flexible alkyl chains  have  more 
restricted mobility than those dissolved in solution. Also, 
the  array of radical ions produced  under  these conditions 
must be  less  stable than when they  are  free  to diffuse into 
the solution. Finally, when the  electroactive  compound is 
in solution,  the presence of alkylsilyl derivatives on the 
surface will again influence the electrochemical  reaction 
where the movement of electroactive species in and  out 
of the surface environment is retarded.  However, when 
the alkylsilyl monolayer contains  an electroactive center, 
electron-transfer  to an electroactive species in solution is 
facilitated where the attached  electroactive  center  can  act 
as a mediator. 

Experimental details 

Preparation of silylated  surjaces 
The modified surfaces  were  conveniently  prepared by 
treating the cleaned  surface with an anhydrous toluene 
solution  containing  about 1% of the alkylsilyl derivative 
for 10 minutes  at room temperature.  The surface was then 
washed with several  portions of fresh toluene. The plati- 
num surfaces were oxidized electrolytically in 1 M 
H,SO,, as previously described  [le] and silylated as 
above. 

0 IETS measurements 
The metal/insulator/metal sandwiches of 1 mm cross  sec- 

328 tion were prepared on clean 10 X 15 mm glass  slides. The 

slide with  a  freshly prepared aluminum  oxide strip ( 1  mm 
wide) was treated with 1% volume  fraction  tri- 
ethoxyvinylsilane in benzene in the usual  manner.  A 1- 
mm-wide strip of lead was subsequently  evaporated  on 
the dried surface, producing ajunction with resistances in 
the range 50-5000 CL/cm2. The  junction was next mounted 
for  cooling to 4.2 K and the  measurements were per- 
formed as previously  described [8]. 

Synthesis of 2-pyrazoline  derivatives 
Synthesis of these compounds makes use of the addition 
reaction of the diarylnitrile imine to  the  appropriate olefin 
[14]. For  example,  Structure I was prepared by the addi- 
tion of diarylnitrile imine to exo-2-carbomethoxy-S-nor- 
bornene to  produce  Ib, which was then saponified in 
aqueous methanol to yield the carboxylic acid derivative 
Ia. This  preparation  produces  a 1 : 1 mixture of the  two 
possible exo-adducts [ 13bI. The monocyclic derivatives 
I1 were prepared  as  above using methyl methacrylate in 
the nitrile imine addition  reaction [ 13bl. 

Electrochemical  measurements 
The instrumentation  used for  dc voltammetry and 
chronocoulometry measurements  were designed and fab- 
ricated in these  laboratories [33]. For  the  second-har- 
monic ac voltammetry study, a small 25-Hz sinusoid  (7.1- 
mV root mean square) from a Hewlett-Packard 3310A 
function generator was  summed with a triangular ramp 
voltage. This signal was  potentiostatically applied to  the 
cell. A voltage proportional to  the cell current was passed 
through a 25-Hz notch filter and then to a type A  pre- 
amplifier of a  Princeton Applied Research HR-8 lock-in 
detector.  The second-harmonic reference was generated 
from the  square wave synchronous output from the 
HP3310A generator.  The  scans  were recorded on a Hew- 
lett-Packard 7046A dual pen recorder. 

All the electrochemical measurements were carried  out 
in acetonitrile  containing 0.1 M tetraethylammonium 
tetrafluoroborate. The  solvents  and  the various com- 
pounds  used  were purified as previously  described [13]. 
For  these  measurements, 10 mm X 30  mm plates of com- 
mercially available  antimony-doped SnO, on glass  were 
silylated. 
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