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Abstract

The voltammetry of self-assembled monolayers (SAMs) of 7-ferrocenycarbonyloxy-1-heptanethiol (FcCO,(CH,),SH) has been stud-
ied as a function of temperature. Such SAMs are, when oxidised, susceptible to loss of ferrocene via nucleophilic attack, but at temper-
atures only just above room temperature, there is an accelerated loss of ferrocene from the chain termini, an increase in the capacitance of
the layer in its reduced state and a positive shift in the E}/, value is observed. A comparison between these data and the effects of multiple
scans recorded at room temperature suggests that there is a re-orientation, induced at slightly elevated temperatures, which is associated
with the ferrocene ester linkage at the chain terminus and which apparently renders ferrocene more susceptible to nucleophilic attack.
With the increasing of temperature, the loss of ferrocene (terminal) is accelerated, due to the capacitances and permeability of the SAM
layers. The positive shift of the £}/, value is harder to interpret but may result because the ferrocene is in more intimate contact with the
layer and is placed in a more hydrophobic, less polar environment. Other possible influences on the shift of E, are discussed. This work
confirms that electroactive terminal groups can provide information on the microenvironment at the SAM/electrolyte interface through

variations in current and potential.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The extraordinary order of alkanethiol self-assembled
monolayers (SAMs) chemisorbed on gold has provoked
intense interest [1-3] in using them to study effects of dis-
tance, order, packing and chemical environment on heter-
ogeneous electrode transfer events. SAMs based on
alkane thiols (CH;3(CH,),SH) represent a versatile means
for the modification of surfaces [4-6]. The SAM can be tai-
lored to have a specific thickness or to present, at the SAM/
solution interface, a given physical (such as hydrophobicity
or hydrophilicity) or chemical property (for example a spe-
cific chemical group able to react with or bind to another
chemical entity) [5,7-14,19,21]. One aspect of this versatil-
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ity has been the attachment of redox active groups (espe-
cially terminal ferrocene group) at the SAM/solution
interface as a means for the study of electron transfer as
a function of distance, since the separation between elec-
trode and redox group may (in theory) be controlled and
varied simply and accurately [1,4,6,8,26-32]. Studies of
these systems (typically with the redox active group pre-
pared in a mixed monolayer with methyl terminated thiols)
have also focussed on a range of other physico-chemical
aspects of these layers [2,11,14,22,34-48]. Especially rele-
vant to this work is the fact that the electrochemistry of
these systems could also convey information about the
microenvironment of the ferrocene or other redox group
and hence, by inference, some structural or environmental
aspects of the monolayer and how it depends upon, for
example, the redox state [14,35-37]. For ferrocene, the
transformation from a neutral terminal group in its
reduced state, to a positively charged group when in its oxi-
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dised state (ferricinium) should be disfavoured by a less
polar environment [4,8,14-21,23-25]. Such an environment
may be created if the ferrocene group buries itself into the
layer, or if it is in a mixed monolayer and is surrounded by
methyl terminated alkane thiols with longer chain lengths
[35,37]. An important aspect of SAMs and highly relevant
to their proposed uses, how was the layer quality and prop-
erties depend on temperatures and their phase behaviours.
Although there were early studies of this aspect of SAMs
[45,46] phase transitions of, or the effect of temperature
on, SAMs has received less attention than many other
aspects, but the importance of an understanding of the
effects of temperature in this area is becoming increasingly
recognised. Organised assemblies of organic molecules
such as SAMs or lipids undergo melting and other transi-
tions at moderate temperatures and methods such as the
current due to redox probes [51] quartz crystal microbal-
ance, Raman spectroscopy [48] and reflection absorption
infrared spectroscopy (RAIRS) [53] have all been used to
examine aspects of the effects of temperature on SAMs of
different types, both in solution and in air or vacuum. In
this paper, we present the results of an investigation of
the thermal effects on the electrochemistry of a ferrocene
terminated alkane thiol. In particular, the variations of cur-
rent as temperature increases afford a general insight into
the changes that occur within a layer on heating. Variations
of potential are harder to interpret but offer some supple-
mentary information.

2. Experimental
2.1. Chemicals

Perchloric acid (70%), ferrocene carboxylic acid (97%),
1,6-dibromohexane (96%) were purchased from Aldrich
Chemical Company and used without further purification
to prepare the electrolyte solutions with dionize water
(resistivity, >18.2 MQ cm) respectively. The 7-ferroceny-
carbonyloxy-1-heptanethiol (FcCO,(CH,),SH) is synthe-
sized using ferrocene carboxylic acid and 1,6-
dibromohexane.

2.2. Instrumentations

The voltammetry performed in this study employed a
conventional three-electrode cell with a polycrystalline gold
as a working electrode, Pt wire as a counter electrode and
Ag/AgCl (satd. KCl) as a reference electrode. The commer-
cial potentiostat an electrochemical quartz crystal micro-
balance (EQCM, Shin EQCN1000, Korea) was used for
all electrochemical investigations. Electrodes were gold
on 10 MHz AT-cut quartz crystals, which were usually
used for EQCM. The gold used was 99.99% pure and
vacuum (ca. 1x 1077 Torr) deposited on 5nm Ti under-
layer to form a Au-layer of ca. 100 nm thickness by Ther-
mal & E-beam evaporation system (HVEB 200, Hanvac,
Korea.).

2.3. Electrode cleaning and preparation

All electrodes were pre-treated and polishing by
repeated cycling (50 mV s™!) of the electrode in 0.1 M
H,SO, between the system’s O, and H, evolution poten-
tials, until a reproducible voltammogram with well defined
features was obtained. The gold evaporated crystals were
cleaned thoroughly by Piranha solution (a mixture of
98% H,SO,4 and 30% H,O, at 2:1 v/v) [Caution! Piranha
solution is a very strong oxidising agent and reacts vio-
lently with organic compounds. Freshly prepared piranha
solution should be handled with extreme care]. The average
roughness factor and surface areas were calculated for lab
made polycrystalline gold electrode 1.2 (£0.10) and
0.26 cm? respectively.

The cleaned gold polycrystalline electrode was modified
by dip-treatment in a CH,Cl, (99.9% HPLC grade,
Aldrich) solution containing FcCO,(CH,);SH at 24 h.
After modification of the substrates, it was rinsed thor-
oughly with pure CH,Cl, and then dry with stream of
N,. Then the FcCO,(CH,);SH monolayer modified crystal
was monitored with EQCM. A thermal controlled oven
(OF-22GW, JEIO Tech, Korea) was used to achieve ther-
mal control of the cell. The electrochemical cell was oper-
ated between 25 and 70 °C using a thermostat controller
and a period of 20 min was allowed for the system to reach
equilibrium at each temperature. Copper under potential
deposition (upd) [30] onto electrodes covered with the layer
showed no significant defects in the layer. Copper upd was
used to provide access to the potential region where there
would be no overlap with current from monolayer
oxidation.

3. Results and discussion

Electrochemical observation (specially cyclic voltamme-
try) is studied in 0.1 M perchloric acid (at various scan
rates) at room temperature. Before the variation of voltam-
metry with temperature is examined, it is necessary to pres-
ent the voltammetry of layers at room temperature.
Reported voltammograms for ferrocene-terminated thiols
do vary in their detail; for example there are suggestions
of broadened electrochemical features possibly due to inho-
mogeneous sites [2], whereas others have observed shoul-
ders and spikes in the voltammetry [33]. Part of the
reason for this variation is the fact that different laborato-
ries use different electrode surfaces, pre-treatment regimes
and layer preparation methods. In this study, there was
also some variability between layers, seen in the occasional
observance of a shoulder on the positive going scan of the
voltammogram at a potential below that of the anodic
peak. This variability between layers in this study may be
due to the different polycrystalline EQCM gold electrodes
employed. Fig. 1 shows voltammograms as a function of
scan rate for the FcCO,(CH,);SH [Cu under potential
deposition (upd)] SAM on Au surface. There is a broaden-
ing of the anodic peaks at the higher scan rates, much more
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Fig. 1. Cyclic voltammograms for a FcCO,(CH,);SH in 0.1 M perchloric
acid as a function of scan rate. Scan rates were 50, 100, 500 and
1000 mV s~

so than for the cathodic peaks. These reflect the unfavour-
able environment created by the array of neighbouring
positive charges when the termini are converted to ferrici-
nium. As was generally observed, there is very less appar-
ent broadening on the cathodic peak. In attempting to
interpret this data, some information concerning the struc-
tural state of the layers maybe helpful. Sato et al. [36] mon-
itored formation of FcC;;SH layers by PM-FTIR and used
analysis of the peak positions of the methylene stretching
modes to conclude that the order of their layers lay
between that of a solid and a liquid and increased with
adsorption time of the thiol so that after 15 h the layers
approached the order of the solid state. Although no com-
parable study seems to have been carried out for
FcCO,(CH,»),;SH, the longer time should ensure that films
are in a comparable state. Sato et al. [36] also reported that
increased formation time led to chain orientations that
grew closer to the surface normal. Aside from the initial
state of the layers, another issue that is relevant for these
systems is whether or not there is any structural change
resulting from the oxidation and consequent introduction
of positive charges at the SAM/electrolyte interface. Pope-
noe et al. [33] using IRRAS on FcCOOC;;SH layers
reported no detectable changes in the orientation of the
polymethylene chains as a function of applied voltage,
whereas Shimazu et al. [35] used a combined FTIR/EQCM
method on FcCy;SH (11-ferrocenyl-1-undecanethiol) to
suggest that the layer shows less tilt when oxidised but
attributed this discrepancy to a difference in surface pack-
ing between their work (0.9 x 10'* molecules cm ) and
that of Popenoe et al. (2.8 x 10'* molecules cm 2), stating
that for a layer as well packed as the latter, no re-orienta-
tion would be expected upon oxidation. With these factors
in mind, the peak boardening may reflect a region of the
surface perhaps possessing different packing or order and

it is possible that the oxidation leads to greater homogene-
ity as a result of Coulombic repulsion. The peak boarden-
ing may represent a region of solid-like monolayer, while
the majority of the layer is in a more liquid-like state. If
electron transfer occurs via tunnelling, then a more ordered
solid-like state should make tunnelling easier, by virtue of
fewer defects in the methylene chain. Such defects can have
a dramatic effect on tunnelling [6]. Upon oxidation, the
Coulombic repulsion between neighbouring ferricinium
groups may cause more disorder and create uniformity of
the layer and when this repulsion is removed, there is relax-
ation back to the original state on a timescale of a few sec-
onds, because the peak was seen to be present on
subsequent scans.

It is studied the influence of several scanning on
FcCO,(CH,);SH self-assembled monolayer stability and
its properties. An important point that emerges from stud-
ies of ferrocene derivatives and ferrocene terminated thiols
(especially from solution studies of ferrocenes) is that the
oxidised form of ferrocene, ferricinium, is susceptible to
nucleophilic attack (by OH™, Cl~, NO; and other nucleo-
philes) [50] with, in the case of ferrocene thiols with the
ester linkage, possible subsequent cleavage of the link lead-
ing to loss of ferrocene [33]. This last observation is from
unpublished work in slightly basic solutions of chloride.
Therefore, for ferrocene thiol SAMs there is a loss of activ-
ity with the time spent in the oxidised form and hence a
decreased charge for oxidation seen in the voltammogram
after repetitive cycles. The effect is found to be least pro-
nounced for perchloric acid electrolytes at low pH, hence
the use of that electrolyte in these studies. Since an objec-
tive of this work was to examine the voltammetry as a func-
tion of temperature, which entails repetitive scanning, a
brief discussion of the effect of multiple voltammograms
on stability is presented here.

Fig. 2 presents a plot of the decline of the average peak
charge with scan number for a FcCO,(CH,),SH typical of
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Fig. 2. Average peak charges as a function of scan number for a
FcCO,(CH,);SH SAM. Scans were carried out between 0.2 and 1.0 V at
50mV s~ in 0.1 M HCIO, at room temperature.
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those used in this work. After 100 cycles (representing
about 15 min spent in the oxidised form), the charge has
fallen to 38% of its original value. In addition to the
decrease in charge, the peak potentials (not shown) showed
no significant increase even after about 25 cycles but then a
slow consistent increase with extended cycling with the
total increase being 0.21 mV for the anodic peak over a
total of 100 cycles (equivalent to the time period shown
in figure). There was no significant variation in the cathodic
peak potential observed over the same time. Another
important measurement made during these experiments
was the capacitative charging current, measured at 0.3 V
when the layer is in its reduced form. This value showed
no change within experimental error. This observation sug-
gests no significant change in the layer. There may be a
small decrease of layer thickness because of loss of ferro-
cene. However, the layer may pack more effectively after
the bulky terminal groups are lost. Since the blocking prop-
erties remain largely unaffected, despite the significant loss
of charge, the view that the loss of charge is a result of fer-
rocene lost to nucleophilic attack is reinforced. Copper upd
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stripping indicated that no free gold sites were available on
the surface even after this repetitive cycling, confirming no
loss of thiol overall.

Charge and current variation are studied under the influ-
ence of temperature on voltammetry. As noted above, there
was some variability in the voltammetry of the thiols stud-
ied, namely the occasional presence of a shoulder on the
positive scan. A similar variability was also seen in these
temperature dependent studies, but experimental observa-
tions were generally consistent on all the layers studied.
Fig. 3 presents voltammograms for FcCO,(CH,),SH
SAM of Au (Cu upd) layer at four different temperatures.
There are several features of note. First, the peak currents
fall as the temperature increases. This is partly a result of
repetitive cycling leading to loss of attached ferrocene. Sec-
ondly, we observe a shift in the anodic peak potential
towards more positive values as the temperature increases
in Fig. 3(A)—(D). The cathodic peak potential shifts to more
negative values and the net effect of these changes is a posi-
tive shift in £}/,. Finally, the height on the peak disappears
as temperature increases.
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Fig. 3. Cyclic voltammograms for a ferrocene terminated SAM, FcCO,(CH,);SH, at 25, 40, 55 and 70 °C. Scans were at 50 mV s~ ' in 0.1 M HCIO,.
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Fig. 4. Plots of current and charge as a function of temperature for the
FcCO,C5;SH. Data taken from voltammograms like those shown in Fig. 3.

In order to assess the reasons for these changes, a num-
ber of different parameters were examined to see how they
were affected by temperature. First, a plot of the average
(of oxidation and reduction) charge and current as a func-
tion of temperature is shown in Fig. 4. Both quantities fol-
low a similar trend, with a roughly constant region in the
range from 5 to about 25 °C (the currents show a slight
increase, but this is more a result of the loss of the terminal
ferrocene and thus a redistribution of the current). Above
around 25 °C, both charge and current fall consistently
with further increases in temperature. The overall decline
in both quantities was about 68% and 80% respectively.
The upd results were remarkably reproducible over a series
of experiments. This is consistent with an irreversible loss
of ferrocene from the surface during the course of the
experiment but no loss of thiol from the surface of the elec-
trode. The consistency and reproducibility of the upd data
in several different experiments indicate that possible loss
of thiol at elevated temperatures and subsequent replace-
ment by adventitious impurities is extremely unlikely. With
regard to the mechanism of ferrocene loss, an extensive dis-
cussion is beyond the scope of this paper, but it is likely to
occur via anion attack at ferrocene according to the solu-
tion phase findings of Prins et al. [50]. Hydrolytic cleavage
has been reported for ferrocene thiols with the ester linkage
but in slightly basic solutions [33].

Peak potential variations are measured the influence of
temperature on cyclic voltammetry. Further insight into
the changes that occur as a function of temperature can
be found from the variation of E)/, during similar experi-
ments. This is depicted in Fig. 5. There are some broad sim-
ilarities between the trends seen in this figure and those in
Fig. 4. First, there is very little change up to a temperature
of 20 °C, but there then follows an increase as the temper-
ature increases to 65 °C and then the difference remains rel-
atively constant for the remainder of the heating cycle. If
the layer is cooled, there is a small decrease in Ej;, (not
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Fig. 5. Variation of E);, with temperature for a layer of FcCO,(CH,),;SH.
Data taken from voltammograms like those shown in Fig. 3.

shown) but it does not return to its original value. This
trend in E1/, to more positive values is, at first glance, con-
trary to expectation. Chidsey et al. [2] studied mixed mon-
olayers of FcCO,(CH,);;SH and CH3(CH,)oSH and
observed a positive shift of the peak potentials (which
appears to be about 0.08 V as estimated from Fig. 2 in their
paper) as the mole fraction of FcCO,(CH,);;SH increased
from 0.1 to 1.0. Since ferrocene is lost as temperature
increases here, these data suggest that a negative shift of
E,;, would be seen. As around 60% of the ferrocene is lost
a shift of the order of +0.064 to +0.069 V might be
expected. However, Creager and Rowe [37] examined the
effect of neighbouring chain length in mixed monolayers
of ferrocenylhexane thiol and CHj3(CH,),SH. As n
increased and the neighbouring chains provided a more
hydrophobic environment for the ferrocene terminal
group, the peak potentials became more positive, from
0.34V for n =3 t0 0.65 V for n =9. The surrounding alkyl
chains create an environment where the uncharged ferro-
cene form of the layer is favoured and the oxidised, charged
ferricinium is less stable, thereby shifting the potential to
more positive values. It is likely that both these effects
make a contribution to the changes seen here and this point
will be discussed further below after supplemental experi-
mental data has been described.

The challenge in evaluating the data is to separate the
effects of loss of ferrocene with cycling from the effects of
temperature on the FcCO,(CH,),SH SAMs. The changes
in current and charge principally reflect loss of ferrocene,
whereas the shifts in potential are influenced by both fac-
tors. The capacitative current for the layer in its reduced
form is helpful in providing information on temperature
effects alone, since it is invariant with repetitive cycling.
It also helps to indicate any loss of thiol. Considering the
information in this way allows a reasonable picture of the
effects of temperature to be deduced despite the absence
of any spectroscopic or structural data.
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As noted earlier, there is little structural work that has
been reported for ferrocene terminated thiols, but the lim-
ited data available suggest that for this chain length the lay-
ers should be close to solid-like, as deduced from
comparisons of the methylene stretching vibrations [36].
However, comparisons between papers are fraught with
complications arising from different electrodes, electrode
preparation methods, layer preparation methods and so
on. As well as a relative lack of structural data on ferrocene
thiols at room temperature, there has been less attention
paid to the effects of temperature on alkane thiol SAMs.
However, this area is slowly growing in interest. Badia
et al. [47] examined CH;3(CH,),SH layers (where n varied
from 16 to 20) through the variation of current from the
reduction of Fe(CN)f; and reported two increases in per-
meability for each layer. These were compared with well-
known permeability profiles for di-r-acylphosphatidylcho-
lines, which undergo gel-liquid transitions and untilting/
rippling transitions. They observed current increases and
current maxima attributed to the co-existence of tilted
and untilted chains and to the co-existence of melted and
unmelted chains. This was suggested to produce transient
dislocations or boundaries at the interfaces between those
co-existing regions leading to enhanced permeability to
the redox probe and hence to increased current. Teuscher
et al. [48] used the QCM and SERS to study temperature
effects on tetradecanethiolate and reported a rotator-like
transition (a gradual process involving formation of gauche
defects in the surface methyl and methylene units) and a
melt-like transition at 70 °C. More recently, Bensebaa
et al. [49] examined RAIRS to investigate the temperature
behaviour of n-alkanethiols on gold over a substantial tem-
perature range. They report a general trend where there is a
gradual untilting of the alkyl chain as well as the appear-
ance of gauche defects near the surface. These effects are
almost reversible but then a large number of defects located
below the surface were observed as temperatures exceeded
350 K for a C,q layer and these changes were found to be
irreversible. They also suggested that layers comprised of
shorter chain lengths, below C;,, were more disordered
than the longer chains and did not study these systems.
The bulky ferrocene terminal group is likely to make the
layers used here less well ordered, especially since at the
beginning of the experiments the entire layer is comprised
of ferrocene thiols. Thus we may view the layer used here
as moderately well ordered but less well ordered than
chains of comparable length with a methyl termination.
As the temperature is increased defects at chain termini
or various phase transitions might occur.

When the loss of ferrocene with extended cycling is con-
sidered, it is instructive to compare the loss as a function of
scan number for the extended cycling experiment and the
same data for the variation with temperature. As was
apparent in Fig. 4, there is little decline in the range 5-
25 °C but then an accelerated decline is particularly appar-
ent. It is hard to quantify the effect of temperature on the
expected rate of loss of ferrocene, but an expected Arrhe-

nius type of behaviour would not give the response seen
in the figure, which suggests an accelerated loss of ferro-
cene above about 25°C. These facts suggest that there
may be a change occurring in the layer at this temperature
(or in a range between 20 and 30 °C). The consequences of
this seem to be twofold. First, the layer becomes a little
more permeable to ions, hence the increase in double layer
capacitance in the reduced form and secondly, the ferro-
cene is apparently more susceptible to nucleophilic attack
and its subsequent removal. This accounts for the acceler-
ation of the loss of ferrocene once this temperature is
reached although there will be, of course, an effect attribut-
able to the influence of temperature on this process.

The loss of ferrocene is, however, at odds with the shift
in the E}/, value to more positive potentials as the coverage
decreases. A negative shift of potential would be expected
when the repulsions between neighbouring electroactive
groups are lessened by the loss of ferrocene [2]. To rational-
ise this, we must consider two things. First, electrode
potentials are temperature dependent, the variation of
potential with temperature being a classical means by
which the entropy of the process may be determined.
Recent work on ferrocene in acetone over a range of tem-
peratures [51] while not directly relevant, indicates that the
shifts observed here could reasonably be ascribed to an
effect of temperature on potential alone, which would indi-
cate an increased entropy change upon oxidation as tem-
perature increases. However, the fact that the overall
change in the Ej, is likely to be a composite of a negative
shift due to the lower repulsion as coverage decreases and a
positive shift from the effect of temperature on potential
suggests that there may well be another contribution shift-
ing the E), positive. This could happen, as we have seen, if
the ferrocene group encounters a more hydrophobic or less
polar environment [37]. Thus it is likely that a contribution
to the shift in potential arises from a change in the orienta-
tion of the ferrocene group such that it is either forced into
the layer, or is in more intimate contact with it. This would
have the effect of stabilising the ferrocene form at the
expense of ferricinium, thus shifting the potential to a more
positive value. The situation is complex and other factors
which may influence the potential change include changes
in the screening of the ferricinium charges as the double
layer alters with temperature and ion pairing, although bet-
ter ion pairing would shift the potential in a negative direc-
tion. These and other aspects have been discussed in more
detail elsewhere [25,52,53].

The question then remains, what sort of change is occur-
ring in the FcCO,(CH,),SH SAMs with Cu upd? From the
data of Badia et al. [47] on alkane thiols of lengths C;¢ to
Cyo an extrapolation would suggest that the tilting/until-
ting and gel/liquid phase transitions, if present for these
layers, would occur at temperatures below those where a
transition is observed here. In addition, the shorter chain
lengths and presence of ferrocene make the layers less well
ordered in the first instance than those studied by Badia
et al. So, it is unlikely that these transitions are being seen
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here. However, since an accelerated loss of ferrocene is
observed, there may a structural change at chain termini
involving the ferrocene—ester linkage with the result that
the ferrocene is more susceptible to nucleophilic attack
and is also in an environment that is less polar (shifting
the potential to more positive values). Because of the
involvement of this group there is not necessarily a correla-
tion between the temperature for transitions observed on
methyl-terminated layers of similar length and that
observed here. If ferrocene is forced into the layer, there
may also be a resulting slight increase in the capacitance
of the film if the chains are forced apart, which would
account for the change in capacitance of the layer observed
as a function of temperature. It is interesting to note that
the fact that this structural change appears to occur at
around room temperature or very slightly above it may
be part of the reason for some of the variability of response
noted here between different layers and may also be respon-
sible for the shift of Ej, to more positive values when
extended cycling was carried out at room temperature.

4. Conclusions

Self-assembled monolayer of FcCO,(CH,);SH is studied
under different temperatures. Despite the loss of ferrocene
with cycling, temperature variation studies and careful
examination of changes in a number of voltammetric fea-
tures reveals information about the environment of the fer-
rocene group and how it changes with temperature. The
data suggest that the ferrocene—ester linkage undergoes a
shift in its orientation at temperatures in the range 20—
25 °C, which results in the easier removal of the group by
nucleophilic attack and which also places ferrocene groups
that are not removed in a more hydrophobic environment,
rendering their oxidation more difficult. The fact that this
change occurs very close to room temperature may account
for some of the variation between voltammograms seen
here and those reported in the literature. This emphasises
the importance of developing an understanding of the
influence of temperature on the properties of FcCO,(CH,);
SH SAMs of all types.

References

[1] C.E.D. Chidsey, Science 251 (1991) 919.
[2] C.E.D. Chidsey, C.R. Bertozzi, T.M. Putvinski, A.M. Mujsce, J. Am.
Chem. Soc. 112 (1990) 4301.
[3] L.H. Dubois, R.G. Nuzzo, Annu. Rev. Phys. Chem. 43 (1992) 437.
[4] H.O. Finklea, D.D. Hanshew, J. Am. Chem. Soc. 114 (1992) 3173.
[5] H.O. Finklea, M.S. Ravenscroft, D.A. Snider, Langmuir 9 (1993)
223.
[6] H.O. Finklea, M.S. Ravenscroft, J. Phys. Chem. 98 (1994) 3843.
[7] L.S. Curtin, S.R. Peck, L.M. Tender, R.W. Murray, G.K. Rowe,
S.E. Creager, Anal. Chem. 65 (1993) 386.
[8] L.M. Tender, M.T. Carter, R.W. Murray, Anal. Chem. 66 (1994)
3173.
[9] S.E. Creager, K. Weber, Anal. Chem. 66 (1994) 3164.
[10] T.M. Nahir, R.A. Clark, E.F. Bowden, Anal. Chem. 66 (1994) 2595.
[11] G.K. Rowe, S.E. Creager, J. Phys. Chem. 98 (1994) 5500.

1 S.E. Creager, G.K. Rowe, Langmuir 9 (1993) 2330.

1 S.E. Creager, G.K. Rowe, Anal. Chim. Acta 246 (1991) 233.

1 G.K. Rowe, S.E. Creager, Langmuir 7 (1991) 2307.

1 S.E. Creager, L.A. Hockett, G.K. Rowe, Langmuir 8 (1992) 854.

] E. Katz, N. Itzhak, I. Willner, Langmuir 9 (1993) 1392.

1 D.M. Collard, M.A. Fox, Langmuir 7 (1991) 1192.

1 H. Hong, T.E. Mallouk, Langmuir 7 (1991) 2362.

1J.J. Hickman, D. Ofer, C. Zou, M.S. Wrighton, P.E. Laibinis, G.M.
Whitesides, J. Am. Chem. Soc. 113 (1991) 1128.

[20] H. Tsutsumi, S. Furumoto, M. Morita, Y. Matsuda, J. Electrochem.
Soc. 139 (1992) 1522.

1 S.E. Creager, G.K. Rowe, J. Electroanal. Chem. 370 (1994) 203.

] H.C. DeLong, J.J. Donohue, D.A. Buttry, Langmuir 7 (1991) 2196.

1 R.V. Duevel, R.M. Corn, Anal. Chem. 64 (1992) 337.

]

Langmuir Blodgett to Self-Assembly, Academic Press, San Diego,
CA, 1991.

[25] H.O. Finklea, in: A.J. Bard, 1. Rubinstein (Eds.), Electroanalytical
Chemistry, A Series of Advances, vol. 19, Marcel Dekker, New York,
1996, p. 109.

[26] H.O. Finklea, M.S. Ravenscroft, D.A. Snider, Langmuir 9 (1993)
223.

[27] G.K. Rowe, M.T. Carter, J.N. Richardson, R.W. Murray, Langmuir
11 (1995) 1797.

[28] J.F. Smalley, S.W. Feldberg, C.E.D. Chidsey, M.R. Linford, M.D.
Newton, Y.P. Liu, J. Phys. Chem. 99 (1995) 13141.

[29] J.N. Richardson, S.R. Peck, L.S. Curtin, L.M. Tender, R.H. Terrill,
M.T. Carter, R.W. Murray, G.K. Rowe, S.E. Creager, J. Phys.
Chem. 99 (1995) 766.

[30] C.P. Hsu, J. Electroanal. Chem. 438 (1997) 27.

[31] K. Weber, L. Hockett, S. Creager, J. Phys. Chem. Sect. B 101 (1997)
8286.

[32] H.O. Finklea, K. Yoon, E. Chamberlain, J. Allen, R. Haddox, J.
Phys. Chem. Sect. B 105 (2001) 3088.

[33] D.D. Popenoe, R.S. Deinhammer, M.D. Porter, Langmuir 8 (1992)
2521.

[34] H.O. Finklea, D.D. Hanshew, J. Electroanal. Chem. 347 (1993) 327.

[35] K. Shimazu, S. Ye, Y. Sato, K. Uosaki, J. Electroanal. Chem. 375
(1994) 409.

[36] Y. Sato, B.L. Frey, R.M. Corn, K. Uosaki, Bull. Chem. Soc. Jpn. 67
(1994) 21.

37] S.E. Creager, G.K. Rowe, J. Electroanal. Chem. 370 (1994) 203.

38] G.K. Rowe, S.E. Creager, Langmuir 10 (1994) 1186.

39] L.A. Hockett, S.E. Creager, Langmuir 11 (1995) 2318.

40]

41]

S.E. Creager, G.K. Rowe, J. Electroanal. Chem. 420 (1997) 291.

R.C. Sabapathy, S. Bhattacharya, M.C. Leavy, W.E. Cleland Jr.,

C.L. Hussey, Langmuir 14 (1998) 124.

[42] H. Ju, D. Leech, Phys. Chem. Chem. Phys. 1 (1999) 1549.

[43] K. Nishiyama, A. Ueda, S. Tanoue, T. Koga, I. Taniguchi, Chem.
Lett. (2000) 930.

[44] T. Kondo, M. Okamura, K. Uosaki, J. Organomet. Chem. 637 (2001)
841.

[45] C.D. Bain, E.B. Troughton, Y.T. Tao, J. Evall, G.M. Whitesides,
R.G. Nuzzo, J. Am. Chem. Soc. 111 (1989) 321.

[46] R.G. Nuzzo, E.M. Korenic, L.H. Dubois, J. Chem. Phys. 93 (1990)
767.

[47] A. Badia, R. Back, R.B. Lennox, Angew. Chem., Int. Ed. Engl. 33
(1994) 2332.

[48] J.H. Teuscher, L.J. Yeager, H. Yoo, J.E. Chadwick, R.L. Garrell,
Faraday Discuss. 107 (1997) 399.

[49] F. Bensebaa, T.H. Ellis, A. Badia, R.B. Lennox, Langmuir 14 (1998)
2361.

[50] R. Prins, A.R. Korswagen, A.G.T.G. Kortbeek, J. Organomet.
Chem. 39 (1972) 335.

[51] AM. Bond, R. Colton, J. Harvey, R.S. Hutton, J. Electroanal.
Chem. 426 (1997) 145.

[52] M.J. Honeychurch, G.A. Rechnitz, Electroanalysis 10 (1998) 285.

[53] M.J. Honeychurch, G.A. Rechnitz, Electroanalysis 10 (1998) 453.

[
[
[
[
[



	Thermal effect on the voltammogram of  7-ferrocenycarbonyloxy-1-heptanethiol self-assembled monolayer
	Introduction
	Experimental
	Chemicals
	Instrumentations
	Electrode cleaning and preparation

	Results and discussion
	Conclusions
	References


