


180 ----

I•• I175 I
i

170

•
>

...
0.. 165

i
W • j
<l

•160

•
155

•
150

0 200 400 600 800 1000
scan rate) m'v'is

Figure 3.12 :Plot ofLllip vs scan rate for the Co-PC tri-Iayer.

128



129

6E-06 1 ----------------------------

D
4E-06

-2E-06 --
•

a

•

D b
o W-. ..

-1 2E-06
'­
u
.9­
cc
9-

1000800400 600

scan ratEJ mV/s

200

•
-4E-06 +I--~--+_-----'------:----,---------

oI
t

Figure 3.13 : Plot of (ipa, ipc) vs scan rate for the Co-PC tri-Iayer.



130

of 5-10 mV. This shift to more cathodic potentials furthered the observed trend that the

monolayer becomes easier to oxidized with increasing number of layers. The Envhm was

determined at scan rates of 50, 100 and 500 mVis calculated to be 13.5, 13.7, and 17.1

mV for the anodic peak and 17.6, 35.0, and 43.3 mV for the cathodic peak. These values

quantitate the monolayer peak sharpening observed and illustrate that the peaks are

continuing to sharpen with increasing number of layers. These results support the

tentative assumption that the monolayer interactions with the electrolyte are diminishing,

or that the monolayer is undergoing a structural rearrangement upon coordination to the

cobalt phthalocyanines. The surface coverages based on these peaks were found to

closely agree between electrodes and the bi-Iayer results, with an average range of 1-3 x

10-10 (mole/cm2
). These results show that the monolayers' surface coverage is

independent of the cobalt phthalocyanine layers.

The cobalt 2+/3+ peaks were found to become chemically reversible, with an

average ipa/ipc ratio approximately equal to one, although the broadness of these peaks

might have been the cause of this. This species was also found to be electrochemically

irreversible since the L1Epincreased with increasing scan rate. The anodic peak was

observed at - 210 mV and the cathodic peak was observed at - 380 mV with an electron

transfer rate constant (kg) of 0.425 S-l, at a scan rate of 100 mV/s. The rate constant has

not changed between bi- and tri-Iayer formation, implying that there is extensive

electronic communication between the phthalocyanine molecules. The cobalt's redox

couple peaks were found to shift by 40-50 mV cathodically. A slight shift to more

cathodic potentials is observed in the 2+/3+ couple when compared to the bi-Iayer. This

may be a result of the broadness of the peaks, where determining the absolute peak
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potential was difficult. It is also possibly due to dimer formation, where the cobalt ion

became easier to oxidize due to the increasing number of overlapping 7t-clouds. This

shift also implies that the rings are strongly interacting between layers, as was the desired

outcome. The peak positions were found to slightly drift from electrode to electrode on

an average of20-30 mY. The surface coverages based on these peaks were found to be

fairly consistent between electrodes with an average range of 5-8 x 10-10 (mole/cm2
). The

surface coverages based on the 2+/3+ couple were found to double in value from the first

phthalocyanine layer, indicating the successful addition of another layer of

phthalocyanines. The ring oxidation peak was seen at approximately 520 mV, but it was

neither easily nor consistently observed. When these peaks were observed they were

found to lie along the sloping background and so their surface coverage was not

calculated. This process was also observed to shift to less anodic potentials when

compared to the bi-Iayer, indicating the rings are experiencing an increase in 7t-7t

interactions. The peak currents of these peaks were also found to be fairly linear with

respect to the scan rate indicating the surface confinement of the cobalt phthalocyanines.

3.7 VOLTAMMETRY OF COBALT PHTHALOCYANINE-TETRA-LAYER

After following the outlined (see Chapter 2) soaking and rinsing procedure, the

electrodes were placed into deaerated electrolyte solution and cyclic voltammograms

were taken at scans of25, 50, 100,200, and 500 mV/s from +700 mV to -900 mY.

Scans taken beyond this potential range did not provide any additional information, see

Figure 3.14. The metal's redox couple was now found to have an area 3 times greater
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than that of the first layer, as expected. Again the peaks were very broad and determining

the peak maximum was very difficult.

Plots of~Ep versus scan rate and ip versus scan rate were taken based on the

voltammograms to establish the electrochemical reversibility and to establish the absence

of diffusion of the adsorbed species, respectively, see Figures 3.15 and 3.16. The surface

coverage was also determined, and found to be comparable to values found in the

literature.

The 1-(10-mercaptodecyl) isonicotinate peaks were found to be chemically

reversible, with an ipa/ipc ratio approximately equal to one. This most likely indicates that

the phthalocyanines have now completely blocked the monolayer from the electrolyte

and/or structural rearrangement of the monolayer is complete. This species was also

found to be electrochemically irreversible since the~ increased with increasing scan

rate. The anodic peak was observed at 210mV and the cathodic peak was observed at a

mY, at a scan rate of 100 mY/so These peaks are no longer showing any shift in potential

with additional layers. The peak positions were found to slightly drift from electrode to

electrode on an average of 10-20 mV. The Etwhm was determined at scan rates of 50, 100

and 500 mV/s calculated to be 14.5, 17.5, and 19.1 mV for the anodic peak and 22.7,

23.5, and 45.3 mV for the cathodic peak. Although these results show that the peaks are

very sharp, they do not show a considerable decrease when compared to the tri-Iayer.

This supports the hypothesis that the monolayer/electrolyte interactions have been

terminated and that any structural rearrangements have reached a hiatus. The surface

coverages based on these peaks were found to closely agree between electrodes and the

previous results, with an average range of 1-3 x 10-10 (mole/cm2
). This result establishes
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the trend that the monolayers' surface coverage is independent of the number of cobalt

phthalocyanine layers.

The cobalt 2+/3+ peaks were found to be chemically reversible, with an average

ipJipc ratio approximately equal to one. This species was also found to be

electrochemically irreversible since the i1Ep increased with increasing scan rate. The

anodic peak was observed at - 260 mV and the cathodic peak was observed at - 400 mV

with an electron transfer rate constant (kg) of 0.479 s-t, at a scan rate of 100 mY/so

Although a slight change in the rate constant is calculated between the tri- and tetra-layer,

this is not a significant difference and is most likely due to the broadness of the peaks.

This difference does, however, further support the proposed hypothesis that there is

extensive communication between the multiple phthalocyanine layers, resulting in a

relatively fast electron transfer is occurring through these layers. A slight shift, 10-20

mY, to more cathodic potentials is observed in the 2+/3+ couple when compared to the tri­

layer. Again, this may be a result of the broadness of the peaks and possibly to the

increased number of overlapping 1t-clouds. The peak positions were found to slightly

drift from electrode to electrode on an average of30-40 mY. The surface coverages,

based on peak areas, were found to be fairly consistent between electrodes with an

average range of7-10 x 10-10 (mole/cm2
). The surface coverages based on the 2+/3+

couple were found to triple in value from the first phthalocyanine layer, indicating the

successful addition of another layer of phthalocyanines. The ring oxidation was seen at

approximately 500 mV, but it was neither easily nor consistently observed. This process

was also observed to shift to less anodic potentials when compared to the tri-Iayer,

indicating the rings are experiencing an further increase in 1t-1t interactions. The peak
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currents of these peaks were also found to be fairly linear with respect to the scan rate

indicating the surface confinement of the cobalt phthalocyanines.

3.8 COBALT OCTAFLUOROPHTHALOCYANINE MULTI-LAYERS

To ensure that the peaks observed in the mixed multi-layers discussed below are

indeed the result of bound cobalt octafluorophthalocyanine species, self-assembled

mono- and multi-layers were formed following the same procedure as that of the

unfluorinated derivative. A bi-Iayer consisting of cobalt octafluorophthalocyanine was

constructed onto a monolayer of the pyridine tagged alkanethiol. Cyclic voltammograms

were taken at scans of25, 50,100,200, and 500 mV/s from +1500 mV to -1500 mY.

Scans taken beyond this potential range did not provide any additional information, see

Figure 3.17.

Plots of ,1Ep versus scan rate and ip versus scan rate were taken based on the

voltammograms to establish the electrochemical reversibility and the absence of diffusion

of the adsorbed species, respectively, see Figures 3.18 and 3.19. The surface coverage

was also determined from the cobalt 2+/3+ peak area. The monolayer results were in

agreement with results presented earlier and so will not be presented in this section with

the bi-Iayer.

The 1-(IO-mercaptodecyl)isonicotinate peaks were found to be chemically

reversible, with an ipa/ipc ratio approximately equal to one. While this trend was not

observed to occur in the phthalocyanine study until the tri-Iayer was formed, its

occurrence here indicates that the octafluorophthalocyanine is better at shielding the

monolayer from solution. This is expected as the octafluorophthalocyanine is larger than
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the phthalocyanine. However, these peaks were difficult to analyze due to poor

resolution and tailing of neighboring peaks. This species was also found to be

electrochemically irreversible since the L1Epincreased with increasing scan rate. The

anodic peak was observed at + 250 mV and the cathodic peak was observed at + 90 mV

at a scan rate of 100 mY/so The peak potentials are similar to those found in the

phthalocyanine bi-Iayer voltammetry, indicating that the monolayer is in a similar

environment. The peak positions were found to slightly drift from electrode to electrode

on an average of 10-20 mY. The Efwhrn was determined at scan rates of 50, 100 and 500

mV/s calculated to be 19.5,20.6, and 40.9 mV for the anodic peak and 35.0,37.2, and

44.4 mV for the cathodic peak. These values are significantly different from the cobalt

phthalocyanine bi-Iayer voltammetry. The surface coverages based on these peaks were

found to closely agree between electrodes and with previous results with an average

range of 1-3 x 10.10 (mole/cm2
).

The cobalt octafluorophthalocyanine 2+/3+ peaks were found to be chemically

reversible, with an average ipJipc ratio approximately equal to one. This species was also

found to be electrochemically irreversible since the L1Ep increased with increasing scan

rate. The anodic peak was observed at - 120 mV and the cathodic peak was observed at

- 250 mV with an electron transfer rate constant (ks) of 0.424 S·l, at a scan rate of 100

mY/so Since this rate constant is calculated to be the same as that of the phthalocyanine

bi-Iayer then the octafluorophthalocyanine bi-Iayer is exhibiting the relatively fast

electron transfer as seen in the previous layers. These results imply that the

octafluorophthalocyanines are assembling onto the monolayer in much the same fashion

as the unsubstituted phthalocyanines. This layer formation was very important to
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establish in order to determine if the octafluorophthalocyanine would have the potential

to create a molecular rectifier in the mixed multi-layer scenario, discussed below. The

peak positions were found to slightly drift from electrode to electrode on an average of

30-40 mV and were found to shift to less cathodic potentials by 50 mV for the anodic

wave and by 100 mV for the cathodic wave with respect to unsubstituted

phthalocyanines. This is a result of the electronegative fluorines directly affecting the

charge felt by the cobalt. The surface coverages, based on peak areas, were found to be

fairly consistent between electrodes and comparable to the cobalt phthalocyanine layers,

with an average range of 1-3 x 10-10 (mole/cm2
). The peak currents of these peaks were

also found to be fairly linear with respect to the scan rate indicating the surface

confinement of the cobalt phthalocyanines.

The cobalt octafluorophthalocyanine ring oxidation peaks were found to be much

better defined than in the cobalt phthalocyanine voltammetry and were determined to be

chemically reversible, with an average ipa/ipc ratio approximately equal to one. This

species was also found to be electrochemically irreversible since the L1.Ep increased with

increasing scan rate. The anodic peak was observed at + 900 mV and the cathodic peak

was observed at + 450 mV at 100 mY/so This is considered a tremendous shift to more

anodic potentials when compared to the phthalocyanine case and was expected due to the

strong electron withdrawing capabilities of fluorine. The electron transfer rate constant

could not be calculated, by the method ofLaviron,9 as the L1.Epin the voltammogram are

too far apart. Qualitatively this separation in peak potential indicates a very slow kinetic

process. The peak positions were found to slightly drift from electrode to electrode on an

average of 10-20 mY. The surface coverages, based on peak areas, were found to be
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fairly consistent between electrodes with an average range of 1-3 x 10-9 (mole/cm2
). The

difference in surface coverages between the 2+/3+ couple and the ring oxidation are

probably due to the sloping background that the ring oxidation peak lies on. The peak

currents were also found to be fairly linear with respect to the scan rate indicating the

surface confinement of the cobalt octafluorophthalocyanines.

3.8.1 VOLTAMMETRY OF COBALT OCTAFLUOROPHTHALOCYANINE

TRI-LAYERS

After following the outlined (see Chapter 2) soaking and rinsing procedure, the

electrodes were placed into deaerated 1 M sodium acetate electrolyte solution and cyclic

voltammograms were taken at scans of25, 50, 100,200, and 500 mV/s from +1500 mV

to -1500 mV. Scans taken beyond this potential range did not provide any additional

information, see Figure 3.20. The metal center's redox couple and the ring oxidation

peak was found to double in surface coverage (based on the first layer) as expected.

These peaks were also much broader then the first layer's, most likely due to an increased

distribution of the formal potentials between the layers, and so determining the exact

peak maximum is subjective to interpretation.

Plots of~Ep versus scan rate and ip versus scan rate were taken based on the

voltammograms to establish the electrochemical reversibility and the absence of diffusion

of the adsorbed species, respectively, see Figures 3.21 and 3.22. The surface coverage,

based on peak area, was also determined.

The 1-(10-mercaptodecyl)isonicotinate peaks were found to be chemically

reversible, with an ipa/ipc ratio approximately equal to one. This species was also found to
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be electrochemically irreversible since the L1Ep increased with increasing scan rate. The

anodic peak was observed at + 250 mV and the cathodic peak was observed at + 70 mV

at a scan rate of 100 mY/so The EfWhm was determined at scan rates of 50, 100 and 500

mV/s calculated to be 19.6,24.4, and 30.0 mV for the anodic peak and 39.1,39.9, and

47.1 mV for the cathodic peak. These values were found to be slightly larger when

compared to the phthalocyanine tri-Iayer and very similar to the octafluorophthalocyanine

bi-Iayer. The greatest difference is seen in the values of the cathodic peaks, but as the

octafluorophthalocyanine monolayer's cathodic peak was not well resolved from the

octafluorophthalocyanine ring redox peak, this is not surprising. Since a significant

difference is not observed between the octafluorophthalocyanine bi- and tri-Iayers, then

these values indicate that the monolayer is well insulated from the electrolyte solution

and the any structural rearrangement performed by the monolayer is complete. This is

expected as the larger octafluorophthalocyanine can be seen to cover more of the

monolayer with the bi- and tri-Iayers than the unsubstituted phthalocyanines were able to.

The peak positions were found to slightly drift from electrode to electrode on an average

of5-10 mY. The surface coverages were found to closely agree between electrodes and

at various scan rates with an average range of 1-3 x 1O-1O(mole/cm2
).

The cobalt octafluorophthalocyanine 2+/3+ redox couple was found to be

chemically reversible, with an average ipa/ipc ratio approximately equal to one. This

species was also found to be electrochemically irreversible since the L1Ep increased with

increasing scan rate. The anodic peak was observed at - 120 mV and the cathodic peak

was observed at - 372 mV at a scan rate of 100 mY/so An electron transfer rate constant

was not able to be determine by the Laviron method9 for this species, however the
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dramatic increase in Lllip indicates that the electron transfer is being impeded. This may

indicate that the tri-Iayer of octafluorophthalocyanines are more ordered than the tri­

layers of the phthalocyanines. A slight shift to more cathodic potentials is observed in

the 2+/3+ couple when compared to the bi-Iayer. This trend was observed in the

phthalocyanine voltammetry and may be a result of the broadness of the peaks and

possibly to the increased number of overlapping n-clouds. The peak positions were

found to slightly drift from electrode to electrode on an average of20-30 mY. The

surface coverages were found to be fairly consistent between electrodes with an average

range of3-5 x 10-10 (mole/cm2
). The surface coverages based on the 2+/3+ couple were

found to double in value from the first octafluorophthalocyanine layer, indicating the

successful addition of another layer of phthalocyanines. The peak currents were also

found to be fairly linear with respect to the scan rate indicating the surface confinement

of the cobalt octafluorophthalocyanines.

The cobalt octafluorophthalocyanine ring oxidation peak was found to be

chemically reversible, with an average ipalipc ratio approximately equal to one. This

species was also found to be electrochemically irreversible since the LlEpincreased with

increasing scan rate. The anodic peak was observed at + 900 mV and the cathodic peak

was observed at + 460 mVat a scan rate of 100 mY/so Although a shift to more cathodic

potentials was expected, as was observed in the phthalocyanine bi-Iayer, these values are

fairly consistent with the octafluorophthalocyanine bi-Iayer potentials. This may be a

result of the peaks broadening greatly when compared to both bi-Iayer voltammograms.

The peak positions were found to slightly drift from electrode to electrode on an average

of 10-20 mY. The surface coverages, based on the anodic peak area, were found to be
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fairly consistent between electrodes with an average range of 4-6 x 1O-9(mole/cm2
). The

peak currents were also found to be fairly linear with respect to the scan rate with respect

to the scan rate indicating the surface confinement of the cobalt

octafluorophthalocyanines.

In summary, the peak surface coverages based on the ligand oxidation were found

to double in value from the first octafluorophthalocyanine layer. The cobalt 2+/3+ redox

couple was found to shift by 40-50 mV cathodically, compared to the

octafluorophthalocyanine, and to shift anodically by 50-100 mV when compared to the

phthalocyanine tri-Iayer. The cobalt octafluorophthalocyanine was found to greatly shift

the metal's redox couple, and to enhance the ring oxidation; when compared to the

phthalocyanine voltammetry.

3.9 HETEROGENEOUS MULTI-LAYER FILMS

MOLECULAR RECTIFICATION

After following the outlined (see Chapter 2) soaking and rinsing procedure, the

electrodes were placed into deaerated 1 M sodium acetate electrolyte solution and cyclic

voltammograms were taken at scans of25, 50, 100,200, and 500 mV/s from +700 mV to

-1000 mV. Scans taken beyond this potential range did not provide any additional

information, see Figure 3.23. The cobalt 2+/3+ couple was found to be much better

defined, when compared to the cobalt phthalocyanine voltammograms, with a sharp

contrast between itself and the background and was found to have a surface coverage of

1-3 x 10-9 (mol/cm2
). This correlates into an expected increase in the surface coverage

for the addition of another phthalocyanine layer. While a dramatic increase was not
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readily observed, one indication of the formation of a molecular rectifier, other factors

such as the 2+/3+ couple's peak shape and large shifts in the ring oxidation potential are

indicative of the formation of a molecular rectifier.

Plots ofdEp versus scan rate and ip versus scan rate were taken based on the

voltammograms to establish the electrochemical reversibility and absence of diffusion of

the adsorbed species, respectively, see Figures 3.24 and 3.25.

The 1-(10-mercaptodecyl)isonicotinate peaks were found to be chemically

reversible, with an ipa/ipc ratio approximately equal to one. This species was also found to

be electrochemically irreversible since the Lllip increased with increasing scan rate. The

anodic peak was observed at + 210mV and the cathodic peak was observed at 0 mV at a

scan rate of 100 mY/so The peak positions were found to slightly drift from electrode to

electrode on an average of 10mV, however there was no significant difference in peak

potentials between the tri-, tetra-, or this mixed multi-layer. The surface coverages were

found to closely agree between electrodes and with the earlier studies, with an average

range of 1-3 x 10-10 (mole/cm2
).

The cobalt 2+/3+ peaks were found to be chemical reversible, with an average

ipJipc ratio approximately equal to one, however, these peaks were found to be very broad

and so the assignments are not definitive. Also, this couple was expected to give a peak

for the phthalocyanine layers and a separate peak for the oetafluorophthalocyanine layer.

However, the peak potentials of the couple for both layers were found to overlap so only

one broad peak was observed. This species was also found to be electrochemically

irreversible since the Lllipincreased with increasing scan rate. The anodic peak was

observed at - 240 mV and the cathodic peak was observed at - 400 mV with an electron
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transfer rate constant (kg) of 0.547 S·l at a scan rate of 100 mV/s. This is a slight increase

in the kinetics of the multi-layers, but it is not a great increase and probably due to the

broadness of the peaks. This indicates that the rings are densely packed and that transfer

is slightly enhanced by the presence of the octafluorophthalocyanine. A slight shift to

more cathodic potentials is observed in the 2+/3+ couple when compared to the tetra-layer

ofphthalocyanines and to the bi-Iayer of the octafluorophthalocyanines. The peak

positions were found to slightly drift from electrode to electrode on an average of 10-20

mY. The surface coverages were found to be fairly consistent between electrodes and

found to increase when compared to the homogeneous multi-layers of the

phthalocyanines with a value range of2-10 x 10-9 (mole/cm2
). While this is not a great

increase, it is indicative of another layer formation. This result shows that the 2+13+

couple, while not observed independently of, is present for the cobalt phthalocyanine

layers and the cobalt octafluorophthalocyanine layer. This correlation of the cobalt's

redox couple of the mixed layers demonstrates that the octafluorophthalocyanine layer is

not oxidized until the unfluorinated layers are oxidized. When this is compared to the

separate bi- and tri-Iayers studies, where the cobalt's redox couple was found to occur at

less cathodic potentials in octafluorophthalocyanine than in phthalocyanine, then the

mixed multi-layer results indicate that the octafluorophthalocyanine is behaving as a

diode. The peak currents of these peaks were also found to be fairly linear with respect to

the scan rate indicating the surface confinement of the cobalt octafluorophthalocyanines.

The ring oxidation for the cobalt phthalocyanine layers were seen at

approximately + 450 mV, but it was neither easily nor consistently observed and the

voltammetry had similar problems to those listed above. On most scans there appeared to
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be two ring oxidations, with the second potential being observed at approximately + 750

mY; this was designated as the ring oxidation for the cobalt octafluorophthalocyanine

layer. This is seen as a great shift to less anodic potentials when compared to the cobalt

octafluorophthalocyanine bi-Iayers. This process was also observed to shift to less

anodic potentials when compared to the tetra-layer, indicating the rings are experiencing

an further increase in 1t-1t interactions. The most important aspect of the observation of

two ring oxidations is the indication of the successful construction of a molecular

rectifier. Since the rings in the phthalocyanine layer were oxidized before the octafluoro­

rings and the surface coverage of the redox couple of the mixed multi-layers was

calculated to be equal to that expected for a five layered system, then these results

support the conclusion that molecular rectification was achieved.

3.10 CONCLUSION

The electrochemical analysis of self-assembled monolayers of cobalt

phthalocyanine attached to a pyridine tagged alkanethiol, and subsequent multi-layer

formation of cobalt phthalocyanines has been reported herein. These multi-layers have

been shown to be stable molecular films. The molecular rectification of this multi-layer

using cobalt octafluorophthalocyanine has also been presented. The measured surface

coverages calculated are comparable to those found in the literature, and signify the

successful construction of multi-layer films of cobalt phthalocyanine and cobalt

octafluorophthalocyanine on a gold electrode. Thus, homogeneous and heterogeneous

multi-layer films can be constructed via this completely general and versatile synthetic

procedure. The outcome of this study is that a template now exists for the study of
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phtha10cyanines, and similar macrocycles, bounded to a metal electrode through an

alkanethiol chain for the formation of multi-layers and for the formation of molecular

electronic and optical devices.

3.11 FUTURE WORK

This project can easily be expanded to examine the effects of increasing the

number of layers and of increased mixed multi-layers, to changes in electrochemical and

chemical responses. The properties of these multi-layers can then be studied by

spectroelectrochemical and spectrometric techniques to determine the layers optical

properties and ultimately to determine if these layers can produce a molecular diode.
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