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Abstract

The changes in desorption kinetics that result from incorporating a metal ion into a
porphyrin ring are studied by scanning tunneling microscopy (STM). Desorption studies of
cobalt(Il) octaethylporphyrin (CoOEP) and free base octacthylporphyrin (H,OEP) at the 1-
phenyloctane/HOPG interface were performed in the 20 °C to 110 °C temperature range.. These
studies of mixtures of CoOOEP and H,OEP have shown that the resulting monolayer compositions
are stable for more than one year at 20 °C, and are controlled by kinetics to above 100 °C.
Quantitative temperature and time dependent surface coverage studies were performed on both
CoOEP and H,OEP at 90 °C, 100 °C, and 110 °C. The desorption activation energies for both
porphyrins were found to be (1.25 + 0.05)x10* kJ/mol. The rate of desorption and the rate of
adsorption for CoOEP are similar to the corresponding rates for H,OEP, indicating that replacing
the central protons with a cobalt ion has only a minor influence on adsorption. Thus, the
adsorption strength is dominated by the interactions between the porphyrin ring and HOPG.
Comparison of these results with previously published work for the NiOEP/CoOEP system
suggests the presence of weak cooperativity in the desorption process. We also found that
setting the sample potential to = 1.5 V relative to earth for periods of the order of an hour had no
effect on desorption rates at 50 °C. On the other hand, a large potential difference between tip

and sample did produce a significant change in desorption rate.



Introduction

One of the important elements in building modern electronic devices is the use of self-
assembled organic adlayers. Self-assembly of organic molecules can be achieved by using
different types intermolecular interactions.'” Porphyrins are an important class of organic
compounds that readily self-organize on surfaces and because of their chemical and
optoelectronic versatility serve as excellent candidates for use in electronic devices such as solar
cells’ and sensors.*” Moreover, porphyrins are abundant in nature and are involved in the

complex chemistry of electron transfer,”’ photosynthesis in plants,® and oxygen binding in heme.

Porphyrins have highly conjugated m-electronic structures and they are strong absorbers

> They can be

of visible light. Thus, they are candidates for use as sensitizers in solar cells.
chemically modified with different metal cores and diverse substituents at the eight beta and four
meso positions on the ring periphery to produce a wide range of electronic, optical, structural,
and solubility properties. Because, the porphyrin macrocycle has a nearly planar geometry, it
likely lies flat on a surface and provides a rigid foundation for any potential surface supported
three-dimensional network. The chemical and physical versatility of the porphyrins allow one to
design self-assembled monolayers on surfaces with a wide range of properties. At the solution-
solid (SS) interface, depending on desorption and adsorption kinetics, self-assembled monolayers
might replenish themselves on the surface and could thus form long-range defect free systems.

For systems where desorption kinetics are favorable, this allows the nanostructure to “self-heal”

and can prolong the life of the system.

While various surface sensitive techniques such as XPS, UPS, and UHV-STM have been
used to investigate surface processes in vacuum, STM is the primary tool for studying the SS
interface at the single molecule level. It provides the adlayer molecular structure at the SS
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interface and can help understand and provide quantitative data on the dynamics occurring at
various sites at the interface. STM has the potential to track single molecules on a time scale of
milliseconds to hours and allows one to study the dynamics of monolayer formation on surfaces.
As advances in STM continue, new doors open for investigating and understanding various

. . . .. 12-14
surface phenomena under previously inaccessible conditions.

For example, Jahanbekam et
al. showed that by enclosing the whole STM body in a controlled chamber one can perform

temperature dependent studies on volatile solvents such as toluene (up to at least 75 °C)."

Distinguishing between thermodynamically and/or kinetically formed surface structures
lies at the heart of understanding the SS interface."> A recent work by Jahanbekam et al.'® has
highlighted the importance of distinguishing the formation of surface structures where a kinetic
product can easily be misinterpreted and treated as an equilibrium species. Although such
misinterpretations have been reported in the past, researchers are becoming more cautious in
their claims.'” For surface processes that occur in a reasonable period (milli-seconds to hours),
sequential STM imaging of the same area can be useful in determining whether the surface is a
thermodynamic or a kinetic product. Using this sequential STM imaging technique, Friesen and
co-workers successfully demonstrated that oxygen binding to cobalt(Il) octacthylporphyrin at the
1-phenyloctane/highly ordered pyrolytic graphite (HOPG) interface is an equilibrium process.'®
On the other hand, sequential STM imaging studies on porphyrins have shown that monolayer
formation at room temperature on HOPG and Au(l11) are predominantly kinetically
controlled."”?* On a quantitative level, temperature dependent studies can provide a vast wealth
of information about the SS interface. It can provide thermodynamic quantities such as AG, AS,
and AH,"® and kinetic parameters such as rate constants and activation energies."”*® For surface

structures where more than one phase is present, temperature and/or concentration dependent



studies can yield valuable information regarding the nature and stability of these phases.”
Unless sequential STM imaging and temperature dependent studies are performed, a kinetically
trapped system can easily be misinterpreted as a thermodynamically stable system. In some

. . 17,18,24,2
cases, metastable phases were identified.'”'***%

For a single component systems, the difficulty in distinguishing between thermodynamic
and kinetic control is that a vacant site on the surface created by molecular desorption is very
rapidly replaced by the same species in solution and hence the changes are not recognizable. To
address this issue, one can use a two-component system comprised of two chemically very
similar molecules that appear different under STM. Many two-component systems have

appeared in the literature to address the relative stability of the adlayer at the SS interface. '"'***

262728 One of the earliest examples of such two-component systems dealt with a mixture of
saturated and unsaturated acids and mixture of an alcohol and a thiol.”” It was shown that the
residence time of these molecules on a HOPG surface was as short as 0.03 to 0.3 s and that the
exchange at the interface was rapid. Similarly, alkanes or ethers mixed with thioethers of
varying lengths showed dynamic changes at the interface with residence times of up to 18 5.
Exchange dynamics of two very similar donor-acceptor-donor triads were also studied.’> The
replacement of one triad with the other at the interface occurred within minutes of addition of the
second triad. Exchange halts when equilibrium is established between the surface and solution.
Another similar study in an electrochemical environment was performed on a mixture of iron and
free base protoporphyrins.®® Although it was shown that the surface coverage was the same as
the solution mole fraction of the porphyrins, no effort was made to study the exchange dynamics
at the interface. Recently, two-component studies on porphyrins have shown that the surface

structures of octaethylporphyrins are kinetically controlled at the SS interface.'” >



In this study, STM is used to determine and compare the desorption kinetics of a
metallated porphyrin, 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine cobalt(Il) (CoOEP) and
a metal free porphyrin, 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine (H,OEP) from HOPG
into 1-phenyloctane at 90 °C, 100 °C, and 110 °C. Cobalt porphyrins and phthalocyanines
appear brighter in an STM image compared to a metal free porphyrins and phthalocyanines.”*’
Hence, either one of the porphyrins can be used as a tracer for surface desorption of the other at
the SS interface. Here, we extend our previous studies on CoOEP desorption from Au(111)*
and HOPG'" to include the desorption of H,OEP, a metal free octacthylporphyrin. These results

will provide direct insights into the effect of the central metal in a porphyrin on the

adsorption/desorption process from HOPG.

We will show that the rates of desorption for both porphyrins from HOPG are similar at
the temperatures studied. Thus, the transition metal center has a minor impact on the stability of
OEPs on HOPG. Their adsorption strength is dominated by the interaction between the
porphyrin core and graphite. Furthermore, we will show that desorption from graphite step

edges and grain boundaries occurs faster than from terraces.

Experimental Section:

The experimental methods employed in this study are similar to those previously

19,20
d

reporte so attention primarily is placed on the unique aspects of the work done here.

CoOEP, often identified as cobalt octaethylporphyrin, and H;OEP, often identified as free
base octaethylporphyrin, were purchased from Aldrich and PorphyChem respectively. 1-

phenyloctane (98%) was purchased from both Aldrich and Alfa Aesar and was subjected to



further purification as described elsewhere.”> HOPG was purchased from SPI Supplies (grade-I
and II) and umasch (spread 0.8° + 0.2°). HOPG was freshly cleaved before a new sample was
prepared. These experiments are hard and time consuming, and they are made especially so by
any impurities in the solvent or compounds used. Even with careful handing, the solutions tend
to age resulting in “high spots’ scattered around the image that we felt compromised the data and
required new solutions and samples to be prepared. Most of our experimental time was spent

obtaining high quality samples.

UV-Visible spectroscopy on saturated and filtered solutions of porphyrins in
I-phenyloctane was used to determine their solubility at room temperature. The measured
solubility at 20 °C of CoOEP in 1-phenyloctane was 3.9x10* M or 0.23 g/L and that of H,OEP
was 1.1x10* M or 0.06 g/L. The concentration range for solutions used in these experiments
was 6.4x10”° M to 1.1x10™* M for CoOEP, and was 5.0x10” M to 7.3x10” M for H,OEP. Thus,

all solutions were below the solubility limit.

STM images were recorded using a Molecular Imaging (now Agilent) Pico 5 STM
equipped with a scanner capable of imaging a maximum area of 1 pm” and having an overall
current sensitivity of 1 nA/V. The Agilent environmental chamber was used for all experiments
and argon atmosphere was maintained. STM tips were primarily prepared by cutting and
sometimes electrochemically etching. Ptglrg, wire was purchased from California Fine Wire
Company. Images were typically obtained in constant current mode at a sample potential of +0.5
to +0.7 V and a tunneling current of 20 pA. Image sizes ranging from 35x35 nm” to 50x50 nm’
were collected at a scan rate of 4.7 lines/sec, giving a total image time of just under 2 min.
Images larger than 50x50 nm” were scanned at a slower scan rate of 3.3 to 3.9 lines/sec, giving a

total image time of roughly 2.5 minutes. The temperature of the sample was controlled by a



variable-temperature hot stage using a Lakeshore 330 auto-tuning temperature controller. The
environmental chamber was purged with 99.996% Ar (A-L Compressed Gases, Inc., Spokane,
WA) at all times. It is important to maintain an inert atmosphere due to HOPG supported
CoOEP’s ability to bind O, from the atmosphere near room temperature.'"® The O,-CoOEP
adduct appears dim in an STM and can be misinterpreted as a HOEP molecule. Before imaging,
samples were allowed to sit for 30 minutes to one hour inside the environmental chamber purged
with Ar at 2.5 standard cubic feet per hour (scth). During imaging, Ar was continuously purged

at 0.5 scth into the environmental chamber.

Solutions of CoOEP and H,OEP were prepared by dissolving solid porphyrin compounds
in purified 1-phenyloctane. Concentrations were measured using a UV-visible
spectrophotometer where the extinction coefficient of each species had been previously
measured by applying Beer’s law to a series of dilutions of known concentration solutions. For
CoOEP and H,OEP the extinction coefficients were 2.179x10° 1/cm-M and 1.61x10° 1/cm-M,
respectively. A custom-made STM solution cell was used to accommodate large volumes (up to

100 pL) of solution in contact with the HOPG surface.

Samples heated to temperatures between 20 °C and 70 °C were imaged at the indicated
temperatures. At temperatures above 70 °C the drift became too large to reproducibly identify
particular regions of the sample. For the higher temperatures, timed heating experiments were
used. The temperature of the sample was ramped at a rate of 5 °C per minute, allowing the
sample to reach the desired temperature (within the 90 °C - 110 °C range) in 20 min. The sample
then was held at the desired final temperature for the desired time period. After this fixed time
heating, samples were rapidly cooled to room temperature by turning the heater off. Samples

were then allowed to equilibrate for at least 60 minutes prior to recording any images. The



samples never left the STM and the tip was only withdrawn sufficiently to avoid contact with the

surface. All STM images were background subtracted using SPIP (www.imagemet.com) image

processing software.

Tip induced desorption was seen for both porphyrins as was previously reported for
CoOEP."”  Further information on these induced desorption events is presented in the
supplemental section. Whenever a tip induced desorption was observed, the scanner was moved

to a new area and data collection was restarted.

STM experiments on voltage dependent desorption were also performed. Here, a
monolayer of H,OEP was first created. Then, an excess of CoOEP solution was added such that
the CoOEP mole fraction in solution, X¢ , equaled 0.80. The sample was then heated to 50 °C
where the bias on the sample was changed to either £1.5 V for a fixed amount of time and
returned to +0.7 V (the scanning bias used to obtain all the STM images in this work) for
imaging. All images were obtained at 50 °C. For all experiments where voltage changes (+1.5
V) were performed for up to 3 hours, surface coverage of CoOEP (that replaces the desorbed
H,OEP on surface) was found to be statistically the same as observed at the same temperature
and time in the absence of applied bias. For all cases, the relative surface coverage of CoOEP
was constant within 1.5 % to 3.0 %. Hence, any voltage dependent desorption can be ignored
and the surface desorption of either octaethylporphyrin is solely due to temperature. In what

follows, we will denote a generic octaethylporphyrin, independent of central species, as OEP.

Results and Discussions:
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Figure 1. 20x20 nm® STM images at the 1-phenyloctane/HOPG interface of (a). CoOEP (only)
and (b). H;OEP (only) at a sample bias of +0.7 V and current of 20 pA. The scale bars shown are

5 nm.

Pure monolayers of CoOEP and H,OEP on HOPG were formed by exposing freshly
cleaved HOPG to individual solutions prepared in 1-phenyloctane. STM images shown in Figure
1 were taken under Ar at room temperature. Line profiles clearly indicate that the CoOEP
centers appear bright whereas a depression is seen at the center of H,OEP. A half-filled d,-
orbital of the cobalt ion gives rise to the brightness of the molecule, whereas the lack of states
near the Fermi level in H,OEP is responsible for the depression.”*>’ The intensities given by
line profiles of an STM image can only be compared between molecules within the same image
(or when the same tip is used) and hence should not be confused with the absolute height of the

molecule. In any case, a solution mixture of CoOEP and H,OEP deposited on HOPG surface
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gives a mixture of clearly identifiable bright and dark sites indicative of CoOEP and H,OEP
respectively. As the solution ratio of CoOEP is increased relative to H,OEP, the number of
bright sites also increases on the HOPG surface as is shown in Figure 2. This is consistent with

our expectation that CoOEP is bright and H,OEP is dark.

Both OEP occupy similar areas on HOPG with A = 1.3 £ 0.02 nm, B = 1.4 £ 0.02 nm,
and o = 57.5° £ 2° (assuming one molecule per unit cell). For NiOEP on Au(111) under UHV
conditions, the ethyl groups were resolved and the unit cell was found to consist of two
molecules.”® Since we were not able to resolve the ethyl groups, the surface structure was
analyzed based on one molecule per unit cell. This was done for simplicity, not because there is

any evidence that the surface cells are different in vacuum versus in solution.
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Figure 2. Room temperature STM images of mixtures of CoOOEP and H,OEP in 1-phenyloctane
at the HOPG-solution interface at (a) X¢ = 0.34 £ 0.03 and ©¢= 0.32 = 0.02, (b) X¢c = 0.46 £
0.03 and ®¢ = 0.46 + 0.02, and (c) X¢ = 0.66 £ 0.03 and ®¢ = 0.65 + 0.01. Set point conditions:

sample bias of +0.7 V and current of 20 pA. The scale bars shown are 10 nm.

Taking M as C for CoOEP and M as H, for H2OEP, we define X,, as the ratio of the

number of MOEP molecules in solution to the total number of porphyrins in solution. Similarly,
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O, as the ratio of the number of MOEP to the total number of porphyrins on the surface. In both
definitions, solvent molecules are excluded. Determinations of the surface coverages at room
temperature produced by various relative concentrations of solution (a few examples are shown
in Figure 2) yield results consistent with previous works on porphyrins: the relative surface
coverage is effectively the same as the mole fraction in solution.'’?® To determine the stability
of the adlayer, temperature dependent studies and sequential STM imaging of mixed monolayers

were performed. Figure 3 shows temperature dependent STM images of X¢ = 0.34 + 0.03 at 25

°C, 50 °C, and 70 °C acquired at the temperatures indicated. In all three cases, ®¢ was

Figure 3. In-situ temperature dependent STM images of X¢ = 0.34 + 0.03 and ®¢= 0.32 +
0.04 at 25 °C, 50 °C, and 70 °C. Set point conditions: sample bias of +0.7 V and current of 20

pA. The scale bars shown are 10 nm.

0.32 £ 0.04. Furthermore, sequential images of the same mixture at 50 °C (as depicted in Figure
4) demonstrated that the detailed molecular distribution of the monolayer does not change on a
time scale of minutes. Out of many sequential images analyzed, our only indication of
molecular exchange was seen in two of many images taken at 70 °C. To be more specific, only
three molecules were found to exchange between the surface and solution (Figure S1). This

number is extremely small compared to the total number of molecules observed over many
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sequential images analyzed at 70 °C (> 7000 molecules!) and suggests that the monolayer is

kinetically stable up to 70 °C.

Figure 4. In-situ sequential STM images of X¢ = 0.34 + 0.03 at 50 °C show no changes in the
monolayer with respect to the marker indicated with a red circle. Each image is separated in
time by 2 minutes. Set point conditions: sample bias of +0.7 V and current of 20 pA. The scale

bars shown are 10 nm.

The fact that the surface coverage of a species is essentially the same as its solution mole
ratio tells us that both the porphyrins have similar rates of adsorption. More precisely, they have
very similar diffusion rates” and thus their sticking probabilities on the HOPG surface are
similar. One can still ask, how long it takes for a complete monolayer to form. To answer this,
an experiment was performed where; first, only one species of OEP was deposited. Then, it was
exposed to an excess solution of the other OEP within 10 s. Imaging this perturbed system only
showed the original OEP; i.e., when H,OEP was deposited first followed by an addition of
excess CoOEP, only H,OEP was seen in the STM image (illustrated in Figure 5). Similarly, the
composition of a pure CoOEP monolayer at room temperature was unchanged when the surface
was exposed to the free base within a few seconds of initial CoOEP solution exposure. Hence,

the monolayer formation appears to be extremely fast and forms within seconds.
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Before accepting this at face value, one should ask about mixing and diffusion time, since
the probe porphyrin must reach the surface before it can replace the one originally covering the
surface.” The experiment begins with a solution layer covering the sample. The initial
adsorption covers the surface with 0.065 cm of solution. The injection of the second species
(tracer) is turbulent, so a thinner layer of the tracer free surface remains. As a rough estimate, we
assume 1/4 of it remains. Thus, the tracer must diffuse through a layer of at least 0.02 cm before

reaching the adlayer surface. Taking the diffusion time for 1 dimensional diffusion to be*!

2

t= ;C—D, and computing D = 1.4x10° cm’/s using reference 39 and 42, one finds a time of 94

seconds. Of course, diffusion is a Gaussian distribution process and some molecules will arrive
sooner and many will arrive later, but this does limit our ability to specify the time for monolayer
formation to less than about one minute, not the 1-10 second time frame of the injection process.
It is also interesting to estimate how long monolayer formation would take if it was diffusion
limited. The monolayer surface has 5.5%10" molecules/cm” and at 10™* M there are 6.0x10'
molecules/cm’ in solution. This would require all molecules in a height 9.2x10™* ¢cm high.
Using the same diffusion time as above, we find that the monolayer would form in about 0.3
seconds. Thus, the time window for OEP monolayer formation is between 0.3 seconds and 100

seconds.

Monolayers of both OEP’s at room temperature had domain sizes in the range of
hundreds of nanometers. Thus, only a handful of grain boundaries were observed. This shows
that the process of monolayer formation for both porphyrins is very similar and that the cobalt

ion does not have a large influence on the adsorption process on HOPG.
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Figure 5. STM images at 25 °C of H,OEP (a) before and (b) 24 h after the addition of CoOEP
within 10 s. In both cases only H;OEP is seen on the surface. Final X¢ = 0.80. Set point

conditions: sample bias of +0.7 V and current of 20 pA. The scale bars shown are 10 nm.

For adsorption of mixtures of OEP, a kinetic analysis (provided in references 19 and 20)
results in the expression for relative coverage given below, where we have assumed that the rate
of adsorption is orders faster than the rate of desorption.

keXc

9:1_—/;Mt
e =(1-¢e"") 2

(1

and, k = (keX o+ ks X, )= keX o +ha(1-X0) @)

where, kZ and Ky are the adsorption rate constants for COOEP and H,OEP respectively, and M

is the total molarity of porphyrins in solution. As explained above, at lower temperatures the rate

ki X
of adsorption is fast and the rate of desorption is extremely slow, so (t = «) and 6, = CE <
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Thus, ¢ depends only on the mole fraction and relative rates of adsorption of the OEP.'*?°

Because 6 = X¢, the rates of adsorption of the OEP’s are similar.

An example of the slow desorption process at 50 °C is shown in Figure S2. Here, a
monolayer of HOEP is initially created and exposed to a CoOEP solution such that X = 0.80.
Then, the sample is heated to 50 °C and imaged at the same temperature. As can be seen from
Figure S2, after 5 hr at 50 °C only 1.6 % of H,OEP is desorbed and replaced by CoOEP. Thus,
underscoring the need for studying desorption over a range of temperatures in order to determine

rate parameters for the desorption process.

It is clear from the real time temperature dependent images described earlier that the
desorption rates are extremely slow even at 70 °C. Gathering real time images much above 70
°C is not possible with the STM used in this study because of the very large thermal drift above
about 75 °C. Hence, in order to obtain quantitative information we either need to gather images
at 70 °C for at least ~15 hours (for only 15% desorption) or for at least 350 hours to achieve
equilibrium; or, we can heat without scanning and then cool to image. The second process,
identified as a timed heating desorption scheme, allows measurements at higher temperatures
where substantial desorption of OEP from HOPG occurs within a few hours. We opted to follow

the timed heating desorption scheme.

In the timed heating desorption scheme, a monolayer of either OEP is prepared. Then, an
excess of the other OEP (tracer) is added to the solution such that the final mole fraction of tracer
OEP in solution, X(tracer), is 0.80. As shown in Figure 5 and real time temperature dependent
studies (Figure 4), the initial OEP is unlikely to desorb significantly below 70 °C. The mixture is

annealed at 90 °C, 100°C, and 110 °C for time intervals of 30 min or 60 min and immediately
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cooled back down to room temperature and imaged. Due to the fast adsorption and slow
desorption rates the images obtained after cooling the sample mimic the surface at the annealed
temperature and time. The choice of annealing temperature, heating rate, and cooling rate are
extremely important. Choosing too high of a temperature and/or too slow a heating and cooling
rate results in significant desorption during the heating and cooling; thus, the observed surface
coverage value, @ will reflect more desorption than the amount desorbed at the higher
temperature. This subsequently leads to over estimating the rates. An indicator of the error
caused by this procedure is the difference in coverage observed for a series of short heating times
compared to the coverage seen after one long time that is equal to the sum of the individual

times.

After a particular heating-hold-cool cycle, sufficient STM images were captured (up to
15,000 molecules per data point analyzed). Then the sample was annealed at the same
temperature for another cycle and the process was continued for up to 4 h of total annealing time.
To minimize the errors in @(?), some of the values determined from a series of short annealing
cycles were checked against STM data obtained from images resulting from, a single annealing
performed for a total time t. Representative images acquired during this study are shown in
Figure 6, Hence, the O(7) values in Figure 7 are a collection of both the above mentioned ex-situ
annealing schemes. That is, each point on the graphs in Figure 7 is the result of averaging
between six and twenty images. The images used were a mix of those obtained by a single
heating and those resulting from sequential heating. The uncertainty shown in Figure 7 is the
actual standard deviation of the averaged values. It does not include any contributions from

possible temperature error.
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Figure 6. Representative STM images from timed desorption of OEP. Samples were initially
covered with a monolayer of the compound indicated at the top, and then exposed to an X=0.8
solution of the other OEP during the heating and measuring period. All samples were heated to
the indicated temperature for the indicated time then rapidly cooled to 23 °C for imaging. Set

point conditions: sample bias of +0.7 V and current of 20 pA. The scale bars shown are 5 nm.
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After each annealing cycle, surface coverage, ®(z) values were collected and plotted with
respect to time for each temperature given in Figure 7. In order to extract rate parameters, we
used a model developed in references 19 and 20. In this model, the rate of appearance of XOEP
on a complete monolayer covered by both XOEP and YOEP is equal to: {the rate of
disappearance of XOEP x the probability that this vacant site will be filled by YOEP} — {the rate
of disappearance of YOEP X the probability that this vacant site will be replace by XOEP}.
Here, if ‘X’ is CoOEP then ‘Y’ is H,OEP and vice-versa. This model is based on the assumption
where the rates of adsorption are many orders in magnitude faster than the rates of desorption.

Also, from our earlier assessment of the adsorption process, it is assumed that the rates of

adsorption for both the OEP are the same, k,, =k, and that the probability of replenishing the

vacant site after desorption for either OEP is the same as its mole fraction in solution, P =X, .

The following equations result from the above model:

X _bx k9
0 ()= 4 l—e V¥ 3)
Yx +Kd(l—X j
y ox y
d
k d
Where, Kdzl and b=|1+ (I—X K
X kd 7 X,
X

. d
© ,(7) represents the surface coverage of the YOEP (tracer) for XOEP desorption, ky

denotes the desorption rate constant for YOEP, Ki is the relative rate of desorption of YOEP to

XOEP.
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Assuming an Arrhenius type desorption, equation 3 can be expanded using

_AEX

k;l :kfc)e RT | Thus, equation 3 can be re-written as follows:

1 -AE, k° (aE,-aE, ) 1-X
0 (T,t)= 1—exps| — X ke * e AT S ENY':
y [ [[I_XV][kOJ (AE‘AEV)]] l: }{(l@} [ Xy B
1+ - e fT

4

In equation 4, ©,(7,¢) has four unknowns: kxo, kyo, AE,, and AE,. Multiple curve fitting
methods can be performed using equations 3, and 4."” Equation 4 can be used to fit all four
parameters (k(’, ki, AEc, and AEp) to obtain estimated activation energies and the rate constants
for desorption. In this case the uncertainties in the k” were very large indicating that we did not
have enough data for a robust determination of all four independently. Because of this, we also
tried fitting using reduced numbers of parameters. A three parameter fit based on the assumption
that the attempt frequencies for desorption would be the same for both compounds: parameters
kc()=kH0=k0, AE¢, and AEy were used. A three parameter fit assuming the desorption activation
energies were the same resulted in choosing k', ki, and AEc= AEy as parameters. Finally, the
simplest possible model where both the attempt frequencies and activation energies were the
same yielded two parameters: kco= "=k’ and AEc= AEg = AE. This last model gives the worst
fit and is physically unsatisfactory since the long time high temperature steady state (equilibrium
value) clearly has more H;OEP on the surface than CoOEP (Figure 7). Table I provides all four
parameters and calculated rate constants at each temperature for the curve-fitting models
described above. The RMS percentage error associated with fitting all data shown in Figure 7 is

also reported in Table I.
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Table I. Rate parameters for both CoOEP and H,OEP using five different curve-fitting models.

Fitting
CoOEP H,OEP All
Methods
K7 K7 k7 ky” ky' ky'
Kk’ AEc ki AEgy RMS %
90°C | 100°C | 110°C 90 °C 100°C | 110°C
10" sec™) (10° J/mol) 10" sec™) (10°J/mol) error
(hr'h (hr'h (hr'h (hr'h (arh) (hr'h
4-para fit 0.096 0.29 0.84 2.7 1.25+0.04 0.14 0.46 0.84 42 1.25+0.04 24.0
3-para.
0.096 0.28 0.84 3.5 1.2620.04 0.13 0.40 1.14 3.5 1.25+0.04 21.2
(k"=ky")
3-para.
0.12 0.37 1.08 3.3 1.25+0.03 0.15 0.46 1.32 4.1 1.25+0.03 22.6
(UE=AEp)
2-para.
0.12 0.37 1.08 2.1 1.2440.05 0.12 0.37 1.08 2.1 1.2440.05 27.2
(k°,AE)
Avg. 0.11 0.33 0.96 2.94 1.25 0.14 0.42 1.13 3.54 1.25




From Table 1, it is clear that the desorption energy remains relatively constant and nearly
the same for CoOOEP and H,OEP with AE = (1.25 £ 0.05)x10* kJ/mol. The pre-exponential
factors are of the order of 3x10" /s. Figure 7 shows the best fit curves for the 3 parameter
(kCOZkHOZkO, AEc, and AEy) model that has the lowest % error. Given the differences in
desorption kinetics (individual rates), we tend to think that the CoOEP desorption energy is
slightly greater than for the free base. However, the uncertainties in the calculated activation
energies are such that one cannot with confidence attribute the rate differences solely to a

difference in activation energy.

In a computational study, Chilukuri and coworkers® show that the CoOEP adsorption on
Au(111) results in an increased density of states near the Fermi energy. This new state was
attributed to cobalt ion interaction with the Au(111) surface. In the same study, no such states
were found for the case of CoOEP adsorbed on HOPG, indicative of minimal or no interaction
between the central metal and the HOPG surface. Their computational study is consistent with
our experimental observations that the adsorption strength of COOEP on HOPG is similar to that

of HOEP on HOPG.
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Figure 7. Three parameter best fit curves for desorption rates using equation 4 with k¢’ = k'’ =
3.5%10" sec”!, AEc = (1.26 + 0.04)x10? kJ/mol, and AEy, = (1.25 + 0.04)x10? kJ/mol for (a)
H,OEP at 90 °C (black), 100 °C (blue), and 110 °C (red), and (b) CoOEP at 90 °C (black), 100

°C (blue), and 110 °C (red).

The above analysis of the data shown in Figure 7 allows us to compare the rates of
desorption of CoOERP in this study versus a previous work given in reference 19. In the previous
work, NiIOEP was used as a tracer for the CoOEP desorption whereas, H,OEP is used in this
work with similar experimental parameters. Table II provides the rate constants for CoOEP
desorption when NiOEP or H,OEP was used as tracer. It is important to note that all these
studies were conducted with the same solvent (1-phenyloctane) since changes in solvent can
have a significant effect on desorption energies.** Based on the data in Table II, COOEP desorbs
faster in the presence of NiOEP than in presence of HOEP from HOPG. On careful analysis of
the initial desorption process, it appears that the initial surface coverage of tracer (NiOEP or

H,OEP) is independent of tracer. Stated differently, the rate of desorption of CoOEP is initially
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independent of which tracer is used. After 30 min of annealing at 90 °C, with NiOEP, Oy (30) =
0.11 + 0.04, and with H,OEP, ®4 (30) = 0.11 + 0.04. These values are essentially the same.
However, as desorption of CoOEP progresses, the surface coverage of NiOEP increases more
rapidly than that of H,OEP. This can be explained as a cooperativity effect. As the surface
coverage of tracer increases, COOEP is more likely to desorb from the surface. This situation
was first described in a simple mathematical model by Temkin,*>*® where the heat of adsorption
changes as (1+0.*0,), where the heat of adsorption for the 1¥ component near 0, = 0 is AH,’ and
it changes smoothly to (1+o)AH,’ as 6, moves to 1. Here o~-0.16. If |0 is large we expect
significant clustering of tracer molecules as the adsorption progresses, as was seen by De
Feyter."’ If o is small, as here, the clustering may not be easily observed. Here a~-0.16. We are
in the process of converting these images to simple binary intensity distributions for nearest

neighbor analysis.

Table II. Comparison of desorption from HOPG rate constants for CoOOEP when H,OEP was

used as a tracer (this work) and when NiOEP was used as a tracer (reference 19).

rate constants for CoOOEP when H,OEP is used as a when NiOEP is used as a
desorption, kg, (min™) tracer tracer”
90 °C 0.0022 + 0.0008 0.0055 + 0.0007
100 °C 0.0047 +0.001 0.013 £0.001
110 °C 0.017 +£0.008 0.033 +0.003
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If CoOEP surrounded by NiOEP is less stable than when surrounded by either H,OEP,
the rates for CoOOEP desorption using NiOEP as a tracer will be greater than when H,OEP is
used, as is seen in the data of Table II. It is also useful to note that the fitting procedure used
assumes that the desorption energy is independent of coverage, and this would only be a first
approximation if the desorption energy is coverage dependent. This may explain why CoOEP
had a somewhat small overall desorption activation energy when replaced by NiOEP at high
concentration. Also, the assumption of a coverage independent activation energy could
contribute to the roughly 22% RMS error in the fits since, for example, the overall coverage at

90 °C is much less (with a larger AH;) than at 110 °C (where AH, is smaller).

It is worth comparing desorption energies in vacuum with these in solution on Au(111)
and on HOPG. In the case of CoOEP desorption from Au(111), only the rate constant for
desorption at 135 °C was reported'’ : 4.0x107/min. Assuming k.’ for graphite is similar to the
value for gold, the desorption activation energy for CoOEP from Au(111) can be estimates as
138 kJ/mole. An order of magnitude increase in k.’ only increases the activation energy to 148
kJ/mole. While these value are higher than for HOPG, they are not as large as predicted by DFT
calculations where a difference in vacuum desorption energies between HOPG and Au(111) of
as much as 180 kJ/mole is reported.”” While the DFT calculations may have exaggerated the
difference in the HOPG and Au(111) surfaces, it is also possible that much of the difference
between measured solution and calculated vacuum desorption energies arises from solvent
interactions. As Lackinger and coworkers have shown,* the energy of desorption in solution

contains terms for the solvation of the adsorbate, the wetting of graphite by the solvent, the
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wetting of the monolayer by solvent, the sublimation energy of the adsorbate, and the heat of
adsorption in vacuum. For the same adsorbate and solvent, the wetting terms and the vacuum
desorption energy are the only ones that change with substrate. The heat of wetting of an OEP
monolayer is unknown, but is expected to be similar whether supported on gold or HOPG since
the monolayer densities are essentially the same (1.57+0.08 nm® on Au(111)* and 1.50+0.08
nm” on HOPG). Thus, the critical solution property is the heat of wetting of the clean substrate.
For graphite, the heats of wetting by a wide range of hydrocarbons fall within the range of -110
erg/cm2 to -130 erg/cmz.49’50 The heat of wetting of Au(111) by 1-phenyloctane is not available.
But, polycrystalline newly synthesized and reduced copper is reported to have a heat of wetting
of the order of 700 erg/cm? for most organic systems,” but to decrease to more than 200 erg/cm’
depending on preparation. Taking the adsorption area of 1-phenyloctane to be 6.2x10™"° cm?, the
heat of wetting for 1-phenyloctane on HOPG is 45 kJ/mole, and on copper it ranges from about
260 kJ/mole to 75 kJ/mole, depending on the copper preparation. If the heats of wetting of
Au(111) are of the same magnitude as for copper, than the vacuum desorption energies could be
as much as 180 kJ/mole greater for Au(111) than for HOPG. This example highlights the need

for good thermodynamic values for heats of wetting and vacuum desorption energies for single

crystal surfaces.
Desorption from step edges and grain boundaries

All of the above analysis for the kinetics of desorption for OEP applies to desorption
from terraces of HOPG. It has been well documented in the past that the kinetics of adsorption

152 High catalytic

and desorption can be different along step edges and grain boundaries.
activity along step edges™ and molecular exchange mechanisms through grain boundaries have

also been reported.” In a similar experiment concerning NiOEP desorption from Au(111) at the
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I-phenyloctane/Au(111) interface, it was shown that NiOEP preferentially desorbs from step
edges and reconstruction lines.”® 1In this work we observed preferential desorption of H,OEP
from step edges and grain boundaries. CoOEP was not observed to show preferential desorption
from step edges. Since single domains of OEP on HOPG extend to hundreds of nanometers in
size, few grain boundaries were observed during CoOEP desorption and hence we leave this

analysis for future work.

Figure 8. STM images of site specific desorption. (a) Desorption from a grain boundary:
H,OEP desorption after 30 min at 110 °C shows higher surface coverage of CoOEP (bright sites)
along the grain boundary shown by the white curve. Red and blue lines show two different
lattice directions separated by the grain boundary. The scale bar shown is 20 nm. (b) Desorption
from a step edge: H;OEP desorption after 90 min at 90 °C shows higher surface coverage of
CoOE-P (bright sites) close to the step edge. The scale shown is 10 nm. In both images, set point

conditions used are 0.7 V and 20 pA tunneling current.

Conclusions
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Desorption kinetic parameters of CoOEP and H,OEP at the solution/solid interface have
been determined using STM. At temperatures below 70 °C, monolayers of OEP on HOPG are
controlled by kinetics and the rates of desorption are extremely slow. Significant desorption and
eventual equilibration between the surface and solution in a time scale of hours occurs at 90 °C,
100 °C, and 110 °C. The rates of desorption and the desorption activation energies for H,OEP
and CoOEP on HOPG are very similar and show only weak effects due to the presence of cobalt
ion. Thus, the adsorption strength most likely arises from the interactions between the porphyrin
core and the HOPG surface. The desorption activation energy is (125+5) kJ/mol. When
compared to an earlier study of CoOEP desorption from HOPG (with NiOEP as a tracer), the
overall activation energy for OEP desorption from HOPG into 1-phenyloctane can be given as
105 — 130 kJ/mol. In the case of CoOEP desorption from Au(111), assuming k” for gold is
similar to the value for HOPG, the desorption activation energy for CoOEP from Au(111) is
~138 kJ/mole. The small difference in solution phase desorption energies from Au(111) and
HOPG compared to the large predicted difference in vacuum is attributed to differences in
wetting of the HOPG and Au(111) surface. Voltage dependent desorption experiments show that
the stability of monolayers of OEPs is not affected by the substrate potential relative to ground

but that changes in substrate-tip potential can modify desorption rates.

Although solubility values for both OEP are different, the concentrations used to perform
all the experiments are significantly lower than their solubility limits. It is suggested that the
difference in desorption rates observed for CoOOEP when using different tracers (H,OEP or
NiOEDP) is the result of a (anti-) cooperativity. That is, the desorption activation energies reported

here and in the NiOEP tracer study may be slightly different than for a pure CoOEP layer.
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H,OEP was found to preferentially desorb from HOPG at step edges and grain
boundaries. This behavior is similar to that observed for NiIOEP on Au(111). Further studies of

these site specific desorption processes are underway.
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