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ABSTRACT

Kinetic analysis of surface reactions at the single molecule level is important for understanding
the influence of the substrate and solvent on reaction dynamics and mechanisms, but it is difficult
with current methods. Here we present a stochastic kinetic analysis of the oxygenation of cobalt
octaethylporphyrin (CoOEP) at the solution/solid interface by monitoring fluctuations from
equilibrium using scanning tunneling microscopy (STM) imaging. Image movies were used to
monitor the oxygenated and deoxygenated state dwell times. The rate constants for CoOEP
oxygenation are k, = 4.9x10° s™'-torr! and ks = 0.018 s™!. This is the first use of stochastic dwell
time analysis with STM to study a chemical reaction and the results suggest that it has great

potential for application to a wide range of surface reactions. Expanding these stochastic studies



to further systems is key to unlocking kinetic information for surface confined reactions at the

molecular level -- especially at the solution/solid interface.
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Single molecule kinetic research is a unique field, special because of the ability to reveal the
true, random nature of molecular scale processes. Additionally, single molecule techniques may
resolve rare events that can expose insights into chemical mechanisms, and subpopulations in a
system.! The literature concerning single molecule kinetics is well established for biochemical
systems where one finds a fluorescent or binding moiety attached to a much larger biomolecule of
interest in such a way as to not interfere with the biomolecule’s function.? 8 This approach is not
possible with small molecules such as catalysts and tectons for self-assembly because the addition
of a ‘marker’ group would certainly affect the chemical or physical process. Consequently, little
is known about the reaction kinetics of smaller molecules at the molecular scale.

Herein, we show a detailed picture of the lifetime of oxygen complexed cobalt porphyrins using

scanning tunneling microscopy at the solution/solid interface under ambient conditions. Under



these conditions, the porphyrin oxygenation state can be monitored in situ and in real time.
Stochastic dwell time analysis of the oxygenated and deoxygenated state of
cobalt(Il)octaethylporphyrin (CoOEP) adsorbed on highly ordered pyrolytic graphite (HOPG)
provides insight into the kinetics of complexation reactions on surfaces. This system was chosen
because cobalt porphyrins, in addition to their use as mimics for the active iron porphyrin sites
inside proteins and enzymes like hemoglobin,”!° have also been shown to be active for
electrocatalytic reduction of oxygen when adsorbed on HOPG.!'"!3 Metalated porphyrin and
phthalocyanine systems have also been reported to act as gas sensors and as catalysts.'*!> These
important applications have made understanding porphyrin coordination chemistry a focus of the
scientific community.

Applying the methods of analysis of fluorescence blinking to blinking observed in STM images
opens a new paradigm for the field of single molecule kinetics. This approach is transformative
for the field of STM based single molecule studies because it has been assumed that few chemical
reactions can be studied kinetically at room temperature by STM. Temporal resolution of STM is
relatively slow (of the order of seconds per image), but we show that the surface reaction kinetics
can be extracted from STM images for reactions of practical interest. Further, the application of
this method for deriving kinetic data from STM images of systems at equilibrium can provide new
insight into the kinetics of surface reactions in the presence of solvents at ambient conditions.

Previously, the oxygenation of CoOEP at the phenyloctane/HOPG interface was observed to be
a reversible process that obeys the Langmuir adsorption isotherm.'® The reaction occurs when the
CoOEP molecule is adsorbed on the HOPG surface but not in solution phase. Computational
studies have shown that this is because the HOPG surface acts as an electron donating ligand that

stabilizes the ligated product.!” Surface adsorption-desorption reactions have been studied using



the Langmuir adsorption framework extensively and are described by the chemical reaction

equation
kq
L+S2LS
kq

where L is the adsorbate or in this case ligand in solution, S is an unoccupied surface site and LS
is an occupied surface site.'® An important assumption in this model is that all unoccupied sites
are equivalent. In this system, S is an unreacted CoOEP and LS is an oxygenated CoOEP. The
forward reaction rate constant k, depends both on the concentration of ligands in solution and the
number of unfilled surface sites. The reverse reaction rate constant ks depends only on the number

of reacted porphyrin molecules. The corresponding kinetic equation is

dt

= kqPpyNs — k4Nps

Dividing by the area of the surface and setting k, = k,Pp,

do ,
i ko' (1—-6)—k,0
where N denotes number and indices denote the species, € is the fraction of reacted surface sites

and Py, is the partial pressure of oxygen. The concentration of Oz in solution can be related to the

partial pressure above the solution through Henry’s law.



In a series of STM images, the reaction appears as CoOEP molecules cycling between a dark,
oxygenated state and a bright, deoxygenated state. This is due to oxygen attenuation of the
tunneling current signal, which occurs through the half-filled d,? orbital on the Co atom.'® An
example sequence of STM images is shown in Fig. 1. From a stochastic viewpoint, the oxygenation
reaction can be viewed as a series of Bernoulli trials where the probability of a successful transition
between the ligated and unligated states is related to the stochastic rate constants.

If the system is Markovian, meaning the behavior of the system depends only on the current
state and not on the state history, dwell times in each state are distributed according to an
exponential distribution

P(t;lk;) = k;ekiti
Where P(ti|ki) is the probability density function (PDF) of molecule in i state for dwell time
lasting time # ,and k; is the stochastic rate constant.>'” The mean of the exponential distribution,
or mean dwell time, is 1/k; and therefore is used to determine the stochastic rate constants. It

follows from the Onsager’s Regression Hypothesis that as a system approached equilibrium,

Figure 1. Example STM image sequence collected from a-f at a rate of 32 s/image showing
transitions between ligation states between images. White circles denote CoOEP molecules in
the bound state that stayed in the bound state, green squares denote the unbound to bound
transition and blue circles denote the bound to unbound transition. Tunneling conditions Veias=
+0.5V, Lcurrent= 20 pA and scale bar is 5 nm. The large bright feature in the bottom left corner
is a defect used for image registration.



fluctuations in the state of individual molecules behave in the same way as an ensemble system

does.?°

Moreover, from the ergodic hypothesis, a single molecule dwell time distribution is
equivalent to the aggregate of many identical molecules dwell times.?! These concepts form the
basis of methods that have been used for studying cell membrane ion channel kinetics via current
measurements®, protein folding kinetics via force clamp spectroscopy*, and redox reaction kinetics
via fluorescence spectroscopy?, but have not been applied to chemical processes observed by STM.

In order to apply these ideas to the O.-CoOEP/HOPG system, the state dwell times for a total of
618 molecules observed for between 15 and 70 minutes were determined experimentally from
sequences of STM images, collected at a rate of 32s per image. First, the image sequence was
registered so that a marker point, present in all images, was aligned in space and then the image
was fit to a unit cell grid with one CoOEP per grid cell. This grid was used to keep track of each
molecule throughout the image sequence and the average height value within a grid cell was used
to determine a cutoff threshold to identify the dark, ligated CoOOEP molecules. The state sequences

(many sequences like the one shown in Fig. 2) were inspected in order to obtain dwell times for

both the bound and unbound states. Dwell time

histograms shown in Fig. 3 were fit with the 1

exponential PDF where the mean of the fitted

State

distribution i1s the mean dwell time. We found

that the mean dwell time for the ligated state is
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much shorter than the dwell time in the 0 25 50 .
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unligated state, 66 s and 474 s respectively. Figure 2. Representative idealized state

sequence of one CoOEP molecule tracked for
138 images. Dwell time histograms are built
up by examining many state traces. State 1 =
deoxygenated and state 0 = oxygenated.

Since the mean of the exponential distribution is



1/ki this gives stochastic rate constants of 0.002 s for the forward reaction and 0.017 s for the
reverse reaction.

STM is an excellent tool for achieving sub-molecular resolution and the ability to resolve the
ligation state of many molecules simultaneously, however, the time resolution is on the order of
10s of seconds per scan. The time resolution may be increased,’>?* but usually with fewer
molecules in each image and greater difficulty in long time tracking. Missed dwells arise from
sampling time limitations and cause the reported rate constants to appear smaller than reality. For

example, take a reversible two state system with
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Figure 3. Dwell time distributions for the
time spent in oxygenated state (upper) and
deoxygenated state (lower). Distributions
have been fit with exponential probability
distributions with mean dwell times of 60 s
and 470 s, respectively. Circles denote
histogram bin centers.

considered with virtual states.!®?*?° Since the
dwell times are distributed according to the

exponential PDF, the fraction of dwell times



that are missed fmissed 1n state A is the fraction of dwell times too short to capture in state B. That
fraction is found by considering the area of the distribution less than the scan time which is**
fmissed,A = f;co kB—>Ae_kB_’At dt=1- e_kB_’ATC

where kp-4 1s the rate constant for the transition from state B to state 4 and z. is the cutoff time
which is the shortest dwell time that can be captured by the employed method. Here we take 7. to
be one half the image collection time. The corrected rate constant kcorrected can be determined by
assuming that the corrected rate constant for the A to B transition can be partitioned using a virtual
state to account for kmissed by the following'®?*

kcorrected = kmissed + kobserved

kcorrected,,A%B =fmissed, B Xkcorrected, B->A4 + kobserved, A->B

This results in a set of coupled equations, one equation for each state that can be solved
numerically through a least squares method in order to correct the rate constants from the effects

of missed dwells. With correction, rate constants are improved to ~90% accuracy even when rate

Table 1. Results of dwell time analysis

CoOEP 0,-CoOEP
Niotat instances 14329 1882
Niransitions out 870 1012
mean dwell time (s) 470£5 60+5
observed rate constant (s!) k> =0.002+ 0.001 ka=0.017% 0.001
corrected rate constant (s!) k2’ =0.003+ 0.001 ka=0.018+0.001




constants are similar to the acquisition rate.!” The corrected rate constants for COOEP oxygenation
are k,” = 0.003 s and ks = 0.018 s Note that the corrected rate constants fall within the error
bars of the uncorrected version — even though kt ~ 0.1. The results of the dwell time analysis are
collected in Table 1. These results demonstrate that single-molecule reactions of a reversible
surface-confined system can be studied with STM despite the seemingly poor temporal resolution
of the experiment.

In the image sequences, individual molecules transition between the ligated and unligated states,
but the average number of total ligated CoOEP molecules remains constant in time at nearly 8%
ligated CoOEP. The constant coverage with time indicates that the system is in dynamic
equilibrium, as is required for this method of analysis. The equilibrium constant derived from the
dwell time analysis is K= ka/ka=3*x10*torr’!. Because it is common to do so in the solution-phase
oxygen-binding literature, we used our data to determine the P12(298 K), the O partial pressure
at which half the sites on the COOEP/HOPG surface would be oxygenated. We found that P1,2(298
K) = 3300 Torr. Comparing the present kinetic results with the results for the same system
determined by Langmuir adsorption isotherm analysis, P12 and AG values agree nicely, Table 2.
The standard state is the conventional choice for this type of process, 1 torr partial pressure of
oxygen, and 0.5 0,-CoOEP coverage.!%26-33

Although the CoOOEP/HOPG system binds O much more strongly than CoOEP in solution, it
still does not compete with porphyrins specially designed for oxygen binding, the picket-fence
porphyrins.?®?” At room temperature a P12 of 70 Torr was reported for Co(TpivPP)(A-Melm) in
toluene.?® We note that rate constants for this porphyrin binding oxygen in solution determined by
transient adsorption spectroscopy are orders of magnitude larger than what we report here.?’ .

Clearly, the influence of the substrate is enough to allow oxygen binding at room temperature but



does not do as well at stabilizing the oxygenated species as the binding pocket mimicking picket-
fence porphyrin. The combination of enhanced binding with slowed kinetics illustrates the

intriguing nature of reaction dynamics for species absorbed on HOPG and warrants further study.

Table 2. Comparison of Thermodynamic Properties for Oxygenation of Various Porphyrins at
298 K

CoOEP CoOEP Co “Picket-fence”
porphyrin
(this (at PO/HOPG)?
work) (in toluene)®
P12 (torr) 3300 3200 140
AG (KJ/mol)* 20+0.5 21+0.5 12.8+0.5

a) From Reference 16; b) From Reference 26; c¢) Standard State 1 torr Oz and 0.5 O2-CoOEP
coverage

It is useful to consider the collision frequency between the oxygen molecules in solution and the
CoOEP monolayer. Campbell et al has described a method for calculating the collision frequency
between a solute and a surface from solution.?® Using Campbell’s method the flux of oxygen
molecules to the surface was calculated to be 2.0x10?? collision/cm’s at ~5 mM concentration of

oxygen molecules in solution, calculated by Henry’s Law for Py, = 608 torr. The Henry’s Law

constant values are not available for phenyloctane, but are available for two related solvents, octane
and toluene.?**° Since the cross-sectional area of the cobalt atom (0.072 nm?)*! accounts for 4.2%
of the area per CoOEP molecule on HOPG (1.72 nm?) the collision rate between dioxygen
molecules and cobalt metal centers is 1.4x10% collision/s. If every collision of oxygen with a cobalt
atom resulted in the formation of a complex the adsorption reaction rate would be expected to be

on the order of 10® s”'; however, this is not the case. Based on the observed rate of adsorption,
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0.003 s! at present Oz pressure, only 1 in 10!! collisions results in the formation of an oxygenated
porphyrin complex. This is a markedly different result than that observed by transient adsorption
spectroscopy with the picket-fence porphyrin. This may be indicative of the importance of the
protein-binding pocket mimicking pivalamidophenyl groups, (“pickets”) utilized in the molecule.
Most cobalt porphyrins (other than myoglobin'® and picket fence style porphyrins?®?) do not form
oxygen complexes in solution at room temperature.’> This is also true for the cobalt
octaethylporphyin where the electron donation from the substrate is essential for stabilizing the
complex.'® Substrate stabilization has also been observed by those studying gas sensors** and
selective gas membranes>>.

Tip influences on rates were considered and ruled out by testing the scan speed dependence of
the average number of O,-CoOEP molecules within a single frame. We tested image collection
time between 30 and 240 seconds and did not see any change in the mean number of O>-CoOEP
in each frame. As the scan speed decreases the amount of time the STM tip spends interacting with
each individual molecule increases. If the tip electric field or a tip induced inelastic excitation was
inducing deoxygenation of the CoOEP molecules, then we would expect to observe fewer O»-
CoOEP molecules as the image collection time increases. Since this is not observed we have ruled
out a significant influence of tip induced desorption on the observed rates.

Conceptually there is no difference between monitoring a single molecule for a long time or the dynamics
of many molecules for a shorter amount of time. In theory either approach is valid and feasible. The
influence of thermal drift at the liquid-solid interface is an issue for both methods but especially so when
monitoring a single molecule for an extended time because there is no guarantee that the molecule being
observed is the same molecule across the entire observation time. This is why we have opted to monitor
multiple molecules at a time because it allows us to include a tracer in all the images which removes the

influence of thermal drift and ensures that the molecules are the same throughout the image sequence. The
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advantage to immobilizing the STM-tip on top of a single molecule is that the time resolution can be
improved greatly up to the response time of the STM pre-amp. Another issue, perhaps even more critical,
with using a fixed tip position to monitor chemical processes (as opposed to physical changes) is that the
tip body will physically limit the diffusion of O, (or other reagent) to the apex position of the tip. Thus, the
local concentration will likely change with time and deviate from the solution concentration. Also, any

field induced effects on the adsorbate-surface complex will be amplified by the constant presence of the
tip.

Although the stochastic method is well established in the biophysical field where the molecules
are large enough to attach fluorescent tags without compromising the chemistry of the parent
molecule, it has rarely been applied to single small molecule reactions. This study is the first
example of using dwell time analysis to study chemical reaction kinetics with STM. We note that
STM has been used in a similar manner, but to study the physical kinetics of rotation of acetylene
and diffusion of hydrogen on Cu(001) in vacuum at low temperature.*®* It has long been assumed
that STM cannot be used to study chemical kinetics at ambient conditions in this way because of
constraints on image collection time. However, we have shown: 1) Surface reactions can proceed
orders of magnitude slower than expected based on solution phase kinetic measurement, and 2) it
is possible to correct rate constants for the effects of missed dwells due to low temporal resolution
thereby extending the range of rates that can be measured. Lest one assume that the O»-
CoOEP/HOPG system is unique, we have tracked adsorption and desorption events in time for
several  systems including  1-phenylimidazole-CoOEP/HOPG,*®  4-methoxypyridine-
CoOEP/HOPG,?* and imidazole-NiOEP/HOPG.!” Thus, these systems are excellent candidates for
stochastic analysis and that work is underway. This study shows that STM can be used for dwell
time analysis and will expand the types of reactions that can be kinetically studied at the single

molecule level. Further studies of this type on other surface reactions will clarify the role of the
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surface in chemical reactions and its influence on reaction rates as well as allow for new
mechanistic studies to be undertaken.

Experimental Details:

In all STM experiments a freshly cleaved HOPG surface (1 cm?, ZYA grade from Tips Nano)
was exposed to a 10 pL volume of 10 uM solution of CoOEP in phenyloctane solvent.
2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine  cobalt(Il) was acquired from Aldrich.
Phenyloctane (99%) from TCI Organics. The entire STM experiment was housed in an
environmental chamber and all experiments were performed under 80% oxygen 20% argon
atmosphere, giving and oxygen partial pressure of 608 torr, after 2 hour equilibration time. STM

tips were made by mechanically cutting Ptoglro> wire (California Fine Wire Company Grover

Beach, Ca.).
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