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ABSTRACT: Cooperative interactions play a critical role in the stability and reactivity of biological systems and an increas-
ingly important consideration in the synthesis of functional materials, but quantitative single-molecule measurements of 
this phenomenon are rare. Many of these cooperative interactions necessarily occur at surfaces, making the study of coop-
erative effects at interfaces of particular importance. Here we report a quantitative experimental and theoretical study of 
the cooperative binding of 1-phenylimidazole (PhIm) to cobalt(II) octaethylporphyrin (CoOEP) on highly oriented pyrolytic 
graphite (HOPG) at the solution-solid interface. Scanning tunneling microscopy (STM) confirmed and monitored the binding 
of PhIm to HOPG-supported CoOEP with single-molecule resolution. Nearest-neighbor analysis of these STM images re-
vealed positive cooperative binding behavior. Periodic plane-wave density functional theory (DFT) calculations of 
PhIm/CoOEP/HOPG and cobalt(II) porphine (CoP)/HOPG systems support the experimental observations of positive coop-
erativity. DFT calculations revealed that the binding energy of PhIm to Co-porphyrin increases as PhIm binds to more 
neighboring molecules. Calculations also suggest that the presence of HOPG is crucial to observe positive cooperativity in 
this system. 

INTRODUCTION 
Cooperativity is an emergent property of a system, 

broadly characterized by a non-additivity of interactions. 
Cooperative interactions are abundant in biological sys-
tems, where they can alter stability and reactivity of inter-
acting components, accelerate processes, and enhance de-
tection sensitivity while decreasing noise.1,2 A classic ex-
ample of cooperativity is the allosteric regulation of bind-
ing affinity, as observed in oxygen binding to hemoglobin.3 
Less appreciated are the cooperative effects that underpin 
chelation,4 long-range protein communication,5 protein 
folding,6 and self-assembly.7 When considering cooperativ-
ity in ligand binding, positive cooperativity is indicated by 
an increase in binding affinity of subsequent molecules 
after the initial binding event, whereas negative coopera-
tivity is observed as a decrease in the binding affinity for 
additional ligands.1,6 Constraining and pre-organizing mol-
ecules on surfaces is another cooperative strategy em-
ployed by nature and functional materials synthesis to 
facilitate and regulate reactions and interactions through 
co-localization, and can allow cooperative interactions to 
propagate with substrate assistance.6,8–11 

While many experimental studies1–11 show the qualita-
tive existence of cooperative phenomena, quantitative 
measurements of cooperativity are quite rare due to nu-
merous challenges involved in quantifying such phenome-
non experimentally.12 Alternatively, quantum mechanical 
simulations were widely used to study and understand 
cooperativity at the molecular level. For example, Rong et 
al.13,14 showed the application of DFT calculations to quan-
tify cooperativity in various molecular systems. Vijay et 

al.15 studied the cooperativity of cation-π and hydrogen 
bonding using quantum mechanical calculations. Coopera-
tivity in water clusters was studied by Perez et al.16 using 
rotational spectroscopy and quantum mechanical calcula-
tions. All these studies show that computational methods 
like DFT can be used to study cooperativity. A review17 by 
Mahadevi and Sastry presents a collection of various stud-
ies of cooperativity caused by non-covalent interactions. 
They show the application of quantum chemical methods 
to study, understand and quantify cooperativity in multiple 
molecular systems involving various interactions ranging 
from hydrogen bonding, π-π interactions, self-assembly, to 
charged species, with applications in fields like catalysis, 
supramolecular chemistry, self-assembly and biology. 

Molecular level control and regulation of interactions is 
critical in materials synthesis. Of great interest is charac-
terizing and controlling the binding of ligands to metal 
centers, given their rich chemistry and prevalence in natu-
ral systems and functional materials. Of these ligands, im-
idazole and other imidazole derivatives form a group of 
nitrogen bases that have high affinity for metals.18,19 One of 
the most popular protein purification methods, IMAC (im-
mobilized metal-affinity chromatography), relies on the 
binding of histidine and imidazole to metal-immobilized 
resins.20 Metallated tetrapyrroles are ubiquitous as catalyt-
ic centers in enzymes and reaction centers for energy har-
vesting and electron transport.21 Hemoglobin, myoglobin, 
cytochrome c, vitamin B12, and cytochrome c oxidase are 
examples of proteins, protein complexes, or molecules that 
rely on metalloporphyrins or their analogs for their func-
tion.21,22 For these specific examples, axial coordination by 



 

histidine to the metal center via its sidechain imidazole is 
critical for molecular stability or function.22–25 Imidazoles 
can also inhibit enzyme function. 1-phenylimidazole be-
longs to a set of imidazoles and other azoles that strongly 
coordinate to the heme of cytochrome P450, effectively 
impeding its activity.26,27 

Porphyrins have demonstrated significant potential as 
active components in sensors, artificial enzymes and oxy-
gen carriers, for water splitting, and catalysis.28–32 For 
many of these applications, porphyrins will require deposi-
tion on supports and the influence of surface interactions 
on ligand binding must be considered. In some cases, sur-
faces can act as an additional axial ligand to the metal ion, 
affecting both porphyrin reactivity and surface stability.33–

35  The binding reactions of O2 to cobalt and copper octae-
thylporphyrin (OEP)36,37 and imidazole to nickel OEP38 all 
necessitated charge donation from the underlying graphite 
support to occur, while the catalytic activity of cobalt 
tetraphenylporphyrin (Co-TPP) for the reduction of NO by 
CO was enhanced by almost two orders of magnitude after 
depositing Co-TPP on TiO2.39  

Porphyrins can also serve to model reactions on a sim-
pler scale.40 Of these, octaethylporphyrins (OEP) represent 
a set of simple, compact, and highly studied porphyrins 
that form stable monolayers on a variety of metal surfaces 
and highly oriented pyrolytic graphite (HOPG).32,41,42 
Metallated OEPs (MOEP) have been shown to bind a varie-
ty of ligands in solution,43 the solid state,44,45 and on sur-
faces.36–38,46,47 Although the binding of imidazole and imid-
azole derivatives to metalloporphyrins has been previous-
ly demonstrated,48–56 few studies have reported  the 
binding of these molecules to MOEPs,43–45,57 with only one 
showing imidazole binding to a surface-supported OEP.38 

A small fraction of all porphyrin ligand binding studies 
have been conducted with molecular resolution.33–

38,40,46,47,58,59 Typically, ensemble measurements are used to 
examine these systems. Single-molecule techniques can 
follow reactions on a per-molecule basis in real-time. As a 
result, the identification and distribution of reactive sites, 
reaction mechanisms, and binding dynamics can be deter-
mined—details that might otherwise get lost in ensemble 
averaging. Scanning tunneling microscopy (STM) is partic-
ularly well suited to the study of molecular reactions on 
surfaces by offering both molecular resolution and infor-
mation regarding changes in the electronic structure of 
materials upon reaction.60,61 More realistic reaction condi-
tions can be modeled, as STM samples can be character-
ized in solution with control over temperature and atmos-
phere. STM can be used to examine ligand binding cooper-
ativity on surfaces on a per molecule basis. For example, 
the oxygen binding and oxidation reactions of manganese 
porphyrins on HOPG,40 Ag(111),35 and Au(111)34 show a 
preference for pairwise binding and reaction of adjacent 
porphyrins when experimental STM observations are 
compared to theoretical random distributions or simulated 
data.  

To investigate cooperativity on surfaces in a relevant 
and simple system, we examined the ligand binding behav-
ior of 1-phenylimidazole (PhIm) (Figure 1A) to surface-
supported CoOEP (Figure 1A) in phenyloctane. Figure 1B 
shows a model of the complete complex. STM was used to 

observe and confirm the binding reaction on a molecular 
scale, which allowed for an analysis of binding dynamics 
and the determination of PhIm-CoOEP adduct distribution. 
Using the experimental distribution of PhIm-bound CoOEP, 
with support from DFT calculations, we demonstrate the 
existence of positive cooperativity in PhIm binding to 
CoOEP. 

 

Figure 1. A) Molecular structures of cobalt(II) octaethylpor-
phyrin (CoOEP), cobalt(II) porphine (CoP), and 1-
phenylimidazole (PhIm). B) Molecular model of PhIm bound 
to CoP. Atom colors: Cobalt-green, porphyrin and PhIm car-
bons-grey, nitrogen-blue, hydrogen-white. 

EXPERIMENTAL SECTION 
Materials. 2,3,7,8,12,13,17,18-octaethyl-21H,23H-

porphine cobalt(II) (CoOEP) and 1-phenylimidazole (PhIm; 
97%) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). 1-Phenyloctane (>98.0%) was obtained from TCI 
America (Portland, OR, USA). Toluene (ACS grade or J.T. 
Baker, Ultra Resi-Analyzed) was obtained from Fisher Sci-
entific (Waltham, MA, USA). All chemicals were used with-
out further purification. Highly oriented pyrolytic graphite 
(HOPG) substrates used were 1 cm2 in size and obtained 
from SPI (grade 2; West Chester, PA, USA) or TipsNano Co 
(ZYA quality; Tallinn, EE). STM tips were mechanically cut 
from Pt/Ir wire (California Fine Wire Co., Grover Beach, 
CA, USA; 80:20 Pt/Ir, 0.011-inch diameter). 

STM Sample Preparation and Imaging. Solutions of 10 
µM CoOEP were prepared by dissolving solid CoOEP in 
phenyloctane. A stock solution of 20 mM PhIm was pre-
pared by diluting 25.3 µL of 1-phenylimidazole (a liquid at 
room temperature (RT), mp = 13 °C, d = 1.14 g/mL, MW = 
144.17 g/mol) with toluene in a clean and oven-dried 10 
mL volumetric flask, inverting several times to mix. Both 



 

CoOEP and PhIm solutions were stored in the dark, in foil, 
at RT, and parafilmed until use. 

All STM images were obtained in constant current mode 
using a Molecular Imaging (now Agilent Technologies Inc.) 
PicoSPM equipped with a 1 µm STM scanner and environ-
mental chamber (which allows for a controlled atmos-
phere). STM images were acquired using bias voltages 
ranging from +0.400 to +0.900 V and a setpoint current of 
10 or 20 pA. 

To prepare samples for STM imaging, an aliquot of the 
prepared 20 mM PhIm stock solution was diluted to 50 µM 
PhIm by serial dilution in toluene, followed by a final dilu-
tion to 10 µM with phenyloctane. The final solution com-
position of the 10 µM PhIm was 80% phenyloctane/20% 
toluene. 10 µL of 10 µM CoOEP was deposited on freshly 
cleaved HOPG in a custom-made solution cell fitted with a 
Kalrez o-ring (McMaster-Carr, Elmhurst IL, USA). The re-
sulting sample was placed in the environmental chamber, 
and the chamber purged with 2.5 standard cubic feet per 
hour (scfh) Ar(g) for 10 min. After purging, Ar(g) flow was 
reduced to 0.5 scfh and was maintained at this rate 
throughout the experiment. STM imaging of the deposited 
CoOEP on HOPG was performed to confirm monolayer 
formation, then 10 µL of the above prepared 10 µM PhIm 
was added to the solution cell and the solutions mixed by 
gentle pipetting. The sample was allowed to equilibrate for 
at least 30 min before further imaging. The final sample 
composition was 1:1 CoOEP/PhIm in 90% phe-
nyloctane/10% toluene. In order to ensure that the addi-
tion of PhIm did not introduce oxygen into the cell, blank 
solvent experiments were performed. 

Image Analysis and Statistics. STM image analysis was 
carried out using Gwyddion v2.55 (Czech Metrology Insti-
tute, Brno, CZ) and SPIP (Image Metrology A/S, Lyngby, 
DK). Some images were denoised to improve clarity and 
aid identification of ligand-bound molecules. Denoising 
was performed as outlined in Oliveira et al.62 using 
Gwyddion and Python code for the sparse denoise module 
provided at 
http://www.lx.it.pt/~jpaos/stm/stm_code.html.  

Experimental data for calculating the fraction of dark 
molecules and dark nearest neighbors was obtained by a 
combination of manual and programmatically assisted 
counting of STM images as outlined in the Supporting In-
formation (Sections 1.1, 1.2). Typically, 50 nm × 50 nm 
STM images were used, which contained on average 
~1600 surface adsorbed CoOEP molecules each. Theoreti-
cal k-nearest neighbor distributions and ratios of experi-
mental and theoretical fractions of k-dark nearest neigh-
bors were determined as outlined in the Supporting In-
formation (Sections 1.2, 1.3).  

Edge effects were considered. A square grid with 1600 
points was randomly assigned occupation at various levels 
representing sample coverage and nearest neighbor analy-
sis was performed. This was repeated 1000 times. The 
resulting averages were compared to the distribution ex-
pected for a random system. For coverages in the region 
where our experiments were performed, the total error in 
each of the distribution numbers was less than 5%. This 
analysis is an over-estimate of the role of edge effects. 

UV–Visible Absorption Spectroscopy. All spectra were 
acquired on an Evolution 260 Bio spectrophotometer 
(Thermo Scientific, Waltham, MA, USA) using Teflon-
capped 1 cm pathlength quartz cuvettes from 350–600 nm. 
CoOEP and PhIm were prepared as solutions in toluene. A 
reference spectrum of 5.9 µM CoOEP was collected, then 
64 µL of 790 µM PhIm was added to the CoOEP in the cu-
vette to obtain a ~9:1 solution ([PhIm] = 50 uM, [CoOEP] = 
5.5 µM). The solution was mixed by inversion and vortex-
ing then allowed to equilibrate for 40 min prior to spec-
trum acquisition. 

Computational Methods. All computations are per-
formed with periodic density functional theory (DFT) us-
ing Vienna Ab-initio Simulation Package (VASP)63,64 ver-
sion 5.4.4. The VASP code uses the projector augmented 
wave (PAW) method65–67 to describe the core electrons and 
valence–core interactions. We used optB88-vdW function-
al68–70 with PAW potentials optimized for the PBE func-
tional71 for all calculations. The electronic wavefunctions 
are sampled using a Gamma (Г) point in the irreducible 
Brillouin zone (BZ) using the Monkhorst and Pack (MP)72 
method. A plane wave cut off energy of 550 eV was used 
for all simulations. Methfessel–Paxton smearing was used 
to set the partial occupancies for each wave function with a 
smearing width of 0.2 eV. All the geometries were fully 
optimized up to ~0.001 eV energy convergence. The choice 
of our DFT methodology, plane wave cutoff energies and k-
point choice was based on previous periodic DFT simula-
tions of similar systems of type38,73–76 and size.77 Additional 
computational details are presented in section 3 of the 
Supporting Information. 

RESULTS AND DISCUSSION 
Binding of PhIm to CoOEP. Before the addition of PhIm 

to the system, CoOEP was deposited on HOPG and a mono-
layer was confirmed by STM imaging to spontaneously 
form (Supporting Information, Figure S1). CoOEP orga-
nized as a pseudo-hexagonal lattice on HOPG, consistent 
with previous results.36 Bright features in the images are 
similar to those observed in prior reports,36 of un-ligated 
CoOEP molecules. After PhIm was added, a population of 
darker molecules arose over time which we infer to be the 
PhIm–CoOEP adduct. A representative image of the solu-
tion/CoOEP/HOPG interface after PhIm has been added is 
presented in Figure 2A. Images were typically acquired at 
positive bias voltages ranging from +0.400–0.900 V and 10 
pA setpoint in order to maximize contrast between the 
ligand-adduct and un-ligated CoOEP. A cross-section over a 
sample of molecules (Figure 2C) further supports the pres-
ence of two primary species in the images. Previous work 
has shown that O2(g) can also bind to CoOEP on HOPG,36 
also producing molecules that appear dark under STM im-
aging. To prevent this contribution to binding, our experi-
ments were carefully performed under argon atmosphere. 

The binding of PhIm to CoOEP does not appear to influ-
ence the stability of the CoOEP monolayer at the ligand 
concentration used. The monolayer remained intact and 
presence of the adduct was observed through the imaging 
process, with repeated imaging, and over several days 
(Supporting Information, Figure S2). However, PhIm bind-
ing to the CoOEP does appear to be dynamic and reversi-
ble. Ligand binding was monitored by STM on a single 



 

 

Figure 2. A) A representative STM image of CoOEP on HOPG, in phenyloctane/toluene, after the addition of PhIm. Data was ac-
quired using a bias voltage of +0.600 V and 10 pA setpoint, under argon atmosphere, at room temperature. B) A closer look at a 
section of A) (blue dashed outline) reveals both bright and dark (circled) molecules. C) The cross-sectional profile (along red line 
in 2B) supports two populations of molecules being present. 

molecule level, by scanning the same area of the sample 
over time. Sequential STM images revealed molecule 
‘blinking’ (Figure 3), where molecules were observed to 
transition from bright to dark and dark to bright. This 
change in contrast is interpreted as the ligation (bright to 
dark) and de-ligation (dark to bright) reactions of CoOEP 
with PhIm. Reversible binding of ligands on surface sup-
ported octaethylporphyrins has also been observed for 
O2(g)/CoOEP and imidazole/nickel(II) octaethylporphyrin 
(NiOEP) systems.36,38 Note that the number of molecules 
undergoing transitions is low from frame-to-frame in Fig-
ure 3, comprising ~1 or 2% of the total CoOEP molecules 
imaged (Table S1). This indicates a relatively long 
(minutes) mean lifetime for the ligated species. 

The observed binding reactions of O2 to CoOEP36 and im-
idazole to NiOEP,38 and the inferred reaction of O2 with 
CuOEP,37 did not occur in solution and required their re-
spective porphyrins to be surface supported for the reac-
tions to occur. In contrast, UV–visible spectra obtained of a 
solution of CoOEP in toluene before and after PhIm was 
added (Supporting Information, Figure S3) show that PhIm 

does bind to CoOEP in solution. Prior to PhIm addition, the 
spectrum of CoOEP was similar to those previously report-
ed,36,43 with a prominent Soret band at 394 nm and Q-
bands at 519 nm and 553 nm. Upon addition of PhIm to the 
CoOEP solution, a shoulder appeared ~420 nm which is 
interpreted as due to the CoOEP–PhIm adduct. This result 
is similar to previous observations of nitrogen base bind-
ing to CoOEP,43 where addition of imidazole to a solution of 
CoOEP in dichloromethane resulted in the formation of a 
1:1 CoOEP–imidazole complex and its related band at 418 
nm. 

Binding of PhIm to the CoOEP monolayer is coopera-
tive. Upon further inspection of STM images of the 
PhIm/CoOEP/HOPG system, the distribution of dark lig-
and-bound molecules was noticeably clustered in many 
cases. To quantify this apparent clustering, an analysis of 
the relative proportion of the number of dark CoOEP 
neighbors (for each dark molecule) was undertaken. A 
similar analysis has been previously presented in the case 
of O2 binding to manganese porphyrins.34,35 In the those 



 

 

Figure 3. Sequential STM images collected every 1 min 25 sec of CoOEP/HOPG in phenyloctane/toluene (beginning at 1 h 45 min 
after PhIm addition) demonstrate molecule ‘blinking’. Ligand bound molecules (dark) from the first frame (A), or those still bound 
from the previous frame, are indicated by white circles. Molecules that have de-ligated from the previous frame (now bright) are 
denoted by green circles, and newly PhIm bound CoOEP (now dark) are indicated by red circles. Average fraction of bound por-
phyrins (p) across images A–F is 0.113 ± 0.003. 

cases, the non-random distribution was attributed to the O 
atoms produced by the dissociation of O2 binding to the 
nearest available Mn site. This was not considered to be 
cooperative in the sense that the energy of binding was not 
considered.  

If ligand binding was truly random, where binding to 
one site on the monolayer did not influence subsequent 
ligand binding at neighboring molecules, the proportion of 
dark CoOEP (ligand-bound) molecules (p) with k-dark 
neighbors would follow a binomial distribution given by 

fk = �
6
k� pk(1 - p)6-k 

To determine the experimental distribution of k-dark 
nearest neighbors, a typical analysis is briefly outlined as 
follows. 50 nm × 50 nm STM images of the 
PhIm/CoOEP/HOPG system were analyzed (~1600 CoOEP 
molecules, on average, per image). For each image, dark 
molecules were identified and counted to determine p, and 
the number of dark neighbors for each molecule was 
counted and tabulated. From this data the fraction of mole-
cules with each k number of dark neighbors was calculated 
(i.e. for k  = 0, 1, 2, 3, 4, 5, and 6, given that CoOEP orga-
nized in a hexagonal lattice has six neighboring CoOEP 
molecules). Full details regarding analysis methods are 
provided in the Supporting Information. 

A representative neighbor analysis and result is provid-
ed in Figure 4 and shows a greater number of dark (PhIm-
bound) CoOEP with 2 or more dark nearest neighbors than 
otherwise expected, assuming a random (binomial) distri-
bution. The summary histogram of experimental and theo-
retical distribution of k-dark nearest neighbors in Figure 
4C shows a larger fraction of dark nearest neighbors for k 
= 2, 3, 4, and 5 compared with the theoretical prediction, 
shifting the distribution towards higher numbers of neigh-
bors with bound PhIm. This result suggests that the bind-
ing of PhIm to a given CoOEP molecule on HOPG increases 
the chance that PhIm will bind to a neighboring molecule 
in the monolayer—in essence, that the binding of PhIm to 
CoOEP is cooperative. 

A summary of our STM results across multiple samples 
and images is presented as a series of scatterplots in Fig-
ure 5. Plotting the ratio of experimental fraction and theo-
retical fraction of k-dark nearest neighbors allows us to 
compare the binding of PhIm to CoOEP if p varies. (calcula-
tion details provided in Supporting Information). If the 
distribution of k-dark nearest neighbors was random, we 
would expect the calculated ratios to be close to 1, as the 
experimental fraction of k-dark nearest neighbors ≃ theo-
retical fraction. This, however, is not what we observe. 
Instead, the majority of data points for k = 2 are above 1, 
meaning a larger amount of molecules with 2 dark nearest 



 

 

Figure 4. A) Typical image of PhIm binding to the CoOEP monolayer, with the fraction of dark molecules (for this image) of p = 
0.146. B) Enlarged section of A): Dark (ligand-bound) molecules are circled, with colors indicating the number of dark nearest 
neighbors observed for that particular molecule (white = 0, yellow = 1, green = 2, blue = 3, red = 4). C) Histogram comparing the 
theoretical distribution of dark nearest neighbors (for p = 0.146) and experimentally observed distribution for ligand-bound mole-
cules in A). 

 

Figure 5. Ratio of experimental and theoretical fractions of k-dark nearest neighbors versus the fraction of total dark molecules 
(p). Red line in scatterplots indicates unity, where experimental and theoretical fractions of k-dark nearest neighbors would be 
equivalent. Points in blue denote images where no molecules were observed with the indicated k-dark nearest neighbors. 

neighbors are observed than predicted. For k = 3, 4, and 5 
almost all of our data has a ratio greater than 1, showing a 
greater proportion of molecules with k-dark nearest 
neighbors observed versus theory. These results strength-
en the conclusion that the binding of PhIm to CoOEP is 
cooperative in nature. Note that, because of the low cover-
ages observed, very few images had cases where molecules 
had 6 dark nearest neighbors, therefore we cannot con-
clude that this trend continues for k = 6. The theoretical 
incidence of ligand bound CoOEP with 6-dark nearest 
neighbors at even the higher values of p observed (e.g. p = 
0.233) is extremely small (e.g. f6(p=0.233) = 0.0160 %), 
compared with k = 5 where f5(p=0.233) = 0.315 % (a ~20× 
increase). For an image with ~1600 CoOEP molecules, 

these numbers translate into essentially 0 (0.0596) dark 
molecules predicted with 6-dark neighbors (k=6), and only 
1 dark molecule (1.174) with 5-dark neighbors (k=5) per 
image. Therefore, the low population of neighbors ob-
served for k = 6 is expected. 

It is predicted that if the fraction of bound ligands (p) 
changes, the distribution of ligand-bound neighbors should 
also change to reflect the change in population. This 
change in distribution is easily visualized in Figure S4 
(Supporting Information), where the theoretical fraction 
(%) of k-dark nearest neighbors varies with the fraction of 
dark molecules. In the experimental data (Figure S4), as 
the overall fraction of dark molecules varies (pmin = 0.0930, 



 

 

Figure 6. A) Optimized structure CoP/HOPG in 3×4×1 supercell geometry. The HOPG surface is masked for clarity. The unitcell 
boundaries are represented by black lines. Atom colors: Cobalt-brown, porphyrin and imidazole carbons-grey, nitrogen-blue, hy-
drogen-white. B) A grid model for 3×4×1 supercell of Co-porphyrin on HOPG. Each dark blue sphere represents a porphyrin mole-
cule. Considering that the red circle represents a first porphyrin bound to PhIm, the other circles (blue, green, yellow) represent 
equally spaced positions (by color) with respect to the red circle. The numbers in the square brackets represent positions for each 
Co-porphyrin molecule inside a 3×4×1 supercell. 

pmax = 0.233) the preference for two or more dark neigh-
bors is maintained. That is, across a range of p the experi-
mental fraction of k-dark nearest neighbors is higher than 
predicted for k = 2, 3, 4, and 5, and correspondingly lower 
for k = 0 and 1. 

Computational results. To better understand the coop-
erative binding behavior of PhIm ligation to Co porphyrins 
on HOPG, we performed plane-wave (PW) DFT calcula-
tions on selective PhIm/Co-porphyrin/HOPG systems. Our 
goal for PW-DFT simulations is to determine if cooperativi-
ty can be observed through DFT calculations and if so, 
which parameters can be used to explain this phenome-
non. A review by Mahadevi and Sastry17 details various 
publications where DFT calculations were used to study 
cooperativity in molecules. In all these studies, the binding 
energies between various kinds of molecular moieties are 
used as parameters to understand cooperativity. Our 
group used PW-DFT and intermolecular interaction ener-
gies of coronene on Au(111) and HOPG surfaces to deter-
mine cooperativity.78 It was shown that desorption of cor-
onene on Au(111) is cooperative, while on HOPG, it is not. 
In the current PW-DFT simulations we will use PhIm bind-
ing energies obtained from variably covered PhIm/Co-
porphyrin/HOPG interfaces to show cooperativity. 

The cooperative binding phenomenon was studied using 
3×4×1 supercells (Figure 6) of the optimized PhIm/Co-
porphyrin/HOPG systems. A detailed explanation for 
choosing 3×4×1 supercell and the respective starting ge-
ometries used, can be found in the Supporting Information 
section 3.2. While STM experiments were performed with 
Co(II) octaethylporphyrin (CoOEP)  monolayers, we used 
both CoOEP and Co(II) porphine (CoP, Figure 1A) mono-
layers for studying cooperativity. Computations on 

CoOEP/HOPG turn out to be twice as expensive (Support-
ing Information section 3.2) as CoP/HOPG interfaces, yet, 
no significant differences were observed in the cooperative 
binding behavior of PhIm ligands (Supporting Information 
section 3.4). Considering the computational costs, most of 
our cooperativity studies were performed using variably 
covered PhIm on the CoP/HOPG interface in a 3×4×1 
supercell (Figure 6). 

How to model cooperativity with 3×4×1 supercell. 
We have shown that PhIm binding is cooperative from 
STM experiments using nearest dark (PhIm bound) neigh-
bor analysis (Figure 4). The basis for this analysis is count-
ing the number of adjacent PhIm bound CoOEP molecules 
in each STM image. Since CoOEP adsorbs in a hexagonal 
symmetry on HOPG surface, each CoOEP molecule has 6 
nearest CoOEP neighbors. So, if a CoOEP is bound to PhIm 
(dark), its six nearest neighbors might have been bound or 
unbound. Since we observed more dark nearest neighbors 
than predicted for a random distribution, positive coopera-
tivity is attributed to PhIm binding. We can perform an 
energetic analysis of nearest neighbors with a 3×4×1 
supercell of CoP/HOPG (Figure 6A), which has 12 mole-
cules inside the periodic unitcell. With this choice of cell 
and a distribution of occupancies multiple permutations of 
partial to full PhIm coverage can be achieved. While STM 
experiments consider only the nearest (molecule adjacent) 
neighbor, PW-DFT calculations consider far neighbors as 
well (vide infra). 

A simpler version of the 3×4×1 supercell structure is 
shown in Figure 6B, where each circle represents a single 
porphyrin molecule. One should note there will be only 12 
complete circles inside the boundary of the supercell. For 
example, the red circle is indicative of just one porphyrin 



 

Table 1. Selected geometries for modeling cooperativity using 3×4×1 supercell of Co-Porphyrin/HOPG. For each 
geometry number (#), the number and position of PhIm ligands is given. 

Geometry # Description # of Ligands Positions bound † 

1 No bound porphyrins 0 0 

2 1 bound porphyrin 1 [1,1] 

3 2 bound farthest porphyrins 2 [1,1], [3,1] 

4 2 bound far porphyrins 2 [1,1], [2,3] 

5 2 bound nearest porphyrins 2 [1,1], [1,2] 

6 3 bound nearest porphyrins 3 [1,1], [1,2], [2,1] 

7 4 bound nearest porphyrins 4 [1,1], [1,2], [2,1], [2,2] 

8 Full monolayer 12 all 

                † Refer to Figure 6B for corresponding positions of bound PhIm molecules in each geometry. 

molecule inside the boundary of the unitcell and hence 
labeled [1,1] in all locations of Figure 6B. Considering only 
one PhIm molecule being bound to the red [1,1] circle, one 
can observe three types of unique neighbors colored in 
blue, green and yellow circles (Figure 6B, S7). Note that all 
the blue circles are equidistant (11.26 Å in CoP/HOPG) 
from the red circle and are nearest neighbors. The yellow 
circles are the next nearest neighbors (19.49 Å in 
CoP/HOPG) to the red circle followed by green (22.51 Å in 
CoP/HOPG). Figure S7 shows the intermolecular distances 
between selected neighbors in a 3×4×1 supercell. Hence 
for example, considering the red circle is bound with PhIm, 
if a second PhIm molecule is bound to the blue circle, it 
means two nearest neighbors are bound. On the other 
hand, if a red and a green circle are bound to PhIm, then 
two non-nearest neighbors are bound. While STM experi-
ments consider only the nearest (molecule adjacent) 
neighbor, PW-DFT calculations consider far neighbors as 
well. Multiple combinations of bound vs. unbound porphy-
rin molecules can be found. If the supercell size is bigger 
than 3×4×1 even more combinations can be achieved. 

Due to computational limitations, we selected a set of 8 
geometries (Table 1) representing partial to full PhIm cov-
erage of CoP/HOPG interface. These selected geometries 
present a cumulative representation of nearest neighbor 
analysis carried out with STM images (Figure 4). In Table 
1, note that all the selected geometries are with reference 
to the corner porphyrin (red circle in Figure 6B) of the 
unitcell. The 1st geometry in Table 1 refers to no bound 
porphyrins. Starting from the 2nd geometry, considering 
the red circle, [1,1] position (Figure 6B) is always bound in 
any given geometry, filling PhIm with near or far neighbors 
is listed. The selection of the geometries is based on num-
ber of nearest or farthest neighbors within the confines of 
the 12-molecule unit cell. All the geometries listed in Table 
1 are fully relaxed with the bottom layer of HOPG frozen. 
Due to computational cost, all geometries in Table 1 are 
optimized using CoP as the adlayer while geometries #1, 
#2, #5 are also optimized with CoOEP adlayer. Sample pic-
tures of optimized geometries #2, #4, #5, #7 (Table 1) 
with CoP adlayer are shown in Figure S8. 

PhIm binding energies. Figure 7 shows the binding en-
ergies of PhIm ligand to CoP/HOPG system for the seven 
selected (Table 1, Figure 6B) geometries. The method for 

obtaining the binding energies is detailed in section 3.3 of 
the Supporting Information. Note that the computed bind-
ing energies are more qualitative than quantitative be-
cause the computations are performed in vacuum and are 
missing components like heats of solution, sublimation, 
and dewetting79 of HOPG, PhIm and CoP (in 1-
phenyloctane) that are present in the STM experiments. 
Additionally, while vdW-DF functionals are good qualita-
tively for porphyrin surface systems, their accuracy in de-
termining the binding/adsorption energies is limited.38,80,81 
The x-axis in Figure 7, represents two numbers for each 
geometry. First, total number of PhIm molecules in the 
given geometry and second, the number of nearest neigh-
bors bound with PhIm.  A striking characteristic of this plot 
(Figure 7) is that binding energy of PhIm increases as the 
number of nearest PhIm bound CoP molecules increases. 
This steady increase in binding energy of individual PhIm 
molecules is representative of the positive cooperativity 
which matches with our STM observations. 

 

Figure 7. Binding energies of each PhIm ligand to CoP/HOPG 
with variable PhIm coverage. The geometries representing 
each bar denoted by a number (#) can be found using Figure 6 
and Table 1. 

In the CoP/HOPG system, the nearest neighbors are sep-
arated by 11.3 Å and the next nearest molecule is spaced 
by 19.5 Å, followed by 22.5 Å (Figure S7). So, in a 
PhIm/CoP/HOPG interface with 2 PhIm molecules, if the 
separation distance between two bound CoP molecules is 
11.3 Å, the binding energy per PhIm molecule is 0.93 eV 



 

(#5 in Figure 7), which is 70 meV higher than next nearest 
CoP molecules (#4 in Figure 7) separated by 19.5 Å. Addi-
tionally, the binding energy of singly bound PhIm molecule 
(#2 in Figure 7) is similar to far spaced  PhIm molecules 
(#3 and #4 in Figure 7) These results indicate that binding 
energies are really sensitive to separation distance be-
tween molecules on the monolayer. 

To determine the role of CoP vs. HOPG substrate toward 
cooperative binding, we performed additional calculations 
on selected geometries without the HOPG substrate. In this 
set of calculations, the HOPG substrate was completely 
removed while the orientation of CoP monolayer from 
HOPG substrate is kept intact. Further details of the geom-
etries and optimizations are presented in the Supporting 
Information section 3.5. From this analysis it was found 
that in the absence of the graphite support having nearest 
PhIm bound CoP neighbors destabilizes the binding 
strength of PhIm to CoP. Thus, the HOPG substrate is nec-
essary to observe positive cooperativity in the 
PhIm/CoP/HOPG systems. 

We found that PhIm binding to CoP involves a complex 
set of interactions based on whether the CoP molecule is 
part of a monolayer or not on the HOPG substrate. For ex-
ample, if PhIm is bound to isolated CoP on HOPG (Figure 
S10-A) with no intermolecular interactions, the binding 
energy is -1.08 eV. For a similar isolated CoP molecule 
without the HOPG substrate (Figure S10-B), the PhIm 
binding energy is -0.94 eV. This indicates that HOPG in-
creases PhIm binding energy by about 140 meV. Moreover, 
if PhIm is bound to the CoP monolayer, the binding is posi-
tively cooperative with HOPG (Figure 7) and negatively 
cooperative without HOPG (Figure S9). This indicates that 
dense molecular packing of CoP is also critical to observe 
cooperativity. 

To understand this complex behavior of PhIm binding 
cooperativity, we studied Bader charges of PhIm/CoP ge-
ometries with and without HOPG. The corresponding Ba-
der charges for each component (PhIm, CoP and HOPG) are 
depicted in Figure 8 (PhIm) and Figure S11 (CoP and 
HOPG). Some significant observations from these plots are 
that with HOPG present, PhIm (Figure 8A) acts as charge 
donor, CoP (Figure S11-A) a charge acceptor,  and HOPG 
(Figure S11-E) charge donor except at high PhIm coverage 
(#8 in Figure S11-E). As PhIm coverage increases (from 
geometries #2 to #8), the donating capacity of each PhIm 
decreases considerably (Figure 8A) while accepting capaci-
ty of CoP monolayer decreases mildly (Figure S11-A) be-
cause the accepting capacity of HOPG increases significant-
ly (Figure S11-E). In other words, HOPG starts as a donor 
of charge at no to low PhIm coverage, while turning out to 
be an acceptor at high PhIm coverage. 

Without the HOPG substrate, PhIm (Figure 8B) acts as 
charge donor and CoP (Figure S11-B) as charge acceptor, 
except at high PhIm coverage. For example, at full cover-
age, PhIm (#8 in Figure 8B) acts as an acceptor while CoP 
monolayer (Figure S11-B) acts as a donor. As PhIm cover-
age increases (from geometries #2 to #8), the donating 
capacity of each PhIm decreases considerably (Figure 8B) 
while accepting capacity of CoP monolayer also decreases 
significantly (Figure S11-B). In other words, the CoP mono-
layer without the HOPG substrate ceases to take any elec-

tronic charge from PhIm ligand at high coverage and in-
stead acts as a charge donor. 

 

Figure 8. Bader charges of each PhIm molecule in (A) 
PhIm/CoP/HOPG and (B) PhIm/CoP interfaces. The geome-
tries representing each bar denoted by a number (#) can be 
found using Figure 6 and Table 1. 

There is also an entropic factor to be considered. Be-
cause the cooperative assembly is more ordered than the 
random one, there is a net negative entropy associated 
with the cooperative adlayer formation. The maximum 
possible value of this term is the negative of the configura-
tional entropy of the random lattice gas.82 For a coverage of 
p=0.11, this amounts to a contribution less than +10 meV 
to ∆G. Since the stabilization energy of the cooperative 
assembly is computed to be of the order of 50 to 100 meV, 
cooperative behavior is still expected. 

CONCLUSIONS 
For the first time, a combined experimental and theoret-

ical approach has been developed and applied to study 
cooperative effects at interfaces for simple porphyrin sys-
tems. We have shown that PhIm binds to CoOEP both in 
solution and when CoOEP is supported on HOPG. The bind-
ing reaction of PhIm to the CoOEP monolayer was followed 
by STM and found to be dynamic and reversible. Presence 
of the ligand adduct was confirmed even after several days 
of repeated sample imaging. Positive cooperativity was 
established for PhIm binding to CoOEP on HOPG by quanti-
fying ligand binding events observed by STM and compar-
ing these results to random distributions. Binding events 
were not mutually independent, as the binding of PhIm to 
CoOEP increased the probability of neighboring CoOEP to 
bind PhIm. Across a fairly wide range of p (fraction of lig-
and-bound CoOEP) there was a greater amount of ligand-
bound CoOEP with two or more bound neighbors than 



 

expected and a general shift in the experimental neighbor 
distribution toward higher values of k. 

These experimental results were supported by DFT cal-
culations that show an increase in binding energy per 
PhIm ligand as the number of nearest bound porphyrins 
increases, and as separation distance decreases between 
bound molecules in the monolayer. Determination of bind-
ing energies and Bader charge analysis of systems without 
HOPG present demonstrated that interactions of the sys-
tem with HOPG is key in promoting these cooperative in-
teractions. These results are significant to those who wish 
to use porphyrins for materials applications, particularly 
as templates for nanoscale assembly, or as models of natu-
ral systems.  

Given the apparent dependence of the substrate in mod-
ulating cooperative interactions, a natural extension of this 
work will be to investigate different substrates to deter-
mine their impact on cooperativity. We have noted that 
separation distance affects cooperative interactions be-
tween single CoOEP molecules. Would separation distance 
have the same effect in multimeric porphyrin systems? 
Electronic properties of fused porphyrins or porphyrin 
oligomers can vary dramatically from the monomer spe-
cies.83,84 Furthermore, interporphyrin electronic communi-
cation between porphyrin receptors is possible and can 
influence ligand binding and cooperative effects. Negative 
cooperativity has been observed in the binding of 4,4’-
bipyridine to a cyclic dimer and of pyridine to fused zinc 
porphyrins,85 attributed to electronic coupling between 
binding sites. Understanding the nature of these electronic 
effects is especially important for multi-site receptor, ca-
talysis, and sensing applications. Our investigation forms a 
basis for future research that will investigate these ques-
tions. As we look to further understand biological process-
es and use our understanding of natural systems to create 
synthetic ones, cooperativity remains an important con-
sideration. 
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1 Additional Experimental Details and Methods 
 

1.1 Determination of dark molecule coverage (p). Dark molecule fractional coverage (p) was 
determined by counting the number of bright molecules in a given image (𝑁௕௥௜௚௛௧) and the number of 
dark molecules (𝑁ௗ௔௥௞) as follows. 

Typically, 50 nm × 50 nm STM images were used for analysis, which contained ~1600 total surface-
adsorbed CoOEP molecules. Preprocessing of STM images for analysis generally consisted of global 
leveling by mean plane subtraction followed by linewise leveling and polynomial fit plane correction 
(removal of polynomial background). To improve clarity, some images were denoised as outlined in 
Oliveira et al.1 using Gwyddion v2.55 (Czech Metrology Institute, Brno, CZ) and Python code for the 
sparse denoise module provided at http://www.lx.it.pt/~jpaos/stm/stm_code.html. 

Bright molecules were identified and counted by particle and pore analysis in SPIP v6.6.5 (Image 

Metrology A/S, Lyngby, DK). Any miscounted or double-counted molecules were visually identified 

and manually subtracted from the count of bright molecules (𝑁௕௥௜௚௛௧). Any bright molecules that 
failed to be identified by SPIP were visually identified and manually added to the total number of bright 
molecules.  

Dark molecules were visually identified, manually labelled, and then programmatically counted in 
SPIP  to reduce counting error.  

Dark molecule fractional coverage (p) was subsequently calculated by applying eq 1 

𝑝 = 
𝑁ௗ௔௥௞
𝑁௧௢௧௔௟

 
( 1 ) 

where 𝑁௧௢௧௔௟  ൌ  𝑁௕௥௜௚௛௧  ൅  𝑁ௗ௔௥௞.  

 

1.2 Determination of the number of k-dark nearest neighbors. Theoretical k-nearest neighbor 

distributions were determined using eqs 2 and 3, the binomial probability mass function and 

binomial coefficient, respectively, and the experimentally determined p (fraction of dark molecules) 

for a given image. This method is based on a similar analysis presented in Hulsken et al.2 and 

Murphy et al.3  

𝑓 ሺ𝑘,𝑛,𝑝ሻ ൌ ቀ𝑛𝑘ቁ 𝑝
௞ሺ1 െ 𝑝ሻ௡ି௞ ( 2 ) 

 

ቀ𝑛𝑘ቁ ൌ  
𝑛!

𝑘! ሺ𝑛 െ 𝑘ሻ!
 

( 3 ) 
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CoOEP organizes on HOPG into a hexagonal lattice, therefore each porphyrin molecule has 6 

neighbors. We can use the above to determine the chance that a ligand-bound (dark) porphyrin 

molecule has k-dark nearest neighbors by  

𝑓௞,௧௛௘௢௥ ൌ ቀ6
𝑘ቁ 𝑝

௞ሺ1 െ 𝑝ሻ଺ି௞  ( 4 ) 

 

ቀ6
𝑘ቁ ൌ  

6!
𝑘! ሺ6 െ 𝑘ሻ!

 
( 5 ) 

where p is the fraction of dark molecules in the monolayer. 

 

Experimental k-dark nearest neighbor distributions were determined by counting the number of 

dark nearest neighbors for each dark molecule, then calculating the fraction of k-dark nearest 

neighbors 𝑓௞,௘௫௣ as follows.  

 

For a given image, after dark molecules were identified, the number of dark nearest neighbors 

for each dark molecule was visually determined and noted. For each k, the total number of 

molecules with k-dark nearest neighbors (𝑁௞ିௗ௔௥௞ ௡௘௜௚௛௕௢௥௦ሻ is simply the sum of molecules with k-

dark nearest neighbors. It follows that the fraction of k-dark nearest neighbors is 

 

𝑓௞,௘௫௣ ൌ
𝑁௞ିௗ௔௥௞ ௡௘௜௚௛௕௢௥௦

𝑁ௗ௔௥௞
 

( 6 ) 

where 𝑁ௗ௔௥௞ is the total number of dark molecules in the selected image. Notes that 𝑓௞,௘௫௣ is plotted 

as a percentage (i.e. 𝑓௞,௘௫௣ × 100%) in Figure 4C and Figure S4.  

 

1.3 Determination of the ratio (experimental/theoretical) of k-dark nearest neighbors. The ratio 

of the experimental fraction of k-dark nearest neighbors (𝑓௞,௘௫௣) and theoretical fraction of k-dark 

nearest neighbors (𝑓௞,௧௛௘௢௥) is calculated by eq 7. 

𝑅𝑎𝑡𝑖𝑜 ൌ
𝑓௞,௘௫௣

𝑓௞,௧௛௘௢௥
 

( 7 ) 

where k is the number of dark nearest neighbors.  
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2 Additional Figures and Tables 
 

 

Figure S1. STM image of CoOEP monolayer on HOPG prior to addition of PhIm. Proportion of dark 

molecules in this image is 0.9%.   
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Figure S2. Stability of CoOEP monolayer and CoOEP–PhIm adduct over time. A) STM image of the 

solvent/CoOEP/PhIm interface at 1 h 51 min after PhIm addition, B) 20 h 10 min, C) 45 h 38 min, 

D) 67 h 54 min.  
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Table S1. Transition statistics for ‘blinking’ of CoOEP in Figure 3.  

 

   Transitions 

   bright  dark (red) dark  bright (green) total 

Image pa Ntotal N %b N % %  

A 0.1105 534 --c -- -- -- -- 

B 0.1153 529 3 0.567 6 1.134 1.701 

C 0.1137 545 7 1.284 5 0.917 2.201 

D 0.1181 525 5 0.952 6 1.143 2.095 

E 0.1091 526 2 0.370 4 0.739 1.109 

F 0.1103 531 2 0.380 2 0.380 0.760 

a p is the fraction of dark molecules in the image.  
b Percentage of molecules that transitioned, with respect to the total number of surface adsorbed CoOEP 
molecules in the image (Ntotal). 
c First image in the series, therefore no transitions noted.  
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Figure S3. UV–Vis spectra of CoOEP (5.9 µM) and a mixture of CoOEP (5.5 µM) and PhIm (50 µM) 

in toluene. A pronounced shoulder appeared ~420 nm (red spectrum) after the addition of PhIm. 
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Figure S4. Experimental and theoretical fractions of molecules with k-dark nearest neighbors (%) 

versus fraction of dark molecules (p). Points in blue denote images where no molecules with the 

indicated k-dark nearest neighbors were observed.   
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3 Computational Modeling  

3.1 Initial geometries prior to modeling cooperativity 

All calculations were performed using plane-wave (PW) DFT calculations with the computational 
methodology detailed in the manuscript. Two types of porphyrins, cobalt(II) octaethylporphyrin 
(CoOEP) and cobalt(II) porphine (CoP) molecules were considered to compute 1-phenylimidazole 
(PhIm) ligand binding reactions to Co porphyrins in the gas phase and on highly ordered pyrolytic 
graphite (HOPG) surface. While experiments were performed in solution phase or at the solution-solid 
(SS) interface with 1-phenyloctane or toluene solvents, all DFT calculations were performed without the 
presence of the solvent. Additionally, the experiments were performed only using CoOEP, while 
computations were done with both CoOEP and CoP complexes. The choice of using both CoP and 
CoOEP complexes is attributed to their molecular similarity and computational costs of doing of 
cooperativity studies with CoOEP. More details on our choice and rationale behind it is listed later in the 
Supporting Information.  

The first step of performing any DFT calculations is to build the appropriate starting geometries. In 
the current study, three key chemical components are necessary to study cooperative binding in the gas 
phase or on the substrate. First, PhIm molecule; second, Co-porphyrin molecule; and third, HOPG 
substrate. In the following sections we detail the starting geometries and optimizations with PW-DFT 
for each of the chemical components, their interfaces and their appropriateness to study cooperative 
binding. 

Table S2. Lattice parameters used in PW-DFT simulation models. 

System Super Cell a (Å) b (Å) c (Å) α (o) β (o) γ (o) 

Isolated  
PhIm, CoOEP, CoP, 

PhIm-CoOEP, 
 PhIm-CoP 

1×1×1 30.00 30.00 30.00 90 90 90 

HOPG, 
CoOEP/HOPG, 

PhIm/CoOEP/HOPG 
1×1×1 14.74 14.74 30.00 90 90 120 

HOPG, 
CoP/HOPG, 

PhIm/CoP/HOPG 
1×1×1 11.26 11.26 25.00 90 90 120 

HOPG, 
CoOEP/HOPG, 

PhIm/CoOEP/HOPG, 
PhIm/CoOEP  

3×4×1 44.21 44.21 30.00 90 90 120 

HOPG,  
CoP/HOPG, 

PhIm/CoP/HOPG, 
PhIm/CoP 

3×4×1 33.77 33.77 25.00 90 90 120 
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a) HOPG surfaces: Unit cell from crystal structure4 of HOPG was optimized with PW-DFT and 
was used to build the respective (0001) surface. This primary surface has two layers of stacked graphene 
sheets in a lamellar fashion. This primary surface was then used to make respective supercells that fits 
CoOEP, CoP, PhIm/CoOEP and PhIm/CoP monolayers respectively. The chosen dimensions of the 
HOPG substrate are based on the lattice parameters of CoOEP monolayer on HOPG5 and CoP 
monolayer on Au(111)6 obtained from scanning tunneling microscopy (STM) images. We could not find 
the experimental lattice parameters of CoP on HOPG in the literature, but we think lattice parameters of 
CoP monolayer on Au(111)6 would be a good approximation considering similar lattice parameters of 
CoOEP on Au(111)7 and HOPG.5 A vacuum of ~15 Å is added along the c direction for all surfaces to 
create a more realistic slab structure for HOPG(0001). The lattice parameters for each substrate and 
interface listed in Table S2. All HOPG geometries are fully relaxed before using them for any analysis 
or building new models. 

b) Isolated CoOEP, CoP, PhIm/CoOEP and PhIm/CoP molecules. Based on our previous 
studies,8 we generated initial structures for isolated CoOEP molecule with all the 8 ethyl substituents on 
the porphyrin stay in an “all up” or “crown” configuration. Along with CoOEP, molecular structures of 
CoP and PhIm were also built and optimized in the gas phase using PW-DFT. The lattice parameters for 
modeling the isolated CoOEP, CoP, PhIm/CoOEP and PhIm/CoP molecules are listed in Table S2, 
where all the isolated molecules were placed at the center of the cubic box. All geometries are fully 
relaxed before using them for any analysis.  

 
Figure S5. Side and top views of PW-DFT optimized CoOEP/HOPG (A, B); PhIm/CoOEP/HOPG 
(C,D); CoP/HOPG (E,F); PhIm/CoP/HOPG (C,D); geometries in 1×1×1 supercell.  Atom colors: 
Cobalt-brown, porphyrin and imidazole carbons-grey, nitrogen-blue, hydrogen-white, HOPG-cyan. 

c) 1×1×1 interfaces of CoOEP, CoP, PhIm/CoOEP and PhIm/CoP on HOPG. Optimized Co-
porphyrin molecules and the corresponding HOPG substrates were used to make the 1×1×1 interfaces. 
All interface models are fully relaxed with the bottom layer of HOPG frozen. The PW-DFT optimized 
structures of CoOEP/HOPG and CoP/HOPG interfaces are shown in Figure S5 and the corresponding 
lattice parameters are shown in Table S2. Note that the lattice parameters match with the bare HOPG 
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surfaces which are based on the respective lattice parameters obtained from STM images.5,7 PhIm 
molecules were now added to CoOEP/HOPG and CoP/HOPG interfaces by binding the lone pair 
nitrogen atom of 1-phenylimidazole to Co(II) ion of Co-porphyrin. The optimized PhIm/CoOEP/HOPG 
and PhIm/CoP/HOPG interfaces are shown in Figure S5. 

d) 3x4x1 interfaces of CoOEP, CoP on HOPG. The optimized 1×1×1 structures of CoP/HOPG 
and CoOEP/HOPG were used to make the respective 3×4×1 interface structures. These structures are 
also fully relaxed with the bottom layer of HOPG frozen. The PW-DFT optimized structures of 
CoOEP/HOPG and CoP/HOPG 3×4×1 interfaces are shown in Figure S6 and the corresponding lattice 
parameters are shown in Table S2. 

 

Figure S6. Optimized structures of CoOEP/HOPG and CoP/HOPG in 3×4×1 supercell geometry. The 
HOPG surface is masked for clarity. Atom colors: Cobalt-brown, porphyrin and imidazole carbons-grey, 
nitrogen-blue, hydrogen-white. 

3.2 3×4×1 interface of CoOEP, CoP on HOPG for modeling PhIm binding cooperativity 

Our STM experiments (details in manuscript) have shown that PhIm molecules bound to CoOEP on 
HOPG were noticeably clustered in many cases. By counting the number of dark (PhIm bound) 

CoOEP molecules and their dark nearest neighbors, it was shown that PhIm binds to CoOEP on 

HOPG with positive cooperativity. It is important to note that cooperativity in STM experiments 

was determined by number of bound (dark) nearest neighbors. In order to model cooperative binding 
of PhIm ligand to Co-porphyrins using PW-DFT calculations, we use a similar method (nearest neighbor 
analysis) as in STM experiments. We will determine the binding behavior of PhIm to Co-porphyrin as a 
function of bound and unbound nearest neighbors. While STM experiments consider only the nearest 
(molecule adjacent) neighbor, PW-DFT calculations consider far neighbors as well. For modeling 
cooperativity with PW-DFT, we use 3×4×1 supercells of CoP/HOPG and CoOEP/HOPG (Figure S6).  

Why 3×4×1 supercells? – The answer: computational cost vs. nearest neighbors. As we 
mentioned above, we plan to use ligand bound and unbound molecules and their nearest neighbors as a 
function to model cooperativity. So, we need many porphyrin molecules per unitcell to perform any kind 
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of cooperativity studies. A 3×4×1 supercell has 12 molecules of Co porphyrins per unitcell. In a periodic 
calculation with PW-DFT, 3×4×1 supercells of CoP/HOPG and CoOEP/HOPG have about 1452 and 
2748 atoms respectively. With the corresponding lattice parameters listed in Table S2, CoP/HOPG 
3×4×1 system needs about half-million planewaves, while the CoOEP/HOPG system needs about a 
million planewaves, even with a gamma point calculation. The number of atoms and planewaves 
indicates an example of the huge computational cost associated with these simulations. Hence most 
simulations with 3×4×1 supercells are performed with CoP/HOPG system, while only few simulations 
are performed with CoOEP/HOPG system. For further details on which models are used when, refer to 
Table 1, Table S3, and section 3.4 in the Supporting Information. 

 
Figure S7. A grid model for 3×4×1 supercell of Co-porphyrin on HOPG. Each dark blue sphere 
represents a porphyrin molecule. Considering the red circle represents a first porphyrin bound to PhIm, 
the other circles (blue, green, yellow) represent equally spaced positions (by color) with respect to the 
red circle. Three different neighbors to the red circle with variable spacings, red-blue (11.3 Å), red-
yellow (19.5 Å) and red-green (22.5 Å) are depicted using dotted black lines. 
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Figure S8. Optimized PhIm/CoP/HOPG geometries #2 (A), #4 (B), #5 (C), #7 (D), from Table 1, in 
3×4×1 supercell geometry. The HOPG surface is masked for clarity. The red circles represent positions 
where PhIm is bound to CoP. Atom colors: Cobalt-brown, porphyrin and imidazole carbons-grey, 
nitrogen-blue, hydrogen-white.  

3.3 Parameters to model cooperativity. To test the existence of cooperativity in PhIm binding to 
Co porphyrins using PW-DFT, we use two parameters obtained from optimized geometries of all 
models listed in Table 1. First, binding energy of each PhIm ligand to Co porphyrin in each geometry of 
Table 1. Second, the charge distribution obtained from Bader charge analysis for each geometry in Table 
1.  

i.) Binding energies of PhIm to Co porphyrin. The binding energy of PhIm molecules to Co-
porphyrins adsorbed on HOPG surface is obtained by using the following equation 

Eb = EL-P-S – EP-S – (nꞏEL)      eq-8 

Here, Eb is the binding energy of PhIm to Co porphyrins in any given geometry, EL-P-S is the energy of 
optimized PhIm/Co-Porphyrin/HOPG interface,  EP-S is the energy of optimized Co-Porphyrin/HOPG 
interface, EL is the energy of optimized isolated PhIm molecule, and ‘n’ is the number of PhIm 
molecules in a given L-P-S interface unitcell. 
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To assess the influence of HOPG substrate on PhIm ligand binding, we also determined the binding 
energy of PhIm to Co porphyrins without the HOPG substrate. For appropriate comparison, the 
geometries without the HOPG substrate, were optimized and used to determine the binding energies.  
The binding energy without the HOPG substrate is obtained using the following equation, 

 Eb = EL-P – EP – (nꞏEL)      eq-9 

Here, Eb is the binding energy of PhIm to Co porphyrins in any given geometry, EL-P is the energy of 
optimized PhIm/Co-Porphyrin interface,  EP is the energy of optimized Co-Porphyrin monolayer, EL is 
the energy of optimized isolated PhIm molecule, and ‘n’ is the number of PhIm molecules in a given L-
P interface unitcell. 

ii.) Charge distribution upon PhIm binding. To further understand the cooperative binding 
behavior, we performed charge distribution analysis using Bader atomic charges at the 
PhIm/CoP/HOPG and PhIm/CoP interfaces. The charges are obtained by Bader charge analysis code 
developed by Henkelman’s group.9,10 The charge analysis was performed on all the geometries listed in 
Table 1 with and without the HOPG substrate. The goal is determining the role of the HOPG substrate 
on PhIm cooperativity. The results of the analysis are shown in manuscript and later in the Supporting 
Information. 

3.4 Using Co(II) porphine (CoP) vs. Co(II) octaethylporphyrin (CoOEP) for cooperative 
binding studies 

CoP and CoOEP molecules (Figure 1A) chemically differ by CoOEP having eight ethyl substituents in 
the α and β positions, while CoP has only hydrogen substituents in these positions. All the STM 
experiments were performed using CoOEP while most of our cooperativity calculations on geometries 
listed in Table 1 (in manuscript) are performed with CoP/HOPG system. The reason for this is that using 
CoP/HOPG system instead of CoOEP/HOPG system reduces the computational cost by about a half (see 
section 3.2 in Supporting Information). To test the suitability of CoP monolayer instead of CoOEP 
monolayer for our cooperativity studies, some comparable studies are needed. In this section, we show 
that using CoP instead of CoOEP should not significantly alter the cooperativity results for PhIm 
binding. 

Table S3 shows the binding energies of PhIm ligand to CoP and CoOEP molecules adsorbed on 
HOPG in various geometries. The binding energies are calculated using eq-8. Row 1 of Table S3 shows 
that binding energy of PhIm to CoP is like CoOEP in a 1×1×1 supercell. The 1×1×1 periodic structure 
has just one PhIm, Co-porphyrin on HOPG inside a unitcell, which means a complete coverage PhIm on 
Co-porphyrin monolayer. On the other hand, with variable surface coverage of PhIm in 3×4×1 supercell 
(rows 2 and 3 in Table S3), the binding energy of PhIm to CoP and CoOEP on HOPG are also similar 
for each row, but considerably lower than with complete coverage geometry (row 1, Table S3). These 
energies indicate presence of cooperativity with variable coverage of PhIm on both CoP/HOPG and 
CoOEP/HOPG.  

Now that cooperativity is established for PhIm binding to both CoP and CoOEP, one can note that 
the relative differences of PhIm binding energies between different rows remains similar is for both CoP 
and CoOEP. For example, difference in PhIm binding energy for rows 1, 2 (Table S3) is 220 and 230 
meV for CoP/HOPG and CoOEP/HOPG, which is nearly identical. Also, for rows 1, 3 (150, 170 meV) 
and rows 2, 3 (70, 60 meV), the relative binding energy differences for CoP/HOPG and CoOEP/HOPG 
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are nearly similar. These values indicate that using CoP/HOPG instead of CoOEP/HOPG supercell for 
broader PhIm binding cooperativity analysis can be justified.  

Table S3.  Comparison of binding energies of PhIm on CoP and CoOEP with variable PhIm coverage.  

Supercell 
size 

Reference 
geometry 

# of 
Ligands 

in unitcell 

Positions 
bound †  

Binding Energy per PhIm 
(eV) 

CoP/HOPG CoOEP/HOPG 

1×1×1 
Figures S5-C, 

S5-G 
1 - -1.08 -1.05 

3×4×1 
Figure 6 and 
Geometry #2 

in Table 1  
1 [1,1] -0.86 -0.82 

3×4×1 
Figure 6 and 
Geometry #5 

in Table 1 
2 

[1,1], 
[1,2] 

-0.93 -0.88 

† Refer to Figure 6 in manuscript for corresponding positions of bound PhIm molecules in 
each geometry. 

3.5 Effect of HOPG substrate on PhIm binding cooperativity 

As we mentioned in section 3.3(i) of the Supporting Information, we intend to determine the role of 
HOPG towards PhIm binding cooperativity. For this purpose, we used CoP monolayer without the 
HOPG substrate to determine the PhIm binding energies using eq-9. Due to computational cost 
considerations, and yet, for appropriate comparison, three geometries (#2, #7, #8) listed in Table 1 
without the HOPG substrate, were optimized and used to determine the binding energies. 

Figure S9 shows the binding energies of PhIm to CoP in geometries #2, #7, #8 (Table 1). Note that 
geometry #2 has only 1 PhIm molecule and 0 nearest PhIm bound porphyrins, while geometry #7 has 4 
PhIm molecules and 3 nearest PhIm bound porphyrins and #8 is the full monolayer. This is represented 
as 1:0, 4:3, 12:6 in the x-axis of Figure S9. One can notice that binding energy of geometry #2 is higher 
than geometry # 7 by 120 meV. This indicates that having nearest bound neighbors destabilized the 
binding strength of PhIm to CoP. This the opposite of what happened with HOPG substrate where the 
binding energies (Figure 7 in manuscript) for geometry #2 is 170 meV lower than geometry #7. A 
similar trend of decreasing binding energy with increased nearest neighbors in geometry #8 (compared 
to #2 and #7) was observed. These results show that HOPG is essential for seeing positive cooperativity 
in PhIm binding. 



 

S18 

 

Figure S9. Binding energies of each PhIm ligand to CoP monolayer without the HOPG substrate. 

The geometry of the CoP monolayer is taken from Figure S6 by removing HOPG substrate and 

reoptimizing. The geometries representing each bar denoted by a number (#) can be found using 

Figure 6 and Table 1 in manuscript. 

 

 
Figure S10. Optimized isolated PhIm/CoP on HOPG (A) and without HOPG (B), with respective PhIm 
binding energies listed below the figures. Atom colors: Cobalt-brown, porphyrin and imidazole carbons-
grey, nitrogen-blue, hydrogen-white. 
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Figure S11. Bader charges of PhIm/CoP/HOPG and PhIm/CoP interfaces. The geometries representing 

each bar denoted by a number (#) can be found using Figure 6 and Table 1 in manuscript. Note that 
PhIm (C,D) charge is per PhIm while CoP (A,B) and HOPG (E) are for the entire monolayer and 
substrate, respectively. 
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