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ABSTRACT

The formation dynamics and stability of CoOEP at the solution/Au(111) interface is captured in-
situ using scanning tunneling microscopy (STM) in a dynamic solution flow cell at room
temperature. The intermediate steps of self-assembly of CoOEP into an ordered monolayer were
captured and fractional coverage as a function of time was measured to extract characteristic
parameters of the self-assembly process. Adlayer structure and formation under various solvents
is compared to previous studies conducted on HOPG. The choice of substrate is found to have a
dramatic influence on adlayer structure and stability. It was found that the CoOEP adlayer
assembly on HOPG is an equilibrium process and the monolayer can be readily formed within
minutes of contact with solution (above a solvent-dependent threshold solution concentration), and
the dissolution of the formed adlayer is feasible, though the rate of dissolution is solvent-
dependent. The assembly of an adlayer on Au(111) is kinetically driven, monolayer formation
occurs within minutes, and dissolution is very slow -- only minimal island dissolution was

achieved after hours of pure solvent flow.

Solvent incorporation of 1,2,4-trichlorobenzene (TCB) was observed to form a CoOEP
pseudo-rectangular adlayer structure (REC) on both HOPG and Au(111), though a solvent-free
pseudo-hexagonal structure (HEX) occurred at much higher concentrations of CoOEP on HOPG
than on Au(111). This is likely due to the fact that CoOEP binds more strongly to Au(111) than
HOPG, which promotes the REC to HEX transition on Au(111) at lower concentrations. Solvent
incorporation of toluene (Tol) into a CoOEP adlayer on Au(111) was observed, but it did not
incorporate into the adlayer on HOPG. There is a significant increase in the Arrhenius desorption

rate factor (~350) of toluene on HOPG relative to Au that is likely a driving factor for Tol co-



adsorption on Au. A very short-lived decane incorporated adlayer was also observed. The
transformation on Au(111) from REC to HEX structure under 1 pM CoOEP in Tol occurred within
~10 minutes, while under a solution of 470 uM CoOEP in TCB the transformation required ~10?
minutes. This variance is primarily due to the relative residence times of the solvent molecule on
the Au(111) surface, where Tol has an estimated desorption rate 500 times greater than TCB. The
unit cells of the CoOEP adlayer are also substrate dependent. The commensurate TCB-
incorporated REC structure on Au(111) contains two CoOEP but only one CoOEP on HOPG.
Thus, the adlayer formation of COOEP on Au(111) was more significantly affected by solvent than

for adsorption on HOPG.
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INTRODUCTION:

Formation of thin films at the solution/solid interface can produce pristine arrays of molecular
layers spanning large distances. Non-covalent self-assembly, driven by ‘weak’ intermolecular
interactions, allows for versatility in thin film formation.! A model for non-covalent self-assembly
at the solution/solid interface has been proposed in which a solution of tectons (or building blocks)
are brought into contact with a solid support and an ordered adlayer spontaneously forms.? Further,
the importance of solvent desorption in the initial tecton adsorption and the subsequent self-
assembled monolayer (SAM) formation has recently been quantitatively demonstrated.® Solvent
influence and control in self-assembly have been studied in various systems.*>® Depending on the
delicate balance of tecton-solvent, tecton-tecton, solvent-solvent, tecton-substrate, and substrate-

solvent interactions, competitive deposition of solvent with adsorbate is possible. This could



result in solvent-incorporation into an adlayer, phase segregation, or preferential solvent
adsorption that prevents the assembly of an ordered tecton adlayer. Typical solvents observed to

3

co-adsorb have been long alkyl chains,”-® hydrogen-bond donors or acceptors,’ '* or a combination

of moieties. 416

Scanning tunneling microscopy (STM) is an ideal tool for studying SAMs because it provides
sub-molecular resolution and can be used in a wide range of environments. STM can be performed
on any conducting surface in UHV!", gaseous atmosphere'®, conducting'® or non-conducting?’
solution. Many of the STM studies of non-covalent self-assembly have focused on systems with
tectons containing long alkyl chains or acidic moieties to enhance SAM stability and as a design
parameter. These substituents act via weak interactions (e.g., van der Waals, dipole-dipole, or
hydrogen bonding). STM has also been used to investigate the effects halogen interaction in the
self-assembly process,?!"2 both in cases of halogenated tectons and of halogenated solvents.

In this study, we focus on the effects of solvent and substrate on the structure, stability, and
dynamics of a physisorbed porphyrin SAM. Decane (Dec), 1-phenyloctane (PhO), toluene (Tol),
and 1,2,4-trichlorobenzene (TCB) are the solvents considered (Figure 1). The results on Au(111)
reported here are compared to previous work on HOPG?®. A dense pseudo-hexagonal SAM
structure is formed when solvents PhO and Dec are used. In the case of TCB and Tol, a
combination of factors to be identified later results in the formation of solvent-incorporated
psuedopolymorphs. Adsorption energies were calculated for each solvent molecule. The
intermediate steps of self-assembly of porphyrin into an ordered monolayer were captured and

fractional coverage as a function of time was measured to extract characteristic parameters of the

self-assembly process.



This study exemplifies the importance of both the substrate and solvent in determining the
structure and stability of a given SAM. While there have been many studies of the role of solvent

on self-assembly on graphite, comparison of the role of the substrate is rare.
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Figure 1. Chemical structure of materials used in this study.

EXPERIMENTAL AND THEORETICAL METHODS

Materials. 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine cobalt(Il) (CoOEP) was purchased
from Aldrich. 1,2,4-trichlorobenzene (>99%, Sigma-Aldrich%), 1-phenyloctane (>98%, TCI),
toluene (>99.7%, J.T. Baker), decane (>99%, Alfa Aesar). All reagents were used without further
purification. STM tips were prepared by mechanically cutting Pto.sIro.2 wire (0.010-inch diameter,
California Fine Wire Company). Au(111) surfaces were prepared by hydrogen flame annealing
freshly deposited gold on mica substrate, and imaged to confirm distinct reconstruction lines.
STM Experiment. Self-assembly of CoOEP at the solution/HOPG interface was monitored via a
commercial scanning tunneling microscopy (STM) [Molecular Imaging PicoPlus]. Constant
current imaging was used throughout, and the set-point conditions are indicated in figures and/or

captions. All STM images were plane corrected and lightly filtered using Scanning Probe Imaging



Processor (SPIP) software (Image Metrology A/S). The sample cell was designed and built
specifically for this work and will be described below.

Measurements of unit cell parameters were averages from drift corrected images. The STM was
routinely calibrated by imaging the HOPG lattice. No aldayer structure was observed when pure
solvents were deposited onto the Au(111) substrate. Fresh solutions of CoOEP in a given solvent
were prepared before each set of experiments. Samples were made by dissolving a small amount
of CoOEP solid in a few mL of solvent, and then determining the concentrations using UV-VIS
spectroscopy and the known adsorption coefficients: 1.53x10° cm'™™M! (Dec), 2.18x10° cm™'M™!
(PhO), 2.16x10° cm'™M! (Tol), 2.63x10°> cm'M! (TCB). The absorption coefficient values were
determined by dividing the absorption value of the Soret band (near 420 nm) by the known
concentration of a carefully prepared porphyrin solution in a given solvent. These stock solutions
were then diluted to the appropriate concentrations needed for the given experiment. A custom
Teflon solution flow cell (55 puL volume) with stainless steel inlet and outlet was designed to allow
for the dynamic control of solution during STM experiments. A Kalrez O-ring was used to make
a seal between the cell and sample. A mechanical syringe pump (Harvard Apparatus Ecoflo) was
used to transport solution through Teflon tubing to the STM flow cell (55 pL/min), while a second
syringe pump (Harvard Apparatus Pump 11 Pico Plus Elite) was used to withdraw solution to hold
a constant volume within the flow cell. Flow rate was decreased to 5 pL/min after one minute of
55 puL/min flow rate. Experimental setup shown in Figure 2. A scale diagram of flow cell (Figure
S1) and photo of flow cell assembled with STM stage (Figure S2) can be found in the SI.

The flux of the solution (flow rate times concentration) is an important parameter of these
experiments. If the system was not properly isolated, mechanical noise would propagate through

the flow of solution and interfere with the STM imaging, causing significant drift or noise. If the



flow was halted upon the first observation of island nucleation, incomplete monolayer growth was
typically observed. The quantitative effects of the flow rate on the dynamics of growth should be
further studied to remove any possible artifacts due to flow in the nucleation and growth
parameters.

The approximate solubility limit near room temperature of CoOEP in each solvent varied
drastically: 7 mM in TCB, 0.8 mM in Tol, 0.2 mM in PhO, 0.04 mM in Dec. This was determined
by preparing a saturated solution of CoOEP in ~5 mL of solvent while continuously stirring. The
concentration of the supernatant solution was determined using the compound’s adsorption
coefficient (above) in each solvent. However, most of the reported solutions used for these STM

studies were well below the solubility limit.
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Figure 2. Experimental setup of STM and flow cell. Solution is driven into flow cell with a
mechanical pump through inlet, and a syringe pump pulls excess solution from outlet. Diagram
of Au(111) lattice and unit cell vectors (a1, a2).

UV-Visible Absorption Spectroscopy. All spectra were acquired using an Evolution 260 Bio
spectrophotometer (Thermo Scientific, Waltham, MA, USA) with a 0.1 cm path length quartz
cuvette from 300 nm to 700 nm. Stock solutions of CoOEP were made by dissolving a small
amount of solid in each solvent, measuring the absorption spectrum, and calculating the
concentration using a previously determined extinction coefficient of the Soret band near 400 nm.
Appropriate dilutions were made from these stock solutions for each experiment.
Computational Methods. Computations are performed with density functional theory (DFT)
using Vienna Ab-initio Simulation Package (VASP)?**? version 6.2.0. The VASP code uses the

projector augmented wave (PAW) method?®?” to describe the core electrons and valence—core



interactions. We used the optB88-vdW functional?®?* with PAW potentials optimized for the PBE

functional®

for all calculations. The electronic wavefunctions were determined at the Gamma (I)
point in the irreducible Brillouin zone (BZ). A plane wave cut off energy of 550 eV was used for
all simulations. For the Au(111) and adsorbate-Au(111) systems, Methfessel-Paxton smearing
was used to set the partial occupancies for each wave function with a smearing width of 0.2 eV.
For the isolated molecular systems Gaussian smearing was used with a width of 0.04 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 were based on previous periodic DFT

31-35 and size.*® VASP calculations were performed on

simulations of similar systems of type
species adsorbed to 3-layer unreconstructed Au and on the same species in the gas phase. Only the

top layer of Au was allowed to vary in position during adsorption optimization.

RESULTS AND DISCUSSION
Adlayer Structure.

CoOEP was observed to form stabile adlayers on Au(111) at 22°C from solvents 1,2,4-
trichlorobenzene (TCB), toluene (Tol), 1-phenyloctane (PhO), and decane (Dec). A pseudo-
hexagonal adlayer structure (HEX) is the equilibrium structure formed under PhO and Dec (Figure
3) at all concentrations of CoOEP in the range from 0.05 uM up to the solubility limit in each
solvent (noted under STM Experiment section above). The experimental lattice parameters for
these structures are shown in Table 1. The commensurate lattice structures were determined by
measuring the adlayer packing structures from several drift corrected experimental STM images.
The relative angle (¢) between the adlayer unit cell vector (b) and the [112] direction (parallel to

reconstruction lines*”) of the underlying Au(111) terrace was used as an orientation reference (+



3°) for determining the commensurate unit cell parameters. The lengths and interior angles were
then chosen to make the unit cell vectors integer multiples of the underlying gold unit cell
(assuming Au(111) instead of reconstructed Au(111) 22x\3). In terms of the underlying lattice
vectors (a1, a2), the HEX unit cell is an = 10a1 + a2 and by = 5a2 (Figure 4). This structure contains
two CoOEP molecules per unit cell, which agrees with previous observations of porphyrin adlayer
on Au(111) with resolved ethyl groups under UHV.3* A comparison of the HEX structure formed
under Tol and under TCB is presented in Figure S3.

When deposited from TCB or Tol, pseudo-rectangular structures (Figure 3a & c) are initially
formed (REC). The measured lattice parameters and the assigned commensurate lattice parameters
for this structure are also presented in Table 1. In terms of the underlying lattice vectors, ar = 10ai
+ a2 and b, = 3a; - 6a2 for REC (Figure 4).

The lattice parameters of the observed adlayers under the various solvents on HOPG? are also
presented in Table 1. Note that both HEX and REC structures on Au(111) contain two CoOEP
molecules per unit cell, while on HOPG the HEX contains two and the REC just one CoOEP
molecule per unit cell. The calculated areas of both structures (per CoOOEP molecule) are slightly
larger on Au(111) than on HOPG: 1.80 nm? vs. 1.74 nm? (HEX), 2.27 nm? vs. 2.21 nm? (REC).
This suggests that the adlayer assemblies on HOPG are interacting more strongly laterally than on

Au(111).
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Figure 3. Representative STM images of observed adlayer structures of CoOEP on Au(111):
REC under TCB (a), HEX under PhO, Dec, Tol, TCB (b), and REC under Tol (c). All images
have equal scale. Note that the solvent-incorporated REC structures were observed to transition
into the solvent-free HEX structure (~10' minutes under 1 uM Tol, ~10% minutes under 470 uM
TCB). Scanning parameters: -0.4 V, 15 pA.
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Figure 4. Commensurate structures of CoOEP on Au(111) under a solvents TCB (REC), Tol
(REC), PhO (HEX), and Dec (HEX). Lattice vectors of substrate indicated by al and a2.
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Table 1. Calculated commensurate and measured experimental unit cells of CoOEP adlayer
deposited from respective solvents on substrates Au(111) and HOPG?’. The relative angle (¢)
between the adlayer unit cell vector (b) and the [112] direction for Au(111) and the [1120]
direction for HOPG. Uncertainty in measured angles from experiment is + 3.0°.

Commensurate Unit Cell Experimental Unit Cell
Au(l111)
a b 0 a b 0 (0]
Structure o . Solvent o M
(nm) (nm) (%) (®) (nm) (nm) ) ©

PhO 2.99+0.04 1.44+003 568 87.6

Dec  3.06+£0.02 143+0.04 56.6 87.1

Tol 3.06+0.03 1.43+0.03 564 89.0

TCB 3.01+0.02 1.41+0.02 560 89.1

Tol 294+0.05 1.44+0.02 89.5 59.1

TCB 3.04+0.02 1.48+0.02 834 59.1

HOPG

PhO  1.49+0.05 2.68+0.06 57.8 29.4

Dec 1.52+£0.03 2.76+0.03 57.9 269

Tol 1.50+0.03 2.74+0.04 585 26.5

TCB 1.50+0.02 2.70+£0.02 58.0 28.0

REC® 148 150 853 4.7 TCB 1.47+0.04 150+0.02 88.1 6.5
22 CoOEP/unit cell
® 1 CoOEP/unit cell

HEX* 3.04 144 553 90.0

REC* 3.04 1.50 853 60.0

HEX? 148 271 60 30

At low concentrations in Dec (<0.5 uM), a transient rectangular structure is observed. The
measured unit cell was found to be a =2.30 nm (+0.02), b = 1.38 nm (+0.02), 6 = 99.7° (£3). The
angle between b and the reconstruction lines was 90° (£3). The commensurate unit cell for this
structure was not determined. It is not clear if this structure is driven by decane solvent
incorporation. A similar transient structure was observed with ZnOEP at the tetradecane/HOPG
interface.?” Even though several studies which show alkanes forming monolayers on Au(111)*"

43, an ordered decane adlayer was not observed in the present study, performed at 295 + 1 K. This
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is consistent with the reported decane monolayer ‘melting’ point on Au(111) of 292 + 1 K*°. It is
also unlikely that a porphyrin overlayer is forming on top of a decane layer, especially since the
measured unit cell structure of the HEX system on Au(111) in decane is the same as the HEX
system in the other solvents (within uncertainty). Kim et a/** observed a proposed porphyrin-
overlayer on octanoic acid solvent, though the kind of bilayer features presented were not observed
in our system of study. Thus, we discount the possibility that the CoOEP is forming on decane

rather than directly on Au.

Figure 5. Images of transient rectangular structure at low concentrations (<0.5 uM CoOEP in
Dec). (a) Rectangular structure surrounded by HEX grains. (b) large grain of rectangular structure.
Scanning parameters: -0.4 V, 20 pA.

The images of the Tol and TCB REC systems in Figure 3 clearly show some additional electronic
density in the region between the CoOEP. Because the lattice structures are too big for a single
porphyrin per unit cell but too small for two, we assign this excess electronic density to
incorporated solvent, where the benzene core is resolved but not the methyl group (for Tol) or the

chlorines (for TCB). Similar resolution of TCB was observed in other host-guest surface studies.**
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8 To date, no other studies were found to have reported observations of toluene solvent
incorporation into a self-assembled adlayer.

When the CoOEP began to outcompete with the solvent for surface sites, a coexistence of both
the REC and HEX structures was observed (Figure 6). Under Tol, this occurred when an adlayer
was formed from solution with concentrations of 1 uM CoOEP. When the concentration was
increased to 10 uM, only the HEX structure was observed. Under TCB, it wasn’t until high
concentrations of 470 uM CoOEP were present that both structures were observed to coexist. Even
at concentrations near the saturation limit in TCB (~7 mM), grains of both REC and HEX were
observed in a newly formed adlayer. Thus, we identify the REC structures as pseudopolymorphs*’
(of the solvent-free HEX structure). When comparing CPK models of the HEX structure and a Tol
molecule, it is clear that there is no space for solvent incorporation (see Figure S4). Mutual grain
boundaries between the REC and HEX structures shared unit cell directions: HEX(a) with REC(a).
Even with an average STM tip, it is easy to differentiate the REC and HEX grains because of the
distinct contrast difference due to the nearly 20% difference in molecular packing density. This is
the first observation of Tol incorporation into a self-assembled adlayer to be reported. Wang et al>
reported polymorphism of a CuPcOCs deposited from toluene onto HOPG but did not report
solvent incorporation. They attributed the difference between the two observed structures as due
to a thermodynamically stabile state (hexagonal phase) and a kinetically favorable but
thermodynamically metastable state (quartic phase). Kim et al*® reported on the restructuring of a
mixed adlayer of H2OEP and CoOEP at the octanoic acid/Au(111) interface, where they observed
a transition from a metastable ‘parallel’ phase (with a rectangular unit cell) to a hexagonal phase.

They assigned this rectangular structure to the porphyrin assembling atop of a layer of solvent.

14
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Figure 6. Coexistence of pseudopolymorphs REC and HEX structures of CoOEP on Au(111)
under TCB (a) and Tol (b). Au(111) reconstruction lines can be seen under adlayer. Scanning
parameters: -0.4 V, 15 pA.

At 1 uM in Tol, a complete transformation of REC monolayer into HEX occurred on the order
of ~10 minutes, an example of the time sequence of transformation is shown in Figure 7 (a-c). This
phase transition was accelerated by defects at grain boundaries. The RECrcs phase was also
observed to transition into the HEX structure over a much longer time period (~10%), but only when
extremely high concentrations of COOEP were present in solution (~500 uM). An example of this
transformation is shown in Figure 7 (d-f). The resilience of the REC structure is indicative of an
energetically stabile, solvent-incorporated adlayer and reflects the strength of interaction between
TCB and the Au(111) substrate, as well as between TCB and CoOEP through CI-H bonding. Note
that the 470 uM concentration solution in TCB was left static and not flowing. The concentration
was such that gradients due to diffusion were not observed.

The nature of the reconstruction lines of the Au(111) substrate effected the grain size and
dynamics of the adlayer structure. Under all solvents, areas of many grain boundaries with smaller

grains were often observed atop of the herringbone elbows of the reconstructed surface. Under
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Tol, the transformation of the REC into HEX structure was also observed to be hindered in areas
containing many elbows. In contrast, there would be very large grains and rapid phase

transformation in areas of long-running parallel reconstruction lines (Figure 7d-f).
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O0uM CoOEP @ Tol/Au(111) 70uM CoOEP

Figure 7. Series of images capturing the transformation of REC adlayer converting into HEX
structure under solvents Tol (a-c) and TCB (d-f). The transition under 1 uM CoOEP in Tol
is presented in sequential images resulting from continuously scanning the same region (a-c).
Here a growing HEX grain highlighted in white, 2x magnification of grain shown in inset of
(a). The time from initial introduction of solution to flow cell: t = 13 min (a), 15 min (b), 17
min (c). Due to the much slower dynamic in TCB, the images under 470 uM CoOEP in TCB
(d-f) are of different scan regions under static solution: t = 1 hour (d), 18 hours (e), 44 hours
(f). Scanning parameters: -0.4 V, 15 pA.
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In order to better understand the role of the substrate in the incorporation of solvent, we
calculated the adsorption energies of Tol and TCB on Au(111) and on HOPG. The results appear
in Table 2. As can be seen from the Table, there is a roughly 1 order decrease in desorption rate
of TCB from Au(111) over HOPG, but the corresponding ratio for toluene is two orders. We
believe that it is this 358 factor is the primary reason that Tol incorporates into CoOEP on Au and
not on HOPG.

Table 2. DFT calculated adsorption energies (eV) for solvents on Au(111) and C(0001). Also
shown are the indicated ratios of the desorption rate constants.

Desorption Energy (eV)

Au HOPG
TCB -1.040 -0.976
Toluene -0.882 -0.731

Ratio of Desorption Rate Arrhenius Factors

TCB(HOPG)/TCB(Au) 12
Tol(Au)/TCB(Au) 470
Tol(HOPG)/TCB(HOPG) 14000
Tol(HOPG)/Tol(Au) 358

Dynamics, Kinetics, and Stability of Self-Assembly

The concentration of the solution in the diffusion layer in contact with the substrate is typically
assumed to be equal to the concentration of the bulk solution, but this needs to be reconsidered
when working with dilute compounds.®! To combat the depletion of tectons in the diffusion layer
during self-assembly, an STM flow cell system was developed to have dynamic control of solution
flow (Figure 2). Unlike static solution cell studies, this flow cell design allows the system to be
monitored by STM while providing the dynamic control of solvent and adsorbate concentration
throughout the entire self-assembly process. With the help of this flow cell, we were able to (1)
continuously replenish tectons to the diffusion layer for self-assembly at very low concentrations

and (2) thin the diffusion layer thickness via flow across the surface. In this study, the volume of
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the flow cell was initially filled within a minute (55 pL/min flow rate), and then the flow was
decreased to replenish the cell every 5 minutes (5 pL/min flow rate). The STM tip was positioned
in the cell to optimize flow of fresh solution in order to keep the concentration near the surface
equal to the concentration of the bulk solution during the self-assembly.

Using this custom flow cell design, the early stages of assembled island nucleation and growth
were captured and monitored using STM (Figure 8). Because the adlayer growth is dependent on
the adsorbate concentration, dilute solutions were used to slow the assembly kinetics to the time
scale of STM imaging (~minutes). While imaging a freshly annealed Au(111) substrate under air,
a 0.25 uM solution of CoOEP in PhO was injected into the flow cell and across the surface. Islands
were observed to nucleate on the Au(111) reconstruction lines, preferentially growing along and
across neighboring rows, while growth was hindered by the ‘herringbone’ elbows of the
reconstruction or any defects/contaminants on the surface.

Even at extremely low concentrations (~50 nM), given enough time and enough molecules in
solution, the adlayer will reach full monolayer coverage. This is a testament to the extremely

strong interaction between the porphyrin and Au(111).
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[0.25uM CoOEP]

Figure 8. Real-time nucleation and growth of CoOEP islands at the PhO/Au(111) interface with
constant 1 pM CoOEP solution flow captured by STM. Time indicated represents duration of
flow from initial contact of solution with surface. Assembled islands appear to nucleate on
reconstruction lines and growth is hindered by elbows in the reconstruction lines. Inset in blue
box is a high-resolution image of the adlayer structure. Scanning parameters: -0.4 V, 15 pA.

Similar to platinum(II) octaethylporphyrin at the HClO4/Au(111) interface,*? the CoOEP adlayer
here was found to stabilize the reconstruction of the Au(111) surface under all solvents studied.
As time went on and solution was being pumped through the flow cell, areas of the Au(111) surface
without CoOEP islands were observed to relax and lose the reconstruction. When running large
volumes of low concentration solutions across the Au(111) surface, the solvent purity becomes
pertinent. Contaminants could lift the Au(111) reconstruction or preferentially adsorb onto the
surface and obstruct the self-assembly. Thus, the observed changes in reconstruction are likely
due to fouling from minute amounts of impurities in solution interacting with the surface. This was
particularly evident at low concentrations of porphyrin (<1 uM) where the adlayer growth was
slowest. At higher concentration, the adlayer quickly grew to cover the entire Au(111) surface and

was found to preserve the reconstruction, even after several days of being under solution (Figure
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7f). Adsorption experiments spanning several days at very low concentrations would typically be
spoiled by contamination of the Au(111) surface and partial adlayer coverage. So, to study the
kinetics of self-assembly, the concentration of the adsorbate needed to be low enough to slow the
formation time to allow imaging by STM, but high enough to combat the fouling effects of
contaminants. We found this range of concentrations to be about 0.25 pM ~ 1 uM.

To study the kinetics of island formation, the coverage of the growing adlayer was measured as
a function of time from the initial introduction of solution to the Au(111) surface (Figure 9a-d).
To interpret this data, we used a modified Avrami equation proposed by Gualtieri®* to model the
kinetics of nucleation and growth. The nucleation expression of this model considers a Gaussian
distribution of probability, and the growth expression is based on Avrami growth kinetics. Using
this functional form to describe the coverage of a growing adlayer as a function of time, Equation

1 results.

M= —x{1—e®"} (1)

1+e_(T)

Here, M is fractional coverage of adlayer on the surface, k is the rate constant associated with
island growth, n is the Avrami growth constant associated with the dimensionality of growth, a is
the time delay for nucleation, b is the distribution of the nucleation probability with time. The self-
assembly of CoOEP on Au(111) from Dec, PhO, and TCB were fit with this model; the fits were
excellent. For example, Figure 9d shows the fit (broken line) in the case of PhO. Unfortunately,
the fits are not unique. There is considerable cross-correlation between the values of b, k, and n.
The a parameter, on the other hand, is reasonably independent of starting values for the fit and has
small uncertainty. Rather than list extracted parameters (that are not unique) we instead provide
in Table 3 the nucleation time parameter, a, and time required to reach 80% of a monolayer, ®so,

after initial nucleation. When imaging the formation under Tol, issues of contaminant within the
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solvent prevented collecting reliable data on the formation kinetics (possibly due to chemical

leaching from the Teflon tubing, which was not observed in the other solvent).
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Figure 9. Sequence of images capturing the CoOEP adlayer formation at the PhO/Au(111)
interface (a-c) collected at a rate of 4 minutes per frame. Fractional coverage of the assembled
adlayer was measured as a function of time (d). Data are fit with Eq 1, and the extracted parameters
for nucleation and growth are shown in Table 3. Reconstruction lines of Au(111) surface are seen
as long running parallel rows as well as herringbone elbows. Because assembly of islands is
dependent on surface diffusion of adsorbed molecules, growth along rows is fast but hindered by
elbows in the reconstruction. Scanning parameters: -0.4 V, 15 pA.

Table 3. Parameters associated with the nucleation and growth of CoOEP on Au(111) from
solvents PhO, Dec and TCB. The parameter a was taken from the modified Avrami equation.

Solvent [CoOEP] a (min) Osgo(min)
PhO 1.0 uM 12+1 8+1
Dec 1.0 uM 15+1 5+1
TCB 1.0 uM 5+1 4+1
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It should be noted that non-specific adsorption or formation of amorphous agglomerates of
adsorbate likely occur during the initial stages of the self-assembly process (evident in Figure 10),
but the nucleation events of interest are those which seed the growth of the commensurate adlayer
captured by STM. Though the modified Avarmi model provides reasonable fits to the experimental
data, it is not based on the molecular mechanisms of self-assembly at the solution solid interface.
No proper kinetic rate equation has been proposed for the island formation of non-covalent systems
that truly reflects the mechanisms of the self-assembly process. It must be noted that one study
monitored the formation kinetics of corrole derivatives at the EtOH/Au(111) interface; however,
the adlayer structure was ambiguous and the growth was fit to a Langmuir function without
physical justification.>

Adlayer formation was also monitored with solvents Tol, TCB, and Dec (Figures S5, S6, and
10, respectively). The characteristics of island growth under the solvents was notably different.

The formation under Dec and Tol produced many nucleation sites and a monolayer with many

grains, while larger grains were observed under PhO and TCB.

By ot

Figure 10. Self-assembly of 0.5 pM CoOEP in Dec on Au(111). Images are 9 min apart. Scale bar
is 20 nm for all images. Scanning parameters: -0.4 V, 15 pA.

L e T

It has been shown that the STM scanning can influence adlayer nucleation and dissolution, >’

so it is important to consider tip effects when studying the kinetics of adlayer formation,
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particularly during experiments with low solution concentration. In previous work on HOPG, it
was found that STM imaging can assist in the dissolution of ordered islands and impede the
formation of the monolayer. Therefore, it is important to maximize the scan area to minimize tip-
adsorbate interaction and optimize solution flow to maintain a constant supply of adsorbate to the
region of analysis. To confirm quality of data, regions around the initial scan area were imaged
and inspected for variation in adlayer formation relative to the previously scanned area. To
minimize the extent of tip influenced and diffusion limited self-assembly, (1) ideal solution flow
must be maintained throughout experiment, (2) large scan areas should be imaged, and (3) regions
surrounding the area of interest must be imaged to confirm uniform growth.

5859 and Lee® have demonstrated that solution flow direction could affect the adlayer

De Feyter
assembly, structure, and stability. However, effects due to the direction of solution flow with
respect to the substate were not observed during these experiments.

An example of dramatic tip-influence on adlayer growth under slow solution flow is shown in
(Figure 11). After monitoring the adlayer formation of a region, the scan size was increased, and
the surrounding area was observed to grow only after the area was further scanned. Here, the tip-
surface interaction appears to preferentially promote the assembly of islands within the scanned

region. The data used to generate Table 3 did not exhibit differences between the region monitored

during the adlayer formation and the surrounding areas.
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Lt e it (¥ R >
Figure 11. Example of tip-influenced adlayer formation. Series of images of slow flowing 0.5 uM
CoOEP at Dec/Au(111). After adlayer formed in initial imaging region (250 nm x 250 nm) (a),
scan area was increased (600 nm x 600 nm) (b-c). Scanning parameters: -0.4 V, 20 pA.

Substrate Effects on Self-Assembly, Au(111) vs HOPG
Adlayer formation is clearly dependent on the structure and chemistry of the substrate surface.®!

For example, Uemura et al’

observed that the adsorbate-substrate interactions were the governing
force driving the morphologies of fullerene adlayers on Au(111) and Pt(111). It is no surprise there
is variation in the dynamics and energetics of self-assembly on Au(111) compared to HOPG. Aside
from local defects in the surface structure, the graphite surface is uniform while the Au(111)
reconstructed surface is innately energetically inhomogeneous.®** CoOEP self-assembled islands
appeared to nucleate non-specifically on HOPG and grew very rapidly. Adlayer formation on
HOPG was readily reversible and the growing islands had dynamic and oscillating boundaries
which allowed for dynamic rearrangement to form large uniform grains by Oswald ripening.

The exchange of adlayer-incorporated CoOEP molecules with solution has been previously
studied, where the temperature-dependent desorption rates and desorption energies at the
PhO/Au(111) interface were determined for molecules internal to islands.®> To maintain a constant

supply of molecules to exchange, the concentration of the solution was ~10? uM. It was found

that the adlayer (similar to the reported HEX structure here) was kinetically bound below 100°C.
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The barrier for desorption was so great that a temperature of 135 °C was required to induce
desorption over a period of hours, with a rate constant of 4.0x10> min™!. The desorption of adlayer-
incorporated CoOEP on Au(111) was compared to HOPG.% It was found that the calculated
desorption rate from HOPG (2.2 x10™' min™') was two orders of magnitude greater than from
Au(111). These observations agree well with what is reported in this current study, where CoOEP
is much more strongly bound to Au(111) than HOPG. The combination of these studies broadly
expands the understanding of the kinetics of self-assembly at the solution solid interface, and the
critical role the substrate can play in the adlayer formation, energetics, and dynamics.

Due to the energetic variation in the Au(111) surface, it is expected that the diffusion of
molecules across the surface, and in turn, the nucleation and growth would be inhomogeneous.
Islands were observed to preferentially nucleate along the reconstruction lines. The growth of the
islands was also greatly dependent on the nature of the gold surface, being hindered by the elbow
of the reconstruction. When compared to the formation on HOPG, the molecules at the perimeter
of growing islands on Au(111) were more energetically stabile and the growth of formed islands
was not easily reversible, especially at high adlayer coverage. This led to the presence of many
grains and defects within the adlayer structure on regions of herringbone elbows, and large grains
atop areas with long running parallel reconstruction lines. On HOPG, an equilibrium between
CoOEP in solution and an assembled adlayer was observed at a threshold concentration. On
Au(111), however, the reaction heavily favored a complete assembled adlayer at all experimental
conditions, even at extremely low concentrations studied (<0.1 uM).

Solvent-induced adlayer structure was also found to be different on Au and on HOPG. PhO,
Dec, and Tol all formed only a HEX structure on HOPG, while TCB formed a very stable REC

structure. Adsorption from extremely high CoOEP concentrations (~7 mM) in TCB formed grains
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of both REC and HEX on HOPG, and the amount of HEX increased with time while REC
decreased. On Au(111) however, a very slow conversion (~10? minutes) from REC to HEX was
observed at lower concentrations (~500 pM) under TCB. Surprisingly, a solvent-incorporated
REC structure was observed under Tol on Au(111) at low concentrations (<1 uM), but not on
HOPG at any concentration up to the solubility limit of the CoOOEP. A conversion from the initially
formed REC structure to HEX occurred on the order of ~10 minutes. This variance in conversion
time and concentration dependance of the adlayer structure alludes to the difference in the
energetic contributions of the solvent in the assembly process. Assuming that the adlayer forms a
commensurate structure atop the substrate, the estimated unit cell parameters are also substrate
dependent. The HEX structure on Au(111) covers a slightly larger area than on HOPG. The REC
on Au(111) contains two CoOEP but only one CoOOEP on HOPG. As in the HEX case, the unit
area per molecule for the REC structure is slightly larger on Au(111), but contains two CoOEP per
unit cell on both substrates.
CONCLUSION

Self-assembly of CoOEP at the solution/Au(111) interface at room temperature was found to be
kinetically driven and not reversible. Solvent was found to play a significant role in each step of
the self-assembly process, from adlayer structure and stability to adlayer formation kinetics.

Through the use of a custom STM flow cell and the experimental approach demonstrated here,
characteristic kinetic parameters of self-assembly have been extracted. Unlike other studies which
used static solution cells, this setup allows for monitoring early (and late) self-assembly with
molecular resolution, under volatile solvent, and at extremely low concentrations while
minimizing mass-transfer diffusion effects and preventing depletion of the solution of tectons

during the adsorption process.
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Parameters associated with the nucleation and growth of the observed monolayer were extracted
by fitting the fractional coverage of self-assembled adlayer with a modified Avrami equation. The
rate of formation from TCB was found to be an order of magnitude faster than from Dec and PhO
solvents. Formation kinetics from Tol were not analyzed due to convolution of data from
contaminant in solvent at high flow rates and low CoOEP concentrations. Both TCB and Tol
solvents were found to incorporate into the adlayer structure. This is the first report to observe the
co-adsorption of Tol into a self-assembled adlayer at the solution/solid interface.

It was found that the Au(111) surface plays a much more dramatic role in the adlayer formation,
kinetics, and stability than HOPG. On HOPG, by holding the solution concentration above a
solvent-dependent threshold, the adlayer could be formed within ~15 minutes. Or by lowering the
solution concentration below the threshold, the adlayer can be dissolved away within minutes (for
TCB and Tol). Under PhO and Dec, partial adlayer coverage was still observed after hours of being
under pure solvent. These residual islands were observed to be eroded away by the scanning of the
STM tip.

On Au(111), the adlayer formed even at extremely low concentrations (<0.1uM) for all solvents
within ~10 minutes of nucleation. Even under pure flowing solvent, the formed adlayer remained
very stable and significant dissolution was not observed. Solvent incorporation was observed for
only TCB on HOPG, but for both TCB and Tol on Au(111). The concentration of CoOEP in
solution needed to transition from the TCB-incorporated to solvent-free structure was a magnitude
greater on HOPG (~7 mM) than on Au(111) (~0.5 mM). This suggests that the incorporated solvent
is in dynamic equilibrium with solution, and exchanges from the surface to solution at much greater
rates than the CoOEP. These observations hint at the relative interactions of the different systems

and show that the Au(111)-solvent and Au(111)-CoOEP interactions are greater (compared to
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HOPG) and contribute to the balance of the self-assembly process. In short, intermolecular
interactions within the adlayer (adsorbate + solvent for REC) dominate the self-assembly on
HOPG, while the adsorbate-substrate contribution is more significant on Au(111)

This study not only provides an experimental framework to extracting qualitative information
about the thermodynamics and kinetics of self-assembly at the solution/solid interface, but also
provides an approach to understanding the mechanisms and energetics of the self-assembly

process.
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