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Abstract

Adsorption of 5,10,15,20-tetraphenyl-21H,23H-porphyrin cobalt (CoTPP) on mica
immersed in organic solvents of 1-hexanol, 1-chlorohexane, and 1-phenyloctane was examined.
Flat-lying CoTPP molecules were recognized in topographic images observed by atomic force
microscopy. The topographic height of individual porphyrins fluctuated by 0.2 nm in a time
scale of 10s. The height fluctuation was ascribed to two states with and without a solvent
molecule trapped in the axial ligand position of the CoTPP. In imaging in phenyloctane,
adsorbed CoTPPs were removed by adding 1-hexylamine to the imaging solution. Hexylamine
ligands would have occupied the axial position of CoTPP to hinder adsorption. In addition,
two-dimensional distribution of force pushing the tip was observed in hexanol to show a layered

liquid structure parallel to the mica surface.
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1. Introduction

Metalloporphyrins provide a class of organometallic compounds with one metal cation in
the center coordinated to a planar porphine ligand. They are often active catalysts that are
functional in organic solvents. The epoxidation of alkene [1, 2], photosensitization in
photochemical hydrogen generation or solar cells [3—7], as well as C—H functionalization (e.g.
primary, secondary, tertiary, allylic, and benzylic C—H bonds) in hydroxylation, amination, and
alkylation [8, 9], provide well-known applications of metalloporphyrins. By anchoring on solid
substrates, the functions of the metalloporphyrins in solution may be transferred onto the solids.
In keeping with this idea, a number of studies have been conducted to anchor and characterize
porphyrins on substrates [10-12]. Scanning probe microscopy is particularly promising for
visualizing the anchored species. Individual porphyrins anchored on conductive materials, such
as octaethyl- or tetraphenyl-porphyrin coordinated Co, Ni, Zn, and Mn, have been imaged using
scanning tunneling microscopy [13-19]. Atomic force microscopy (AFM) is applicable to
porphyrins on insulators placed in a vacuum or in air [20-24]. However, individual porphyrins
at liquid—solid interfaces have not yet been visualized by AFM.

In the present study, a cobalt porphyrin was anchored on mica and imaged in organic
solvents using AFM in the frequency-modulation mode of force detection. Highly sensitive
force detection achieved by this mode enabled us to recognize solvents coordinating to the Co
center. Cobalt porphyrins attract attention as catalysts for water oxidation [25], oxidative
coupling of phenol derivatives [26], and CO, reduction [27]. Figure 1 shows the examined
porphyrin, 5,10,15,20-tetraphenyl-21H,23 H-porphyrin cobalt, hereafter referred to as CoTPP.
To simulate the realistic environments of catalytic reactions, the anchored CoTPP in three
solvents (1-hexanol, 1-chlorohexane, and 1-phenyloctane) was imaged in terms of different
coordination strengths to the Co cation center. A more efficient reagent for coordination,
1-hexylamine, was added to the phenyloctane solvent for further examination. Observation in
solvents of less efficient coordination, hydrocarbons, was desirable but not conducted due to the

limited solubility of CoTPP.



Fig. 1. 5,10,15,20-Tetraphenyl-21H,23 H-porphyrin cobalt (CoTPP) with a scale bar of 0.5 nm.

2. Experimental section
2.1. Materials

5,10,15,20-Tetraphenyl-21H,23 H-porphyrin cobalt (Sigma-Aldrich, >85%), 1-hexanol
(Sigma-Aldrich, >99%), 1-chlorohexane (Tokyo Chemical, >95%), 1-phenyloctane (Tokyo
Chemical, >98%), and 1-hexylamine (Tokyo Chemical, >99%) were used without purification.
A muscovite mica wafer (Furuuchi Chemical, 10 mm % 10 mm) was glued onto a holder and
cleaved with scotch tape just before adding the imaging solutions.
2.2. Microscope

Frequency-modulation detection of the tip-surface force was enabled in the imaging
solutions by using an SPM-8100FM (Shimadzu) microscope in developing. In topographic
imaging, the resonance oscillation of a cantilever is mechanically excited with a constant
amplitude of oscillation (4). When a conservative force is applied to the tip at the free end of the
oscillating cantilever, the resonance frequency (f) shifts accordingly. The topography of a solid
object is traced with regulation of the tip-surface distance by keeping the frequency shift (4f)
constant as a setpoint. Silicon cantilevers (NCH, Nanoworld) with a nominal spring constant (k)
of 42 N m™" were backside-coated with gold. The resonant frequency of the cantilever was
130-180 kHz, and the quality factor (Q) of resonance oscillation was 5-10 in the imaging
solutions. A solution droplet was put on the mica wafer, and then the cantilever assembly was
placed on top. The cantilever was completely immersed in the imaging solution. The droplet on
the wafer was open to the environment. Imaging scans were conducted at 298 K in a
thermostatic container with Peltier devices. Reproducibility of each measurement was checked

and confirmed. A representative set of results is shown in the manuscript.

3. Results and discussion

3.1. Force curves in pristine 1-hexanol



To check and confirm the force sensing ability of our microscope, force curves were
observed on a mica-hexanol interface prior to topographic imaging of CoTPP. Figure 2 shows a
cross-sectional Af distribution observed on a plane perpendicular to the mica surface. The
oscillating cantilever was scanned vertically from bulk hexanol to the surface. The frequency
shift was simultaneously recorded as a function of the vertical coordinate to obtain one
Af=distance curve at one lateral position. The vertical scan aborted when Af reached a
predetermined threshold, +190 Hz, to prevent severe contact with the surface. The tip then
laterally shifted and another vertical scan was carried out. The two-dimensional 4f distribution
shown in panel (a) was thereby constructed with 256 vertical scans.

The observed Af distribution is regarded as an approximate force distribution. A repulsive
tip—surface force causes a positive frequency shift, though the relation between the force and Af
is nonlinear. The brightest region near the bottom represented the boundary of hexanol and mica.
When the tip went down into that region, the repulsive force increased monotonically. Hence,
the flat trace of the brightest region shows the topography of mica.

An important feature here is the uneven distribution of force pushing the tip. A few layers of
bright and dark colors repeatedly were recognized in hexanol parallel to the mica surface. The
layered force distribution is ascribed to a layered density distribution of liquid hexanol. It is
natural that hexanol molecules produce a layer in contact with mica not to make vacuum at the
interface. Second and possibly third layers appeared on an averaged Af-distance curve shown in
(b). The averaged curve was further converted to a force-distance curve and shown in (c), by
applying the scheme proposed by Sader and Jarvis [28]. The distance of the first and second
force minima, and that of the first and second force maxima were 1.6 and 1.8 nm, respectively.
These distances provide an estimate of layer-to-layer distances in the structured hexanol liquid,
while the force cannot be proportional to liquid density [29, 30].

Two earlier force-curve studies [31, 32] reported layer distances, 1.1 and 1.3 nm, on
hexanol-mica interfaces. Our layer distance of 1.6—1.8 nm suggested hexanol molecules
standing up on the mica surface possibly making a double layers, since the molecule length of
an all-trans 1-hexanol should be 0.9 nm. A distinctly smaller layer distance, 0.6 nm, was
observed with 1-decanol on graphite and interpreted with flat-lying decanol molecules [33]. The
upright orientation of hexanol on mica is probably caused by affinity of the terminal OH to the

hydrophilic surface of mica.



+200Hz

-50Hz

a) |||||||||||||||||||||‘||‘|

b) 200.0

150.0 |

100.0

Af/Hz

50.0 |

-50.0

0 1.0 2.0 3.0 4.0 5.0 6.0
Relative Distance / nm

-5.0 T T T T
1.0 2.0 3.0 4.0 5.0 6.0
Relative Distance / nm

c)

Force/pN
- - N
o [$] o
o o o

o
o

o

Fig. 2. Force curves on a mica-hexanol interface. A cross-sectional Af distribution is shown in
(). 56 curves determined in the area marked with the broken lines were averaged and presented

in (b). The averaged Af curve was converted to a force-distance curve (c¢). Amplitude of

cantilever oscillation 4: 0.6 nm.



3.2. Topographic imaging in 1-hexanol

Topographic images observed in a hexanol solution of CoTPP (9 x 107™* mol 1'") are
presented in Fig. 3. The frequency-shift setpoint for topographic imaging, +140 Hz, was
converted to a repulsive tip-surface force, 17 pN, by using the force curve shown in Fig. 2.
Force curves in Fig. 2 and topographic images in Fig. 3 were observed with the same cantilever
oscillated by 0.6 nm.

Two topographic images consecutively observed at an interval of 60 s are shown in Figs. 3a
and 3b. Protrusions of a uniform lateral size, 10 nm in the full width of half height, are shown.
These protrusions were absent on the mica surface immersed in the pristine hexanol solvent (Fig.
3e) and hence were assigned to the adsorbed CoTPP. The uniform lateral size suggests that
individual, single molecules accounted for the protrusions. It is known that CoTPP lying flat on
the surface is ca. 2 nm in the lateral directions. The larger size observed in the topography can
be ascribed to the convolution of the AFM tip apex and the adsorbed CoTPP.

The topographic height distribution of 43 protrusions peaked at 0.3 nm relative to the
uncovered mica surface and decreased to 0.5-0.6 nm. As shown in the consecutive images in
Figs. 3a and 3b, the two protrusions at the left end on line A-B actually changed in height by
0.2 nm, whereas the two at the right end remained intact. The two states were observed to
oscillate back and forth, likely because of equilibration in the hexanol solution. Although the
zero height, determined by the topography of mica, was fluctuated, different topography of the
two CoTPP states was clearly recognized. The height histogram, on the other hand, presented
single peak distributions instead of expected double peak distributions. The authors assume that
two peaks with finite peak widths merged into one peak tailing to the large height end in each
histogram. The time-averaged population of the low state (0.3 nm height) was larger than that of
the high state (0.5 nm height).

The existence of the two states possibly originates from a solvent molecule bound to the Co
center with coordination bonding. As described in the literature [34-36], Co(Il) centers in
porphyrins can be coordinated to one more ligand to complete a five-fold coordination. The Co
cation center in our CoTPP is divalent and therefore able to coordinate with one axial ligand.
Since AFM imaging was conducted in the hexanol liquid, a hexanol molecule can be
coordinately bound to CoTPP. A Co—N(pyridine) bond length of 0.2 nm in a Co(II) porphyrin
coordinated to a pyridine ligand was reported [37, 38]. This number agrees with the topographic

height difference of the two states observed in Fig. 3. When the OH end of hexanol coordinates



to Co(II), the Co—O distance would be 0.2 nm and the topographic height of the coordinated
CoTPP would increase accordingly. The ability to undergo coordinative bonding is indicated by
the donor number. The donor numbers of ethanol and 2-ethylhexanol are 20 and 48, respectively
[39-41]. Hence, we expect that coordination by 1-hexanol to CoTPP adsorbed on mica would
have occurred.

Another possible ligand is O, in the hexanol solvent equilibrated with O, in air. One earlier
STM study [18] reported O, adsorption on an octaethyl Co porphyrin with a slightly different
porphine ligand fixed on graphite. The molecular adsorption of O, was caused by ¢ donation
from O, to the d,* orbital of the Co center accompanied by 1 back-donation [42]. The authors of
the STM study assumed that the graphite surface is strongly donating electrons to the Co center,
thereby stabilizing the polarized Co-O, complex even at RT. In our imaging solutions, CoTPP
adsorbed onto mica with no 7 electron and was free from the electronic enhancement of the
binding ability of the Co center with O,. Coordination by molecular oxygen is thus a less likely
explanation for the height increase observed in Fig. 3.

Two CoTPP molecules create a dimer in solutions when their porphyrin planes contact in
parallel. When similar stacking occurs, thus creating the two states observed in the present study,
the height difference between a monomer and a dimer is expected to be 0.35 nm or more. When
two molecules are stacked with n-m interaction in molecular crystals, they are separated by this
length [43]. Taking into distortion of porphyrin rings and angles formed between porphyrin
rings and phenyl rings, the height difference should increase. Therefore, planer stacking of two
CoTPP molecules did not contribute to creation of the two states observed by AFM.

In preceding four paragraphs, the two adsorption states of CoTPP were recognized and their
identity was examined on the basis of apparent height in the constant force topography.
Heterogeneities in chemical composition and morphology (CoTPP vs mica, and high state vs
low state of CoTPP) can affect the apparent height thorough the Hamaker constant and
curvature of the scanned objects [44]. In comparing CoTPP with mica, their Hamaker constant
and curvature are different and hence the apparent height, 0.3 nm for the low state, should
deviate from the absolute height in physical topography. The high and low states of CoTPP, on
the other hand, the two quantities are expected to be similar. The apparent height change by 0.2
nm is assigned to topographic difference of the two states of CoTPP.

On the cleaved surface of muscovite mica, KSizAl;0;0(OH),, K cations are thought to
partially remain to balance the cationic and anionic charges. A recent study of air-cleaved mica

covered with a single-layer of graphene [45] indicated a K cation coverage of 45% relative to



the full occupation of K cations in the crystallographic structure. Some portions of the cleaved
surface are occupied by K cations, while the other potions are not. When cleaved mica is
immersed in aqueous solutions, the protons, hydroxyls anions, and, potentially, the electrolyte,
are adsorbed onto the surface to neutralize the heterogeneity of ionic charges. In our study,
cleaved mica wafers were placed in organic solutions free of electrolytes. The charge
heterogeneity should be unchanged on the surface. Although CoTPP is a neutral species, the
positive charge is localized at the center, and the negative charge is delocalized over the
porphyrin ring. The uneven charge distribution in each CoTPP induces an electrostatic attractive

interaction with the heterogeneously charged mica surface.
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Fig. 3. Topography observed in the hexanol solution of CoTPP. Two images consecutively
observed at an interval of 60 s are shown in (a) and (b). A—B cross sections of the two images
are respectively shown in (¢) and (d). Image (e) was observed in pristine hexanol. A height
histogram of 43 protrusions in (a) is shown in (f). Amplitude of cantilever oscillation 4: 0.6 nm.

Frequency-shift setpoint: +140 Hz.



3.3. Imaging in 1-chlorohexane

CoTPP was dissolved in chlorohexane and then adsorbed onto mica. Topographic images
were observed in the 1 x 107 mol 1! solution (shown in Fig. 4). Panel (a) presents a wide-area
image of a 100 nm square. A number of protrusions appeared on the flat substrate. The height
distribution of the protrusions shown in (b) peaked at 0.3 nm. A finite distribution appeared at
heights larger than 0.7 nm in the histogram. These particular protrusions would be assigned to
aggregated CoTPP instead of single flat-lying porphyrins.

Three magnified images consecutively observed at intervals of 20 s are shown in (c)—(e). The
topographic height of protrusion A was observed to change from (c¢) 0.5, to (d) 0.3, and then
return to (e) 0.5 nm. The height of protrusion B remained at 0.5 nm in the three images. The
fluctuated height of A was interpreted to result from a chlorohexane molecule being trapped and
released at the axial position of CoTPP. The height changes of £0.2 nm were similar to those
observed in the solvent 1-hexanol. Topographic changes resulting from solvent coordination
were still observed, although the coordination ability of 1-chlorohexane was expected to be less

than that of hexanol. The donor number of chloroform is 4 [46].
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Fig. 4. Topography observed in the chlorohexane solution of CoTPP. The height histogram (N =
129) for (a) is shown in (b). Three images consecutively observed at an interval of 20 s are
shown in (c)—(e). Image (f) was observed in pristine chlorohexane. Amplitude of cantilever
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3.4. Imaging in 1-phenyloctane with and without 1-hexylamine

In this subsection, the C¢ alkane terminated with an amino group is compared with hexanol
and chlorohexane. Alkylamines are good ligands to metal cation centers, as indicated by the
large donor number of ethylamine, 55 [39-41]. Imaging scans were conducted in a
1-phenlyoctane solution of CoTPP (1 x 107> mol 1"") in the presence and absence of hexylamine.
Phenyloctane was used as a solvent because of its weak coordination ability.

Figure 5a shows a topographic image observed in the solution with no hexylamine. More
protrusions than those in hexanol or chlorohexane solvent appeared and almost covered the
mica surface. It was thus not easy to separately recognize individual adsorbed molecules. The
increased coverage in phenyloctane is ascribed to the least polar property of this compound
among the solvents examined in the present study. CoTPP possesses an electric quadrupole
moment caused by the cation center and anion ligand. Depositing CoTPP induces enthalpy gain
on the highly polar surface of mica. The enthalpy gain per CoTPP molecule should be larger in
a less polar solvent.

With the addition of hexylamine (0.1 mol I™"), the protrusions were removed from the surface.
One or two hexylamine ligands occupied the axial position; hence, the coordinated CoTPP lost
affinity with the mica surface because of the increased electronic density on the Co cation center

and/or steric hindrance induced by the ligands.
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Figure 5. Topography observed in the phenyloctane solutions of CoTPP. Images (a) and (b)
were observed in the absence and presence of hexylamine. Image (c) was observed in pristine

phenyloctane. Amplitude of cantilever oscillation 4: 0.6 nm. Frequency-shift setpoint: +200 Hz.

4. Conclusions
A Co(II)-centered porphyrin, CoTPP, was adsorbed on air-cleaved mica surfaces in three
organic solvents: 1-hexanol, 1-chlorohexane, and 1-phenyloctane. The adsorbed porphyrin

molecules were individually imaged by constant frequency-shifted topography determined by
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frequency-modulation AFM. In the hexanol and chlorohexane solutions of CoTPP, two states of
adsorption were identified and assigned to a flat-lying CoTPP molecule in the presence or
absence of a solvent molecule that is trapped in the axial ligand position directed toward the
solution. This trapping and releasing process were observed in consecutive imaging scans. Upon
addition of 1-hexylamine to the phenyloctane solution, CoTPP was desorbed and coordinated

with this compound in the solution.
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